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FOREWORD

The Workshop was held to explore the range of physical phenomena
and processes that can be studied using beams of relativistic nuclei
at energies > 10 GeV/nucleon, in both fixed target and colliding beam
experiments. To do tkis, we brought together a group of scientists
from around the world, whose interests spanned the spectrum of particle,
nuclear and astro-physics, to discuss these problems. Neceasarily,
a large part of the Workshop was devoted to reviewing what is presently
known about high energy nucleon-nucleon and nucleon-nucleus collisions,
before we could discuss the more complex nucleus-nucleus case.

The organizing committee, which planned this meeting, included
Alan Axelrod, Rudolph Bock, Hans Gutbrod, Miklos Gyulassy (co-chairman),
and Arthur M. Poskanzer. The Workshop .ould not have been possible
without the hard work put in by Eileen Eiland, Maureen Jeung, and
Peggy Little. Our many thanks go to them. Also, Cathy Webb has done
an excellent job in editing these Proceedings.

Please note that only the invited talks are reproduced here.
Although Dr. Gulamov was unable to attend, we are pleased that he

was able to send his manuscript.

Lee S. Schroeder
Co-chairman of the
Organizing Committee
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Coherent Processes and Multiparticle Production in Hadron-Nucleus

*
Collisions at High Energies

T. Ferbel
University of Rochester

Rochester, WN.Y. 14627

We reviawy basic phenomenclogy and currently available data on
inclusive particle production .nd coherent inelastic processes on

nuclear targets at energies of several hundred GeV.

*Research supported by the U. S. Department of Energy under contract
No. EY-76~C-02-3065.



-2-

The use of nuclear targets in particle physics is generally
regarded with a certain degree of suspicion. This is, of course,
mainly due to the prejudices of our theoretical colleagues. Many
hadronic preduction r.iocesses can be studied as effectively, and
as unambiquously, using nuclei as with hydrogen targets. In
addition, nuclei provide a number of unique physics opportunities
that are not easily attainable in the case of "elementary” hydrogen.
From nuclear targets we can learn, for example, ahout properties of
hadrons at the time of their production, and examine the space-time
development of hadronic processes; we can also use the nuclear
Coulomb field to prole hadron-photon incident channels, and thereby
measure radiative decay widths of unstable elementary particles.

Inelastic hadron-nucleus collisions can be diviced into two
broad categories. Namely, into coherent processes in which
the nucleus remains intact (these are collisions
that involve very little momentum transfer between the hadron and the
nucleus); and into incoherent processes, which involve sizeable
momentum transfers, in which both the hadron and nucleus break apart.
In either case, subsequent to the initial coliision, newly created
hadronic matter propagates through the rest of the nucleus which then
serves t> sample the properties of the nascent hadronic system. In
this lecture I will review the nomenclature, the data on high-energy
collisions between hadrons and nuclei, and summarize what has been

learn=d from such invertigatious. 1

coherent Reactions
From studies «. 2lectron-nucleus and hadron-nucleu:z elastic

scattering it has been learned that nuclear radii can be expressed
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1/3

approximately as R = 1.1A Fm, where A is the imucleon number of the

nucleus. Consequently, if an inelastic reaction is to take place in
which the nucleus remains intact (in its ground state or in some low-
lying excited siate), the momentum transferred to the nucleus must be
small. 1In fact, using the uncertainty principle, we expect momentum

transfers (q) to be restricted to values corresponding to dimensions

of 2R, namely, q < Mo 0.2 GeV/c. If wa assume that the dis-
1 1A1/3 A1/3

tribution of nuclear matter can be represented by an absorbing disk of

radius R, the Qiffraction pattern for coherent (non~flip)scattering

from such a nucleus would be characterized by a shape of the form: 2

2
do - :_lz (4_;3(:_)2 -8a%/34%
—z=e ~e . From this expression we see again
dq

that, for a reaction to proceed coherently, we must keep q < -—g/—g GevV/c,
A

which is consistent with the previous restriction obtained
for qg.

Wnereas the minimum value of the momentum transfer (qo) for
elastic scattering can be zero, this is not the case for inelastic

production. To calculate q, let us consider the coherent reaction

T+ A>T+ A (1)
where T* is some excited hadronic state of rest mass M. The minimum
value of q occurs, clearly, for procduction at 0°. Because the process
is coherent, we expect the value of q, to be small. Consequently,
imposing energy conservation, we can ignore the kinetic energy of the
recoiling npucleus and assume that the energy of the incident 7 will
equal the energy of the m%. In terms of the collinear momenta of

the T and T* in the laboratory frame we can write;



4=

B'- Jpz-'-lz -4‘24-!2 -B'.

Por production at 0°, the momentum transfer (p-p*} is just the minimum
value of the momentum that must be imparted to the nucleus in the pro-
duction of any m*. (For angles other than 0%, g has a contribution from

a transverse as well as from this longitudinal component (qo) to the
2
-m

2p

momentum transfer.)} Solving for 9, =F - p* at 0°,we obtain q, =
Here We have set p = p*, azsuming that M << p*; this condition
holds exceedingly well at high energies. In terms of the square of

the four-momentum transfer ‘t}, the winimum value of t is just q::

Consaquently, we see that the higher the incident energy, the smaller
becomes the value of to for producing a particular object of mass M,
and the smaller, therefore, is the damping effect of the nuclear form
factor on the process in gquestion. In fact, if'we require q, to be
far smaller than typical values of q that characterize coherent pro-
duction, we can obtain the following restriction on the ir.cident
momentum:

p > 204 - w?)al/?

Consequently, to produce a massive excited state of M = 3 GeV on a
lead nucleus requires incident momenta in excess of V100 Gev/c.

Before turning to the data, let us first discuss in somewhat
more detail the kind of mechanisms that mediate coherent production.
At high energies, the ccherent conversion of an incident hadron into
another hadron, or into a system of hadrons, is mediated either through

the well understood process of Coulomb excitation or through the
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not-so-well understood process of diffractive excitation.

Coulomb Excitation

Production in the Coulomb field of a nucleus of charge Z, (the
reaction a + Z + b + 2) is calculable through a generalization of the
Primakoff fomnla(,?”which in the high-energy limit yields (see Fig. 1):

2
2 ol (nb) t-t

-2 X b .‘,°|1?‘m(|:)|2

dm:dt m Ep " T

where @ is the fine-structure constant; n equals 1/2 if the incident
particle is a photon, otherwise n = 1; = and X, are the masses of the
incident and the produced objects; O, (I{) is the total cross section
for the reaction a + Y * b, at & y-a center of mass energy E o™ P!
Pem(t) is the electromagnetic form factor of the nucleus. Wwhen the
final-state system b is a single particle of spin J _, and of radiative

width l'_'(b + a %+ 7)), the exp-ession for the cross section becomes:

2 (23 +1) t-¢
& _ Broz ) ° 2
&= wo [ } Ly > e+ —7= |rg, ]

Finally, if particle b is unstable, the above expression should be
folded in with a Breit-Wigner term (normalized to unity), and I‘,Y
replaced by a mass-dependent partial width that depends on the orbital
waves present in the final-state decay products of particle b.

From the above formulae we see that electromagnetic production occuxs
largely at impact parameters corresponding to momentum transfers of several

times q_, namely, distances = -zﬁc-‘{‘-: s 22p_ Thus, for an incident-pion

2o
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momentum of 200 GeV/c, and a produced mass of M v 1 GeV, the impact

parameter is fypically ~40 Fm. Because of this fact, inelastic pro-

duction in the nuclear Coulomb field tends to be rather insensitive

to the shape parameters that are used to describe the form factor.
Finally, because to decreases with increasing energy, the in-

tegrated cross section for Coulomb-excitation at fixed m increases

with energy. This increase is quite rapid in the energy range in which

9, is comparable to values of q that are typical of nuclear radii

G.2
A1/3
logarithmic in incident laboratory momentum. Figure 1 displays the

{q " ); at sufficiently high energies the increase becomes
rough energy dependence of g—g expected for fixed mb. Because Cross
sections for "exclusive" hadronic reactions (that is, for definite
fully specified channels) do not increase with increasing energies,
it is safe to speculate that, eventuallr, Coulomb excitation will

4
dominate all coherent processes at small values of t.( )

Diffractive Excitation

A number of years ago Good and Walker suggested Lhat scattering
of hadrons on nuclei might generate new coherently-produced states of
hadronic \natter.( S)To buttress their arguments, they provided the
following analogy with scattering of polarized light,
when light polarized along the § axis is passed through a polaroid
rotated by 45° relative to §, the transmitted wave (now polarized at
45°) contains, in effect, a § polarization as well as a generated
polarization along ®. Gowd and Walker then argued that, just as the
selective filtering of light can generate states orthogonal to the

incident wave, so can the selective filtering in nuclei of the wvarious
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virtual states of a hadrcn cause a minor rearrangement of the incident
wave to one that is closely related but orthogonal to the incident
state. Although processes of this kind were observed and studied at
low energies during the 1960's and are presently being investigated
in the several-hundred GeV regime, there is at present still no
fundamental theory for the diffractive excitation of hadrons. Optical
models have been utilized to parameterize the features of coherent
excitation, which are, in fact, very much akin to those for scattering
of light from an absorbing disk.

Features of processes such as Reaction (1) can be summarized as
follows: (1) There is very little energy dependence to the production
cross section. (2) The observed angular distributions are peaked
steeply at small angles, and have shapes that are characteristic of
nuclear dimensions. (3) The internal structure of coherently produced
hadronic states does not appear to differ in any essential way from the
internal structure of the incident object; by this I mean that the isotopic
spin (I) of the produced system is the same as that of the incldent
hadron (unlike the case of Coulomb excitation where both I=0 and I=1
exchanges are possible), as 1s the strangeness, G-parity, baryon number,
etc. In fact, even the masses of the diffractively produced systems
tend t> peak at low values, close to the mass of the incident hadron.
The only apparent change that occurs in the transition is an orbital
excitation of the incident hadron, that is, only momentum s exchanged
between hadron and nucleus. Thus for incident pseudoscalar mesons
(spin-parity JP=0-). the excited states can have JP =a, 1+, 2" ete,
Such production processes are thought to he dominated by the exchange
of vacuum gquantum numbers,i.e., by the Pomeranchukon. 1

In the context of an optical model, the cross section for processes
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such as Reaction (1) can be written schematically as:
dg 2
3 = [gywaro|

where fﬂ(t) is the amplitude for the reaction on a hydrogen target,
and F(t) is the nuclear form factor convoluted with the absorption of
the incident and outgoing system in nuclear matter. It has been customary
in the past to parameterize the form factor using an eikonal approxima-
tion, and from the A-dependence of g—g to extract parameters of the
optical model and interpret these in terms of physical cross sections
for scattering of the unstable T* systems on nucleonss-"') Although this
program has met with a degree of success (particularly for photon
induced reactions), the interpretation of the e-tracted cross sections
is somewhat controversial. The difficulty stems from the clagslcal treat-
ment of the propagation of hadrons in nuclear material. That is, if
time scales and distances involved in the production process are very
large, then it may not be meaninaful to separate initial production
from the subseguent rescattering of the hadronic system within the nucleus,
In fact, in the context of a Good-Walker model, it has been argued that in-
dependent of the detailed nature of .the diffractively produced states, thelr
attenuation- properties should be essentially indistinguishable ‘from those
of the incident hadron. (8

The closest thing that we have to a theory of diffractive
excitation of hadrons is based on Drell-Hiida-Deck processes of the
kind illustrated in Fig. 2. Models of this type have been utilized
(9)

with some degree of success to interpret various aspects of the data.

The essential features of the model provide, through the propagators :
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and through the "elastic" scattering of the virtual exchanged objects,
steep t distributions and the kind of decay characteristics that are
similar to those observed in the data. The predicted normalizations

tend to be too high. It is felt, however, that additional absorption cor-

rections might help bring agreement between theory and data.

Data on Coherent Production

To illustrate the experimental features of coherent production 1
will rely on data from the Rochester-Northwestern-Fermilab-SLAC
gollaboration which has investigated neutron dissociation between

50 GeV/c and 300 GeV/c in the reaction: (10

a+a-+(pr) +A 2)

the (pﬂ‘-) system will, for convenience, be referred to as N*. In
addition, I will use the more recent results on meson dissociation
from the Rochester-Minnesota-Fermilab Group.( 1

Figure 3 provides a dramatic illustracion of the emexgence of the
importance of the Coulomb contribution to coherent production at high
enexgies. (The data are shown in terms of the variable t' = t - to.)
The A(1236) has a large radiative width, as a consequence of which the
electromagnetic process dominates Reaction (2) at small t, even on a
low-Z target such as Carbon.

The cross section for Yn-rpn'— has been measured previously and the
rise observed in g% neax t=0 in Fig. 3 is consistent with expectations

from the Primakoff formula. (The rise does not correspond exactly

£
t2

which has the form exp(-75t), is substantially steeper than what might

to the term because of experimental resolution.) The "“background",
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have been expacted for the angular distribution for diffractive pro-
duction on a carbon nucleus. This increased steepness can be accommodated,
however, in an optical model because the absorption of the inelastically
produced hadron states at small impact parameters will result in an
effective distribution for nuclear matter that will be ring-like in
character. For a fixed nuclear radius, a ring provides a distribution
that is far steeper than that from an absorbing disk of same size.(z)
Pigure 4 shows typical fits to data of Reaction (2) that have been
used to extract N*-nucleon total cross sectiorns (UN*N) . The typical

values of ON* are equal to or smaller than the known total N-N cross

N
section of v40 mb. The sensitlvity of t:= data to this parameter of

the optical model ( ) is indicated in the graph, as are the

Onen

eontributiong froi: electromagnetic production. (Experimental resolutior

has also been folded into the calculations.) The measured coherent

production cross section for fixed M}‘,, rises somewhat with increasing

energy, as expected from contributions due to the Primakoff formula.(m)
Figure 5 presents results of a measurement of the dissociation of

% mesons into T systems. Because 3 g systemscan only be in

JP - 1‘,3-,5-,... states, they cannot be produced through the exchange

of quantum numbers of the vacuun. Two-pion states can be produced,

however, through photon exchange or through the exchange of mesons such

as the I=0,;IP =1" w°. At 150 GeV/c the contribution from w® exchange

is expected to be small, and, because of the helicity-flip nature of

the process, must vanish linearly with t at 0°. Strictly speaking, the

Coulomb contribution also vanishes at 0° (except for a small "longitudinal"

term, ignored in the Primakoff formula)}, but the peak of the cross

section is at t = 2t_, which for p~ production is at V10 prad!
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Using the Primakoff formula, and the data in Fig. 5, cross sections
for the reaction Yrr- + 7 7° can be obtained as a function of T T mass.
Rlternately, radiative widths can be extracted for unstable resonances
in the 7 7° systen (e.g., p-) . The Rochester-Minnesota-Fermilab Col-
laboration has embarked on a series of experiments to measure radiative
widths of vector and tensor mesons. Such measurements provide excellent
tests of symmetry schemes and of guark models of elementary particles.uz)
Table I provides the latest results from this series of experiments.

Rlthough according to the prevailing orthodoxy pseudoscalar mesons
cannot diffractively dissociate into two pseudoscalar particles, they

can dissociate into three. A reaction of this kind that was studied at

lower energies is:

T AR (WA + A

The three-pion mass distribution for small values of t, at 150 GeV/c

incident momentum, is shown in Fig.G.uD

The usual Al ('n--po low-mass
enhancement) at ‘v1100 MeV, the analog of the V1300 MeV peak in the P

system for Reaction (2), is obsezved in the data. There is, possibly,

in addition, some structure near the A2(1310) resonance. Distribu-

tions in t for the low-mass region are shown for several target nuclei

in Fig. 7. The rise in the cross section for t £ 0.0005 Gev® is due to
Coulomb production. This is the first experiment in which direct evidence has
been found for the process YT = T 7'M . About half of the Coulomb

signal is due to the A,y but there is also a definite additional sigmal

for the Al (the broad low-mass peak). Although this corresponds to

first evidence of a finite Al‘rry coupling, the data do not necessarily

imply that the Al is therefore a resonance. This is because
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non-resonant T-y scattering cculd ostensibly provide such a signal (see
the distinguishing graphs in Fig. 8). A spin-parity decomposition of

the 37 system, through an Ascoli-type of analysis(,la)

is underway to ex-
tract phase shifts as a function of mass at small t; this will hope-
fully provide information on the detailed nature of the signal.

T exponentials drawn in Fig. 7 are just to quide the eye. Again,
for inelastic production, the slopes in t are larger than expected from

/

the naive exp(-BI-\2 31:) behavior. These slopes are smaller for dis-
sociation for incident pions than for incident neutrons. For the Cu
target, for example, the slope in Fig. 4 for neutron data is about
25% steeper than for the data in Fig. 7. This difference in slupes
presumably reflects the fact that, at high energy, nuclei are not
opaque to hadrons. Total 7-Cu and n-Cu cross sections differ by similar
factors. a4

The last point I wish to discuss regarding coherent production
is the attempt to understand the dymamics in the context of a Drell-
Hiida-Deck (DHD) formalism. As with all things in strong interactions,
the deqree of success has been of a mixed mature. Osland, in trying to
understand the transparency of nuclear matter (e.g., small values of
UN'N) from the viewpoint of DHD, has come to the conclusion that the
model cannot provide the experimentally required transparency and
consequently cannot be a major factor in coherent production.us)

The most recent conclusions from the Rochester-Northwestern-
Fermilab-SLAC experiment(,l 0ezlt;hough in essential agreement with Osland
that the DHD model has serious flaws, are that the model works sur-
prisingly well for nuclear data. In fact, it appears that the model

describes the nuclear data about as well as it described diffractive

dissociation on a hydrogen target. Figure 9 displays the decay



polar-angle distributions of protons in the N* rest frame (quantization
axis being gqiven by the direction of the incident beam in the N* frame,
i.e., 0 is the polar angle in the Gottfried-Jackson frame), As might be
expected, the decay spectra depend on the masses of the (pﬂ-) systems.
Higher masses correspond to larger internal momenta and consequently

can provide systems having larger angular momenta. As I indicated
previously, although the predictions of the unabsorbed model (Fig. 2,
replacing incident proton p by nucleus A) yield far too liigh normalizaticas,
the predicted shapes are in reasonable agreement with the data.

Figure 10 displays the dependence of t-distributions on the decay
angles of the N*. A correlation between t and © might certainly have
been expected because, even for a fixed N* mass, different regions of
0 correspond to differing contributions from the angular momentum states
of the pn- systems, and therefore to differing amounts of helicity-flip
contributions to the production amplitude. What is surprising is the
unusual’y dramatic dependence of dd/dt on & and especially the fact that
the DHD model bears some semblance to reality. (I should point out that
the Coulomk contribution in Fig. 10, as shown in Fig. 4, is restricted
mainly to t 5 0.002 Gevz. Hence, the comparison of DHD with data should

exclude that region of t.)

Inclusive Processes

Even more so than in the case of hydrcgen, the variety of inceherxent
reactions on nuclear targets at high energy surely forms an innumerable
set]! It is therefore not surprising that the character of specific
reaction channels is generally not regarded with great interest, but

that rather the inclusive approach has been adopted in trying to ascertain
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the nature of hadron production on nuclear targets. One crucial issue

in this field rertains to the space-time development of hadronic processes.
Measurements of inclusive hadron-nuclear collisions have been used to
extract information on the constituent strvcture of hadrons, on sumlative
or pseudo-coherent effects of nucleons within a nucleus, and on the
dynamics of multiparticle production. Because the major part of this
workshop is devoted to details of these subjects, I will spend the rest

of this paper reviewlng the more general jideas and just address the gross

featuren of the data.

Nomenclature
kafore proceeding to the data, it is worthwhile to define some of

16)

the terms that come up reqularly in describing inclusive processes.( To
start »ff, we must first define the invariant single-particle inclusive cross
settion, For the reaction

C + D - G + Anything
the invariant diffexential cross section for emitting a particle G, of
momentum ; and energy E, into a Lorentz-invariant differential element
of 4-momentum space dap/E, is defined as do/ (dSP/E). If polarization can
be ignored, the invariant cross section can depend only on the incident
momentum, and on the longitudinal and transverse values of the momentum
of particle G, Transverse momenta (pT) of particles produced in hadvonic
reactions tend to be small, and essentially independent of incident energy.
Two kinds of longitudinal-momentum Lpz) variables have been found to be
particularly useful in describing inclusive reactions, These are;
(1) The Feynman x varlable, x = p;/E;, where p; is the longitudinal

momentum of particle G and E;, is the total energy in the collision, both
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expressed in the center of mass frame:and (2} the rapidity variable
¥ = 1/2 nl(E + py)/(E - py}). The range of x is limited to between
~1 and +1, while the allowed range of y values grows logarithmically
with E,;.

Quite often, particularly when momentum measur. .sents are not
available, the pseudorapidity variable n = —£n tan(8/2) is used in
place of y. Here 8 is the production angle of particle G in the
laboratory, and therefore tanf = :—: . We can rewrite y in a manner
anaiogous to that used for defining n: y = ~fn tan(¢/2), where ¢
is an angle defired by tan¢ = mT/pz, and m, = (pi + mzjk is the
"transverse" mass of a particle of mass m. Consequently, we see that
the angles ¢ and {, and therefore the rapidity and the pseudorapidity,
approach each other only at large Pp- It is therefore important to
distinguish results obtained for 1 and for y, particularly at small
transverse momenta. {(The x variable is also expressed at times in
terms of laboratory momenta as x = pllpin' where Pin is the incident
monmentum. This expression,clearly, holds only for large x.)

The invariant cross section can be written in terms of the x and

y variables as follows:

Bdo B _do _ 1 dg _ _E* do
3 T 2 T 2 Tp¥ 2
d’p dpzde dyde in dxde

The multiplicity in some region of momentum space is defined as the
inclusive cross section in that region divided by the total inelastic
cross section. For example, the total inelastic multiplicity of

particles G would be given hy:
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3
CcD d’p

all possible
momenta of G

It is common to parameterize the depeidence of inclusive differential
cross sections on atomic mass in terms of the form Au, where o may de-
pend on both Py and Ppr as well as on pin' Becausgse inelastic hadren-

nucleus total cross sections (Um) ircrease with A approximately as R.o'7,

the variation of the differential multiplicity can be expressed as Au-o'.’.
The multiplicity is independent of nuclear size for those regions of
phase space where a = 0,7. 1In addition to using @, another popular way
of describing the A-dependenca of inclusive cross sections or of multi-
plicities involves measurements normalized to data on hydrogen. In par-
ticular, the ratio of the inelastic charged-particle multiplicity in

hadron-A collisions to that in hadron-p collisions is termed RA' where

RA can br -~ither the ratio of the integrated ‘total) multiplicities:

<n>.
R =

<n>,
A nhp

1
E‘h‘; (dU/dn)hA
P
T (dG/dn)hp

hp

Because the AU' parameterizations do not appear to axtrapolate smoothly
to hydrogen, it is sometimes difficult to relate, with precision, o to
Finally, a parameter that reflects the nuclear thickness, and at

the same time takes account of the differing opacities for different:
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incident hadrons (h) is V, defined as:

INEL , INEL
v = Achp /cJx A

V can be thought of as the average number of inelastic collisions that

a projectile h would undergo in tranversing a nucleus A. (The value

0.31 0.27

for proton projectiles, and = 0.65 A for pions.u")

of Vv is = 0.65 a

Pata for Inclusive Production on Nuclei

One simple way to examine the kind of time scales that characterize
hadronic reactions is through studying produced-particle multiplicities
as a function of target material. If, for example, elementary hadron-
hadron interaction times were short, that is, if the formed asymptotic
states that we measure evolved on time scales of the order of nuclear
tranversal times, then multiplicities on large nuclei would be expected
to be far greater than on hydrogen. This is because an increase
in multiplicity would result from multiple interactions of secondary
particles produced within the nucleu~. Such cascading would not be
expected to be important at low iucident momenta but should certainly
occur at high energies, provided that characteristic cellision times
were ¢ 10723 gec.

Figure 11 displays the ratio (RT:m) of the total ineclastic charged-
particle multiplicity in proton-emulsion collisions (average A v 73) to

(18)

that in pp collisions as a function of incident momentum. From this
compilation of data we see that, to *vl5% accuracy, Rem does not exceed
a value of V1.8, even for energies berond several TeV. It appears, therefore,

that there cannot be any substantial amount of cascading in nuclei. Thus,

nuclei are rather transparent to the hadrons produced within nuclear
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matter, which implies that hadronic time scales must be substantially
longer than “\110_23 sec.
The A~dependence of total charged-particle multiplicity has heen

Qa7)

measured recently by the MIT-Fermilab Group. 7 For p-A collisions in

the several hundred GeV range of energies, for example, they obtain:
23

0.
RA 0.72 a

This result, again, confirms that there is very little intranuclear
cascading. A number of alternate models have been suggested for ex-
plaining this nuclear ttansparency‘.lg)l will present just one simple
hand-waving idea to inuicate that such transparency is in keeping with
what we know about multiparticle production processes at high energies.
There is a wealth of evidence suggesting that particles emitted
in hadronic collisions are strongly correlated at production(}s)such
correlations stem partially from the presence of low-lying multiparticle
resonances in the final states, but also from other dynamic clustering
effects. Independent of the origin of such correlations, there is the
phenomenological fact that multiparticle mass distributions peak at
small values of invariant mass, and that these mass spectra have
apparent wid+hs that are comparable to the typical mass va.lues(.2 0)Sv.u:-h
a dynamic localization of masses can be translated into an uncertainty
in the time scales for the production of these masses. If a typical
hadronic cluster consists of about three pions, and ../ the effective
mass of the ciuster (M) is ~ 1 GeV, then the time scale appropriate to
the production (that is, for the full development) of such & cluster in
the laboratory frame would be " —YIE . (For a total produced-particle

multiplicity of ~12, there will be, typically, 3-4 clusters per event.)
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The values observed for I' are about 1 GeV,and the Lorentz factor for the fastest
clusters is about 50-200, in the several-hundred GeV domair of energies.
Thus, on the basis of these simple arguments, characteristic production
times would be expected to be v 7 X 10-23 sec, corresponding to hadron~
formation distances of &~ 20 Fm. Consequently, a cluster of particles
created in a collision, can travel as a single unit of hadronic matter
for distances of 20 Fm prior to breaking up into asymptotic remnants.
Just from this picture alone {which does not nearly represent the whole
story), we would therefore expect a drastic diminution 1in intranuclear
vascading.

Having established the fact that interaction time scales in hadronic
collisions at high energies are about an order of magnitude greater
than traversal times, I would now like to proceed to certain interesting
but more detailed features of the data. The energy dependence of the
differential multiplicity for fixed V, and the v dependence of the dif-
ferential multiplicity, both as a function of n, are displayed in Fig. 12.(17)
The energy variation is quite similar to that observed for reactions on
hydrogen targets - this is, of course, not surprising because we noted
already that Phn hardly changes in this range of energies. In particular,
the multiplicity (and the inclusive cross section) appears to be
essentially independent of energy (it "scales"™) in the region of target
fragmentation (n < 1), it is also independent of energy in the region of
projectile fragmentation. The latter can be ascertained by examining
AdN/an in the rest frame of the incident projectile and not in the
laboratory frama. This can be done simply by subtracting from 1 the
quantity R.n(Zpin/min) to take account of the boost from the lab frame

to that of the projectile. Taus, to obtain the correct comparison,
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the 50 GeV spectrum must be shifted left by =4.67 units of 1, the 100 GeV
spectrum by 5.36 and the 200 GeV spectrum 6.06. The resultant distribu-
tions are displayed in Pig.13-a 7 The results for p-p data from the same
experiment are shown as the soiid curves on the distributions. l}rom
these results we conclude that the hypothesis of limiting fragmentation
{HLF) is in substantial agr with the data. (There is, nevertheless,

good evidence for a small violation of HLF at high energies {21 )

The v dependence displayed in Fig. 12 indicates that the increase
in multiplicity with increasing A occurs mainly for central (YCH= 0) and
for backward production in the center of mass (region of target fragmen-
tation). In the forward region of large n the production is essentially
independent of nuclear size. ' nus nuclei appear particularly transparent
for forward rapidities (production of fast particles). This result
is consistent in spirit with expectations from our trivial cluster
model: The faster the produvced particles the larger is the Yy factor of
the cluster and the longer the formation time scale and the less chance
for cascading.

Figure 14 displays the results obtained from extracting ¢ as a function
of Nj. The data are again from the MIT-Fermilab experiment, to which the
Rochester-Northwestern-Fermilab data on n-A collisions have been added
for conparison.az)('rhe neutron data are from a broad-band beam, whose
average momentum is v 30D GeV/c.) Agair, there is observed the clear
trend that substantial multiplication occurs mainly for low—-energy
secondarles. (The value of o = 0.69 for incident protons corresponds to
no multiplication or, in other words, to "factorization” of inclusive

cross sections on nuclef.)
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Figure 15 illustrates an important point about inclusive nuclear
data. Here 1 display,for positive-particle production in n-a collisionézz) ’
the variation of the a parameter with n (same data as shown in Fig. 14
for n < 8), with y and with Pyt in all cases the distributions have been
integrated over pT. The value of a = 0.69 is also shown on the figure.
It is clear that, particularly for rapidities 2?6, different conclusions
may be reached regarding the question of particle multiplication in
huclear matter if the small but crucial differences between y and n are
ignored. Using the more informative variables y and Pyr which do not
mix different regions of production the way n can, we see that a falls
below 0.69 in the region of large particle momenta (projectile fragmen-
tation). From Fig. 15 we can conclude that the multiplicity decreases
with increasing A for x 2 0.5 (or for y > 6). As it will surely be
emphasized by the other speakers at this workshop, this kind of result
is not consistent with the simplest kinds of models such as the Energy-
Flux-Cascade, or single parton-chain exchange, or the single ladder
multiperipheral model. More complicated contributions, e.g., multiple
ladders, or cuts, are required to understand the attenuation of particles
in nuclei in the forward direction. oOur simple cluster picture would
certainly allow for some attenuation in the forward direction; this is
because the fastest cluster would be degraded somewhat in energy in its
reinteraction within the nucleus.

The dramatic rise in a for n 2 7 can be attributed, at least
partially, to contribution from coherent Coulomb production in the data.
A similar effect has been noted by the Michigan Group for neutron pro-

duction in p-A collisions (see Fig. 16)&23¥t present, data at high
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energies are not precise enough to confirm the possible presence of the
exciting cumulative effects observed at the edges of phase space in
collisions at lower energies(.an will therefore not comment on such
phenomena at this time.

There is a weak Pp dependence to inclusive production on nuclear
targets. This is displayed by the n-A data, integrated over Pge in
Fig. 17.(22)1'he curves on the positive- and negative-particle data are

drawn just to guide the eye. The small rise in @ at small p:_ has keen noted

previously, (25 and the rise at large p;, not so clear in these data,
was discovered several years ago,‘za) and will undoubtedly be interpreted

in terms of hard-parton scattering later during this workshop.

A fascinating result obtained by the MIT-Fermilab group pertains to
the projectile dependence of multipl:i.city.(zn This group has observed
that multiplicity on nuclei becomes essentially independent of the nature
of the projectile when data are examined as a function of V rather than
of A. In Fig. 18 I have reproduced their differential measurements of
r(n) at 100 GeV/c, as a function of 1 for incident 'n'+, x' ana p, all
extrapolated to an equivalent target thickness of V = 3. This lack of
dependence of multiplicity on projectile implies that, subsequent to the
initial collision, the rate for all secondary interactions is determined
by the nature of the incident particle rather than by the many secondary
pions produced® ‘n the first encounter. Prom a different vantage point
(and probably a more incisive one) this result can also be intexrpreted
to mean that the entire interaction on a nucleus takes place at one time -
that is, several nucleons in the nucleus are hit by the same incident
hadron (via its quark-parton chains) during tne duration of the collision. (?8)

I might mention that this sort of picture can lead very naturally to a
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small attenuation of the most energetic particles produced on nuclear
targets. (Distribution of the incident energy among the simultaneous
collisions of the projectile with several nucleons would yield such an
effect.)

The results of Figs. 15 and 18, and other data, certainly point to
the involvement of several nucleons in hadron-nucleus collisions. A
question of immense importance is whether t” » hadron, in its simultaneous
interaction with several nucleons in the nucleus, experiences a cumulative

) or whether in

kind of collision {(with a "coherent tube" or f].uct:uon)(24
effect the micleons colliding with the projectile behave as independent
entities. If the collision involves a pseudo-coherent process then
the effective energy in the center of mass will be far largexr than that
for a projectile-nucleon collision at the same incident momentum. On
the other hand, if the projectile interacts independently with several
nucleons, then the energy per colliding nucleon will be smallexr. I
have examined data pertaining to this question but have not been able to
reach a definite conclusion. I will present arguments for both inter-
pretations and argue that new specific kinds of measurements can provide
a clear answer to this fascinating problem.

The Seattle Groug‘zg) has examined negative-particle production in
T Ne reactions at 25 GeV and at 50 GeV. Figure 19 displays the correla-
tion between <N_I_’r>, the average number of "produced" negative particles
(using data for 2 2 negative tracks in the fjtnal state)}, and NP, the
number of identified protons in the final state. Yuldashev et al.,
interpreted these data assuming the validity of the coherent tube model
(CcT™) (30): namely, they assumed that the collision occurs between the

7 and a coherent tube of nucleons located in the path of the w , and

tl at the produced multiplicity is determined solely by the effective
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energy in the center of mass of the beam and an effective mass (me ) of

££
<NPr - Pr
the coherent tube. Comparing known "> from W p data to <N_ > for

Neon (for different values of NP) » they extracted a value of Meg 35 2

is

£ nucleon’

displayed at the bottom of Fig.19; this result is certainly consistent

function of Np. Their result, showing that Bore N (Np+1)m
in spirit with expectations from the CTM.

In many respects h-A collisions do, in fact, resemble h-p collisions
of higher enerqgy. Figure 20, for example, shows how KNO multiplicity
scaling, which holds in h~p collisions, also holds trxue in h-a collisions.(n)
(It is interesting that the multiplicity spectrum even for neutrino-a
collisions follows the KNO scaling form!) oOther, more detailed, com-
parisons have been made of multiplicity distributions in 7 p ccllisions
at high energies with the distributions in o A collisions (for a fixed
value of NP) at lower incident energies. Pigure 21,also from ref.29,provides
one such Check of the CTM; charged-particle multiplicities for T Ne data
at 50 GeV/c with NP=2 are compared to i p multiplicities ot 147 Gev/c

(corresponding, via the m result from Fig. 19, to the proper CTM

eff
energy) and at 100 GeV/c. The multiplicity spectrum at 100 GeV/c clearly
disagrees, while that at 147 GeV/c agrees with the T Ne data. These
kinds of comparisons have demonstrated a remarkable similarity between
low energy h-A interactions and higher energy h-p collisions, and

(32) In effect what

digplayed a surprising predictive power of the CTM.
such results suggest is that hadron-nucleus collisions are equivalent
to hadron-hadron collisions shifted to higher energies. In addition,
it appears that by changing Np we can change the effective energy of the
collision. Thus, the emulsion plate or a heavy-liquid bubble chamber

can provide a way for fine-tuning energies for hadronic reactions. It

is not clear to me how far a simple model such as the CTM can be pressed
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for internal consistency. An important test can be provided thxough an
extension of the analysis in Fig. 21 to include a comparison of rapidity
spectra (dN/dy) in Ne for NP=2 with data from T p interactions at 147 GevV/c.

Now I would like to turn to oft-neglected emulsion data to show that the

more naive CTM ideas do not always work. Figure 22 displays a compilation(aa)

of <ns>' the average number of.shcvwer particles (lightly ionizing
relativistic particles corresponding essentially to our previously de-
fined <n>), as a function of N, the number of heavily lonizing particlies

(34)

(mainly protons) observed in proton-emulsion collisions, It has

been known for some time that <N, > (as well as the distribution of N }
b

is essentially independent of energy (<Nh> “v A2/3) S35)

In increasing: the
incident energy from 200 GeV to 400 GeV the values of <ns> appear to
scale up by a factor 1.28 {independent of Nh) . This is suggestively
close to 1.18, the ratio of multiplicities on hydrogen at these two
energies. Using these data I have tried to extract Mg 35S 2 function
of Nh for the three momenta 223 GeV/c, The disappointing results are
shown in Fig, 23, Although there are some ambiguities in the comparison

(34)

of <ns> to <n>, as well as in the precise correlation between <ns>

and LIy (and reading data points from minisculz graphs introduces some
error), I do not believe that these uncercainties can in any way account

for the gross variation of the cumulative m_ with incident energy,
<,

££
Taking the opposite ("incohe~ent") tack, I have also extracted in
& rather crude manner an effective number of collisions as a function of
N, for the three sets of high-energy data in Fig. 22. The vpper part of
Fig. 23 displays the three sets of values of <ns> in Fig. 22, each set

divided by the value of <n> appropriate to pp collisions at the same

incident momentum. (I have reduced each <n> by 1/2, to account for the
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(34))

trivial difference in total charge between pA and pp incident channels.
Here the results are somewhat less dependent on incident energy. In fact,

the value of <n.>/<n> appears to approach A3 for large N if this reflects

i
the number of participating nucleons, then this result could be interpreted
as suggesting the presence of 3 quarks in the proton‘.36) The simplest in-
terpretation of Fig. 23 would therefore be that models in which the pro-
jectile interacts with independent nucleons rather than with a fluctuon may
be more in tune with the data. Judging from the comments at this workshop,
the proponents of the CTM may be presently on the defensive; I suspect,
nonetheless, that cunulative effects must be present in hadron-nucleus
collisions (and, hopefully, not only the dullest kind, corresponding to
muitiple~scattering, Fermi motion, or electromagnetic effects). The only
clear~cut conclusion I can come to at this time is that far more data,
particularly with measurements of Nh' is crucial to settling the question
of semi-coherence in inclusive production.

I have thus far dealt mainly with pion production, and I would like
to end this part of my presentation with a brief summary of results per-
taining to the production of more massive particles. To begin with, there
is a surprising excess of energetic protons found in h-A and in neutrino-a

(an G8) ,

collisions. (Such an excess can be easily accommodated in the CTM

The features of the production of the more massive hadrons, compared to

pions, are that they appear to display a weaker dependence on p_ and

T
(22)

greater attenuation (smaller @) at high rapidities. A Michigan-Rutgers~

Wisconsin Collaboration has studied x:, A and X production in pA col:

lisions. (34) Some of their extensive results are displayed in Figs. 24 &nd

25. These data indicate that, just as in the case of pion production, a
decreases with increasing x and increases with increasing ) {for fixed x,
inecreasing the angle increases the value of a). Similar results on neutron

production are available from the Michigan pA experiment. 23
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Finally, I wish to include in this review several results on jets or
correlated multiparticle production. 1In a sense jets can be regarded as
massive hadrons, and we would therefore expect such multiparticle systems

to have properties akin to those observed for single hadrons. Figure 26

(40)

aisplays the o dependence of jet production as a function of Ppe First,

the rise of a beyond a value of a=1 with increasing Py is similar to that

(26) (41)

observed for single hadrons, as well as for dihadrons, at large

Py

larger values of a than m-induced jets (more multiplication) might be

. Finally, although the fact that at large Pps p-induced jets display

arqued as being consistent in spirit with the results of Fig. 18, that
is, that the value of V is more relevant in multiplication than the value
of A, the relative change of @ with Pp is not so simple to understand.
I will leave the interpretation of these and other large-pT results to the

other speakers at this workshop.
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Table 1

Recent Measurements of Radiative Widths

Process Width (xev)+
p +TY S0 £ 10
Kx*(890)" + Ky ~ 50
AL+ TY 2450
AL+ Ty 600

+A11 but the p' values are quite preliminary and consequently no
srrors have been quoted for the observed processes. See Phys.

Letts. 75B, No. 1 (1978) for previous measurements of such widths.
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loc. cit.
The reason that <n> in pp collisions is not exactly the same as
<nﬁ> in pA reactions is because, in the latter case, some of the
protons are absorbed into “h' In addition, <n> In pp collisions
is artificially larger than <n.> in pA collisions because half of
the interactions in nuclei occur on neutrons. When such threshold

corrections are taken into account, the value of llh (Pig. 11)

becomes ially independent of energy for Pin 2 10 GeV/c.

These subtleties are discussed in the excellent review of emulsion
data by I. Otterlund in Acta Phys. Pol. B8, 119 (1977).

Hence Nh appears to reflect more the cross-sectional area of the
nucleus rather than the number of nucleons in a tube that collide
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Fig. 22 (<n.>, Nh).
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a trend for a decrease of the slope of this ratio with increasing Nh.
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discussion of A. Bialas regarding simple quark models.

This has been emphasized by W. Yeager et al (ref. 32).

Private communication from A. Dar.



3s.

40.

41.

P.

cC.

D.

R.

-33-

Skubic, Ph.D. Thesis, University of Michigan (1977), and
Heller et al., Phys. Rev. D16, 2737 (1977) .

Bromberg et al., Phys. Rev. Letts. 42, 1202 (1979)

A. Finley et al., Phys. Rev. Letts. 42, 1031 (1979) and

L. McCarthy et al., Phys. Rev. Letts. 40, 213 (1978).



-34=

Figure Captions

1.

Approximate energy dependence of t~distributions for electromagmetic
counvercsion of a particle a to particle b. The curves correspond to

2, 2 x 1074 Gev® and 5 x 1074 Gev?.

values of t =0, 107% gev
Drell-Hiida-Deck diagrams that contribute to neutron dissociation
into (pTr-) systems. The symbol P represents Pomeranchukon exchange.
Magg and t' distributions of (p1l—) systems produced in the dis-
sociation of neutrons on a carbon target.

(a) pifferential cross section for neutron dissociation into pTr_ on
copper, for 1.35 GeV < m < 1.45 GeV. (b) A—dependence of the cross
section for the same mass range as in {a). The solid and dashed
curves are based on calculations menticned in the text. (Typical
error bars are shown in the data points.)

Mass and t distributions of (1r-1I°) systems produced in the coherent
(Coulomb) dissociation of W mesons on nuclear targets at 156 GeV/c.
Mass spectrum of (W W'm ) systems produced in the coherent dis-
sociation of T mesons on nuclear targets at 156 GeV/c.
Distributions in t for (% W m ) systems produced in the coherent
dissociation of T mesons on nuclear targets at 156 Gev/c.

Possible non-resonant and resonant contributions to y-m scattering
near the mass of the Al.

Gottfried-Jackson polar-angle distributions for the proton in the
decay of (pﬂ-) systems produced coherently off Cu and C targets.

The predictions of a DHD model (Fig. 2) are shown renormalized to
the data at small masses. Magnitudes of the contributions from tha
three (interfering) terms in Fig. 2 are shown on the Cu results

for 1.3 < M < 1.4 GeV.
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Comparison of t'-distributions for the Cu data of Fig. 9 with the
model of Pig. 2. (The theoretical predictions have been reduced by
an arbitrary factor of 4.)

Ratio of produced particle multiplicity in emulsion to multiplicity
in hydrogen for incident protons.

Dependence of differential multiplicity on incident momentum for
proton projectiles for G=2, and the dependence of the multiplicity
on V at 200 GeV for m projectiles.

Differential multiplicity in the projectile frame as a function of
incident momentum for p~Pb, p-Cu and p-C data.

The dependence of a on pseudo-rapidity for 200 GeV pA data. Data
for 300 GeV nA collisions (positive and negative particles) are
shown for comparison.

Dependence of & on n, y and Py for positive particles produced in
nA collisions at 300 Gev.

bependence of ¢ on x for neutron production in p-Pb and p-Be
collisions at different laboratory angles.

Dependence of a on p,i for positive and negative particles produced
in nA collisions at 300 Gev.

Ratios of multiplicity for p, K+ and 1T+ beams for V=3 to multi-
plicity on hydrogen at 100 GeV.

Dependence of the average number of produced negative particles on
the number of identified protons (Np) in T Ne collisions. The
extracted dependence of the effective target mass on Np is shown
at the bottom.

Distrilution of KNO scaling variables for Tr.p, T Ne] T C and V-Ne

collisiors. .
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22.

23.

24,

25.

26.

The ratio of the multiplicity distribution of negative particles in
T Ne collisions with Ny=2at £0 GeV/c to those in (a) w p collisions
at 147 Gev/c and (b) Tl_.p collisions at 100 GeV/c.

The average number of shower particles as a function of the number
of heavily ionizing tracks in emulsions exposed to proton brams.
The extracted values of effective target mass and ratios Fh‘ for
data in Fig. 22.

The dependence of a on x for K: production in pA collisions

at 300 GeV.

The dependence of o on x for A° production in pA collisions at

300 Gev.

The dependence of G on Py for the production of jets of hadrons

at 200 GeV for hydrogen and aluminum targets.
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Quark Model and High-Energy Nuclear Experiments

A. BIARAS
Fermi National Accelerator Laboratory, Batavia, Illinois 60510
and
Institute of Physics, Jagellonian University, Cracow, Poland

ABSTRACT

Theoretical aspects of the measurements of production
of low transverse momentum sSecondaries in high~energy hadron-
nucleus and nucleus-nucleus collisions are discussed. Appli-
cations of the quark model to those processes are discussed

in some detail.
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I. INTRODUCTION

2 and is now widely

As was recognized many years agol’
accepted, thne interactions of high-energy hadrons with nuclear
targets provide an opportunity to study the hadronic inter-
actions at very short times. This possibility became
particularly exciting, when the experimental discovery of
the absence of intra-nuclear cascading of fast sec:cmdfa.r:f.esz-5
indicated that hadronic physics at short distances is far
different from what we normally see at macroscopic times.
The detailed discussion of this phenomenon in terms of general
principles of quantum mechnics and field theory was already
presented in several review papers, including the classical
one by Gottfried.e-9 I shall not report the details here,
but just indicate the main idea.

First, let me emphasize that the absence of intra-nuclear

cascading of secondaries implies that the fast secondary

hadrons are created outside of the nucleus. Inceed, were

they present inside the nuclear matter, they would interact
and induce cascade. This long-time character of "hadronization"

can be interpreted as a consequence of uncertainty prin-

ciple:1’2'7’10’11 The minimal time necessary to emit a slow

hadron is of the order To v 1/E0,where Eo i /gL+m2 is the
energy of this hadron. For an observer in laboratory frame
this time becomes Lorentz-dilated and the hadron will show

up after

t » cosh y 9 o ;—5"_5 (1.1)



where y'E, p and p are rapidity, energy, transverse momentum
and mass of the hadron. t is very long for typical high-energy,
low transverse momentum secondaries. Thus fast hadrons are
created well outside the nucleus and, consequently, do not
cascade.*

This argument shows that the absence of intra-nuclear
cascading is a very natural phenomenon in any theory which
contains uncertainty principle—in particular in any field
theory.1’2

It should be stressed that the absence of intra-nuclear
cascading is really of paramount practical importance for all
discussions of interactions in nuclei, because it enables a
relatively simple interpretation of the experiments and allows
possible deductions about elementary hadronic interactions.
With cascading present,it would be extremely difficult, if not
impossible, to dig out the signal out of noise.

Since we know alrcady that the hadrons are not present in
the nucleus, we have to confront the next problem: what is
the nature and properties of the intermediate state travelling
through the nuclear matter. There is yet no final answer to
this question. Actually, this is the '"hot" issue at the moment

and several difterent models are being considered.

* o N o

This argument implies also a very specific time-ordering of
multiparticle production (slow particles are created eurlier
than fast ones). For discussion of this point see Refs. 12
and 13.
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7,14-26 attempted to describe the

Most of the models
existing nuclear data in terms of general properties of
hadronic interactions, as derived from high-energy experiments.
Thus, in a way, they try to omit the problem of the inter-
mediate state and concentrate on those aspects of nuclear
scattering which are independent, or weakly dependent on it.
Those investigations showed that, indeed, the gross features
of particle production from nuclei can be understood in terms
of few parameters describing hadron-hadron inelastic collisions.
They played an important role in finding regularities in the
data. On the other hand, such a general description has
necessarily a limited predictive power.*

Another approach, first considered by Goldhaber27, and

developed independently by several other groupszs'?’4

emphasizes
the relation of the observed A-dependence of the spectra to the
structure of the intermediate state which in turn is related

to the structure of the incident high-energy hadron. This has
the attractive feature that, if indeed such a relation is
established, one may use the nuclear data for learning about
the structure of high-energy hadrons. In the present talk

I shall mostly concentrate on the recent investigations in

this direction. I shall argue that, indeed, the nuclear

experiments do provide inter esting information on the structure

of the incident high-energy hadrons.

I.(A notable exception is model of Ref., 22.
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The intuitive picture which leads to this conclusion is
as follows. The incident high-energy hadron can be viewed as
a bound state of some numbers of constituents. Consider first
its intera~-tion with "elementary" say, proton, target (Fig. 1).
In the "soft" — low momentum transfer ~— inelastic collision
this hadronic bound state is destroyed. However, the nature
and momentum distribution of hadronic constituents is not
expected to change considerably just because the momentum
transfer in the collision is small. Thus the constituents
continue moving along the direction of the initial hadron,

until they change into ordinary hadrons, with the lifetime

WY) =¥ 1 (1.2)

where vy 1is the Lorentz factor of the constituent and To
a characteristice lifetime, as measured in rest frame of the
constitutent.lz’l3

Consider unow the same process happening inside the
nuclear matter, as depicted in Fig. 2. 1In such a case the
hadronic constituents move through the nuclear matter and can
interact with it. This interaction implies the A-dependence
of the process. Thus by measuring A-dependence of final
spectra we can obtain information on interaction of hadronic
constituents inside the nuclear matter and from that deduce
their properties. The important parameter in the description
of this final-state interaction is the constituent lifetime

1(Y) given by Eq . (1.2). Indeed, the argument presented here

works only for constituents which t(y) is greater than nuclear
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dimension, that is, the energetic constituents. The low-
energy constituents have a big chance of decaying into
hadrons inside the nucleus and consequently to induce some
cascading phenomena inside the nuclear matter. Thus
measurements of intra-nuclear cascading of slow secondaries
can give information on lifetime of the hadronic constituents.
This is an exciting possibility, but its discussion goes
beyond the scope of the present paper.

It is worth it io emphasize that in such an approach
the nucleus is treated as a part of apparatus -~ a kind of
detecior which (due to its extremely high time resolution),
helps to observe phenomena non-accessible to ordinary detectors
used in high-energy physics.* We are thus interested in details
of nuclear structure only as far as they are necessary to
understand the response of our detector. In most applications
till now it seems justified to treat nucleus as a collection
of quasi-independent nucleons. This description shall be used
here.+ It should be remembered, however, that, with increasing
accuracy of the experiments it may be necessary to go beyond
this approximation.

Let me add another remark which seems necessary to avoid

misunderstanding. When I talk here about the '"constituents"

*Indeed, the time resolution of a nucieus is of the order of
average distance between nucleous & 2fm ~ 107!’y sec! This
fantastic time resolution is the main advantage of using
niuclear targets.

+For other possibilities of treating the nucleus, see
Ref. 35.
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I do not necessarily mean "elementary constituents", like
partons (although I would not like to exclude this possibility,
as discussed in the last section). Indeed, the number and the
nature of effective hadronic constituents, as seen in low-
momentum transfer experiments may be actually very different
from the elementary partons seen in deep inelastic processes.
This is so because we are testing here hadrons on a very long-
term scale compared to the one relevant to the large Q2 phenomena.
Thus we are sensitive to the soft interactions between the partons
which may well build up important correlations, e.g., clustering
effects. The possibility of uncovering such long-time cor-
relations between partons is one of the attractions of the
nuclear experiments at low momentum transfers.

The time available does not allow me to cover also
another very exciting subject, namely large transfer processes
in nuclear matter. Some aspects of this problem are discussed
in Ref. 33 and in contribution of S. Brodsky to this meeting.

The structure of this talk is as follows. In the next
section we describe results of a '"measurement” of the number
of independent high-energy constituents inside the incident
energetic hadron.

In Section 3, various tests of the additive gquark model
are discussed. Nucleus—nucléus interactions are discussed
in Sec. 4. In the last section, an attempt is made to interpret
the obtained results in terms of the interactions of colored

gquarks and gluons.



I1. MEASUREMENT OF THE EFFECTIVE NUMBER OF HADRONIC CONSTITUENTS

In this section, I s%all discuss what the nuclear data
can tell about the =ffective number of constituents contained
in the incident hadron. In particular, I shall argue that:
(a) the A-dependence of particle production in the central
rapidity regilon is sensitive to the number of constituents
in the incident hadron and (b) the data indicate that the
effective number of constituents in nucleons and piouns is
equal to the numoer of constituent quarks in them, i.e.,
respectively 3 and 2.

The argument runs as follows.28 Consider a hadron h
made cut of Nh independent constituents. The requirement
of independence means that we do not like to consider as
different the constituents which are strongly correlated
to each other.* When hadron h scatters off the hydrogen
target, some number (WH) of these constituents (at least
one) undergo inelastic collisions (Fig. 3a), and produce
particles. We call them "wounded" constituents. Since the
constituents are independent, the observed average multiplicity

n

hH of the production process is

nhh-(Y) = wH * nw(Y) (2.1)

where ny is the multiplicity produced by one wounded

constituent, and y 1is the rapidity of the observed hadron.

*This may be considered as a definition of a "constituent".
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Consider now interaction of the hadron h with nucleus
A. In this case the number of wounded constituents WA may
be substantially larger (Fig. 3b) because the hadron can
interact with several nucleons in the target. Consequenily,
the average multiplicity ﬁhA ia the production process with

nuclear target
na(¥) = Wy o ng(y) (2.2)

is expected to be greatver than nhH(y).
For the ratio RA(y) = nhA(y)/nhH(y) we thus obtain

W,
UL (2.3)

The derivation of this formula contains an implicit assumption
that production of particles by one wounded constituent is
approximately independent of the target. This seems to us a
reasonable working bypothesis. Intuitively, it corresponds to the
idea that the target can influence the production of only those
particles which are created during the passage of the projectile
through the target, i.e., only slow particles in the target
fragmentation region. Since the bulk of the production in
central rapidity region takes place long after the constituent
passed through the target, there should be virtually no A-
dependence in this region. However, we certainly do not expect
the formula (2.3) to be valid in the target fragmentation
region. For more detailed discussion of this assumptiorn we

refer the reader to the Ref. 27 and Sec. 5.
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The right-hand side of the Eq. (2.5) can be expressed

by the cross-tections of the constituent. We obtain28’36
N, o N, o
Wy =<t wy = 0B 2.4
hA hH

where o's are inelastic, nondiffractive cross-sections. Using

these formulae we obtain from (2.3)

Ra(¥) = opu%cn/%na%n = Yha’Vea (2.5)

where Vua is the average number of collisions of the projectile

h in the nucleus A:

v (2.6)

h = # %ne/%na
The only unknown parameter is now CeH * the irelastic cross-
section of the hadronic constituent on hydrogen. However, we
know that the hadro» h 1is made of N, coustituents and thus

h

*
we expect

. 1
Ser = ¥, °ni (2.7)

Using (2.4) we obtain immediately Wy R 1. Furthermore,

O.a Can be calculated using (2.7) and the Glauber model

formula

*This relation is only approximate. We have checked that the
10% correction to the formula (2.7) does not change the
conclusion of this section. However, they may be not
negligible if more detailed analysis of the data is
attempted.



o4 = szb 1 -{(1 - ocHDA(b))A} (2.8)

where DA(b) = oA(b,z)Ex and p(;) is the nuclear density.
Consequently, we can calculate WA and RA in the central
rapidity region.

In Fig. 4, the plot of RA versus va is shown for
incident nucleons for different values of number of constituents
Np. The inelastic nucleon-nucleor. cross-section was taken
30 mb. The most striking featuze one can see in this figure
is that, for heavy nuclei, there is quite a dramatic dependence
of predicted RA on the assumed number of constituents Np in the
incident nucleon. It is just this strong Np dsr *endence which
makes possible the determination of Np from nuclear data. The

35

data from Busza, et al. are also shown in this figure. It

is clear that they fai.r the choice Np = 3, which coincides
with the number of quarks inside the nucleonas'dg.

In Fig. 5 we are repeating the same exercise for pion
beam. Again RA is plotted versus “wA for different N".

5,38 . .
' are much more scarce than in the previocus

Although the data
case, one can see a clear indication that N11 = 2, again
coinciding with the number of quarks in the pion.

These results are very appealing, because they suggest
that in the low momentum transfer phencmena the constituent
guarks play the essential role. This could possibly be

interpreted as evidence for strong cluster-like correlations

between the wee partons and valence quarks. That is to say,
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the wee gluons and qa pairs are not independent, but are
clustering around the valence quarks. It should be noticed

that such a picture was advocated on different grounds

40,41 41

sometime ago by Leningrad group and by Cabibbo et al.
Another possible interpretation is discussed in the last
section.

One more remark may be in order here. All the conclusions
we have reached about number of constituents are based on data
on average multiplicities. Consequently, we can only say that
on the average the number of constituents in hadron is 2qual
to the number-0f quarks. To answer the problem of whether
they are actually equal, it is necessary to analyze the
multiplicity fluctuatio:r which shall give information on
dispersion of the distribution of number of constituents.

No such investigation was carried out so far.
In the next section we shall consider the quark model

in nore detail and show that it gives many interesting pre-

dictions which may be tested in future experiments.
IIT. FURTHER CONSEQUENCES OF THE QUARK MODEL

A. Partizle Production by Different Hadrons
Generalizing slightly the arguments of the preceding
section and assuming that a wounded strange quark produces the

*
same rapidity plateau as a wounded nonstrange quark

* . -

This assumption is supported by the experimental observation43
that particle multiplicity in Kp interactions is similar to
that in wp interactions.



-75-

one arrives at the following predictions for A-dependence

of particle production by different beams:

c o,
K beam RA = —géi——"
KA
~ ZUQA
¢ Ry =3
$A
20,,+0
S & A R, = —a 54
AA
(O at200,)
- R, = QA "SA° (3.1)
O=p
where GQA and 95a are inelastic, nen-diffractive cross-sections

of non-strange and strange quarks. These pr:dictions are plotted
(together with those for proton and pion beams given in previous
section) in Fig. 6 versus the so called "average number of
collisions" Via given by Eq. (2.6).

The inelastic cross-section of strange quark Ogy Was taken
4.5 mb 44 and generalization additivity rule (2.7) was used to
calculate hadronic cross-sections from hydrogen. The nuclear
inelastic cross-sections needed to calculate the number of
wounded quarks were estimated from the Glauber model formula (2.6).

A characteristic feature seen in Fig. 6 is that the points
cluster around the two well-separated lines, one for baryons and
one for mesons. This again indicates that the only essential
parameter is the number of constituents in the incident hadron.
The measurements of particle production in central region by

hyperon beams would be thus very useful for testing the ideas

advocated here.
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There is one particularly interesting case which is
worth menrioning sevarately. If indeed the additivity rule
works for Zp cross-section, we expect °=H = GQH + ZGSH = 19mb.
One notices that this 1s very close to the wp lnelastic non-
diffractive cross-section (n20 mb). Thus we have two different
projectiles with very similar cross-sections in hydrogen (and,
consequently, also in nuclei). As seen from Fig. 6, however,
the expected A-dependence of particle production is quite
different in the two cases: the cascade baryon, having more
constituents, should exhibit more A-dependence. This should
be contrasted with predictions of the models which relate the
A-dependence of particle production to the cross-section (or

number of collisions) of the projectile.18'22

Indeed, if the
cross-section is the only relevant parameter, then A-dependence
should be the same for : and 7 beam. Thus the comparison of

7 and T induced reactions in nuclei should provide a decisive
test of the idea that the structure of the incident hadron is

important for those phenomena. This observation is clearly

much more general than a specific model we are exploring here.
B. Projectile Fragmentation Region

The results we were discussing until now are expected to
be valid in the central region of rapidity. It is obviously
quite important to analyze what happens outside of this region.
Typical data showing projectile fragmentat.on region are shown
in Fig. 7.45

Before further discussion, it is important to emphasize
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that, whereas the results for the central region depend
essentially only on the number of hadronic constituents,
the projectile fragmentation region is much more sensitive
to the details of the mechanism of the hadron formation.
This gives more ambiguity ia the predictions but, at the
same time, provides opportunity of testing different mechanisms
of the transition from hadronic constituents to hadrons.

Basically, two different approaches were considered:
(a) decay and/or recomhination of spectator guarks and (b)
collective fragmentation model.

Let m¢ now discuss their characte stic predictions.

{a) Spectator Quark Fragmentation Model

It was noted by Anisovich, et al.31 that the important
source of secondaries in projectile fragmentation region may
be the decay of spectator constituent g¢uarks which did not
take part in the interaction (did not get wounded, in our
language). This is because those spectator quarks have a
tendency to be faster than the wounded ones (They do not lose
energy for emitting secondaries in the central rapidity region.).
If this is indeed the case, one immediately concludes that the
number of particles produced in the prcjectile fragmentation
region should be decreasing with increasing A. This is illus-
trated in Fig. 8.

An estimate of such effects in Ref. 31 was shown to agree
with the data at 20 & 24 GeV.'® A similar model was recently

discussed in Ref. 47 where many additional relations were
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derived and some of them compared successfully with the data.
If one assumes a specific model for spectator quark
recombination functions, many predicticas can be obtained.

9,48 discussed this problem ex-

Nikolaev and collaborators
tensively using the quark recombination model49 as a guideline.*
Actually, 1 feel that the situation in the fragmentation
region is slightly more complicated than presenced in Refs.
31, 47, 48. Since the quarks do not have fixed momentum,
fast wounded quarks can contribute to pariicle production in
the projectile fragmentation region, ana one should consider

both contributions.

For the incident mesons we can thus write simply
na(y) = wyn, (y) + (N~wpin  (y) (3.2)

where Nh - Wy is the number of quarks which did not get

*Although most of the data was satisfactorily described by
authois of Hef. 9,48, it seems that the new data of Ref. 50
give an evidence against the recombiga&éou model, as used by
them. As noted by Nikolaev, et al.,”™’ according to the
recombination model, there should be a dramatic difference
between the A-dependence of spectra for secondary particles
which do have common guarks with the incident one and those
which do not have common quarks; since the latter cannot be
produced by recombination of spectator quarks, they should
have always R,>1, i.e., their production should increase
with increasing A. This prediction is strongly violated by
data of Ref. 50 which shows identical A-dependence for
A and A production (b.th having B,<1 for x>.2). Let me
emphasize that the data of Ref. 56 do not contradict the
general quark model formula, but only a simple recombination
model for nsp(y) used in Refs. 9 and 48.
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wounded and Esp(y) is the multiplicity of secondaries produced
by one such a spectator quark* Since LY increased with A
and nsp(Y) is independent of A, this term must decrease with
A. This is shown in Fig. 9.51
On the other hand, the first term in the R.H.S. ~i Eq. (3.2)
increases with A, provided that, as we always assume, nw(y) is

27,28 Since we do not know the exact form nf

independent of A.
nw(y) and nsp(y), it is not possible to predict exactly the A-
dependence of the spectrum., However, it is interesting to
observe that the Eq. (3.2) implies that the particle density

is a linear function of the average number of wounded guarks:
na(y) = Ny ng (y) + wA(nw(y) - nsp(y)) . (3.4}

Thus the spectator quark model suggests a very specific
parametrization of A-dependence. It would be interesting
to test this parametrization and use it for determining gquark
decay functions nw(y) and nsp(y).51

The formula (3.2) has many consequences ror quantum
numbers of the observed final particles. This is because

the A-dependence of the spectra shall reflect nw(y) and n__(y)

sp
which are expected to be different for different quarks and
different detected particles. This should not affect

the predictions of the model in the central rapidity region,

*For incident baryons the formula becomes more complicated,
because it is necessary to account for the probability tﬁit47
two spectator quarks recombine to make one final baryon.“ "’
For more detailed discussion, see Ref. 51.
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which is dominated by nw(y) and thus insensitive to quantum
numbers of final particles. However, as we move towards the
projectile fragmentation region the interesting effects

may appear. The exact predictions depend on the form of

the quark fragmentation functions nw(y) and nsp(y), and are
*herefore ambiguous. I would rather advocate using the ex-
perimental data in order to extract the quark decay functions and
51

try to understand their systematics.

(b) Collective Fragmentation Model

It is by no means obvious that the quarks contribute
independently to the particle production in the projectile
fragmentation region, as assumed in the spectator quark model.
One may actually argue that, since they happen to be very close
in phase-space, thcy may interact strongly before changing into
hadrons, and therefore -~.. cannot neglect the collective
phenomena.* Such a point of view seems less attractive than
the one advocated in Ref. 31, because it does not give so
many specific predictions, at least 4s long as we cannot
calculate these collective effects. It is, nevertheless,
interesting to try to estimate what are the expectations from
such a collective fragmentaition model, in order 1o contrast

them to the other one. This problem was discussed in Ref. 29,

*A simple example of the model which may lead to such a pictg e
is the Low model of high-energy interaction of hadron bags.

In this model contribution to the projectile fragmentation
region comes from the decay of the whole hadron bag and is

not necessarily a sum of contributions from the individual
guarks.
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Since nothing is known about the collective phenomena
in the fragmentation of the fast hadron, the authors of
Ref. 29 took the extreme point of view, namely that in the
fragmentation region all the memory of the quark structure
is lost and the distribution of final particles is just
governed by (longitudinal) phase space. Such a simplified
approach can be motivated by the well-known fact that the
observed spectra in hadron-hadron collisions are, to a large
extent, determined by energy and momentum conservation 1aws.53
In particular, the simple longitudinal phase-space (including

54’55) seems to be a

cluster production and leading particles
very good description of bulk of hadronic production at small
transverse momenta.

It was shown in Ref. 29 that, although the phase~space
does not influence significantly the A-dependence of the
spectra in the central region, it does modify it strong~y in
the fragmentation region of the projectile. As a ma.ter of
fact, the phase-space itself can explain a large part of the
decrease of spectra vith increasing A at high rapidities
(see Fig. 7).

Qualitatively, it is rather straightforward to see that
if the spectrum increases with increasing A in the central
region, it must decrease in projectile fragmentation region.56
Simply, since there are more particles produced in the

centrzl region, there is not enough energy left to produce

very fast particles and the fragmentation decreases. A
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typical result of the phase-space calculation29 for A-

dependence of the spectrum is shown in Fig. 10 for 300 GeV
incident neutrons, together with data of Ref. 45. It is
seen that there is only very little modification in the
central region at this energy. It is also seen that the
phase-space prediction follows the data quite closely in
the projectile fragmentation region. This indicates that
the fragmentation region is fairly well described by
kinematic effects, provided the central region density is
correctly cho. n. It follows that it may not be easy to
disentangle different mechanisms of particle production

in this region, without detailed investigation of the
quantum number correlations (the phase-space corrections
are sensitive only to the masses of the produced particles

*
and not to other guantum numbers).29

C. Comparison With Other Models
Let me close this section with a few remarks about
comparison of the quark model with some other models of

particle production from nuclei.

a. Tne eikonal model predicts that for every pro-

jectile h

*This observation leads to a striking prediction that
A~dependence of the spectra should be the same for particles
and antiparticles. It is actually quite well confirmed by
data for A and A. I would like to thank K. Doroba for point-
ing out this data to me.
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R, = f(A) v

A (3.5)

hA’

where f(A) is universal function of A, which does not depend
on projectile h18. Although the Eq.(3.5) looks similar to
our Eq.(%.5), it should be noted that their consequences are
quite different. In Eq.(2.5) the coefficient 1/\1cA which
multiplies Yha does depend on the nature of the projectile

h (because the quark content may be differert for different
projectiles). This is an important point because, if Eq.(3.5)
is applied to projectiles with very small cross sectinns on
nucleons (e.g. heavy vector mesens), it implies* f(A) = 1.
Since f£(A) does not depend on projectiles Wwe recover the

well-known result of the standard eikonal model

(3.6)

which is in clear contradiction with the data, as seen e.g.
in Fig. 3.

b. The model of Ref.24 expresses R, as an integral
over parton energy distribution. The authors calculated
RA for 200 GeV incident protons. It is plotted in Fig. 11,
together with our calculation (Eq.2.5) for comparison. One

sees that the results are close and differ substantially

*the condition Opy > O implies v, , » 1, independently
of A.
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only at large A. At higher energies the model of Ref. 24
predicts iurther increase of RA’ so that the difference is
expected to grow. The data at present5 cannot clearly dis-
tinguish the two models, although the quark -odel seems
slightly favored.

¢. The model of Ref. 22 gives a simple formula for

Ry(y) = Vp (3 - ) + {1 - (3 - DT, ) (3.7)
where y 1is the cm. rapidity, and Y is the length of the
central region at a given energy. To compare with the data,
we integrated the formula (3.7) for 3 < y1ab < 4 at 200 GeV
incident momentum (ylab = 3 + ycm)' The results are sensitivz
to the choice of Y. In order to obtain agreement with the
data Y has to be chosen 53, which seems to be a little
low, since the full length of the rapidity interval for pions

at this energy exceeds G units. The results for ¥Y=3 are

plotted in Fig. 11.

D. Modified Cascade Model2®

Finally, the results of the modified cascade model
of Ref. 25 are plotted in Fig. 11. It is seen that they
agree very well with the data of Ref. 5.

My general impression is that there is still much work
¢0 be done before one will be able to decide finally which
model is the right one. At present the high energy data

are rather scarce and no comprehensive critical comparison



~85-

with models was done. For more detailed discussion of

different models, the reader is referred to Ref. 9.
IV. NUCLEUS-NUCLEUS INTERACTIONS

A. Central Rapidity Region
A good part of the argument o: the p.revious sections
can be generalized to include the nucleus-nucleus collisions.

28 Let

Consider first the central rapidity region.
nucleus A be incident at high energy on a tacget. We first
calculate the ratio nﬁB(y)/nAH(Y) of multiplicities when
targets are nucleus B and hydrogen. According to the model

of Ref. 28, this ratio is equal to the ratio of the number

of wounded quarks in A for those two cases. Thus we have

n,n(y) _ Yag _ Nyoop FAU _ %%p @D
na(y) Wy 98 94  94B%

where NA is the total number of quarks in nucleus 4; Uq and

o, are quark-nucleon and A-nucleon inelastic nondiffractive

cross-sections. Using now Eq. (2.5) we obtain for the ratio

Rypiy)
geentral o, napY)  95%4%p _ VaB (4.2)
AB By (V) 402 Vaa’qB

there VaB is the total number of inelastic nucleon-nucleon

collisions in A+B scattering

AB o
AB T g

H
AB

Y

(4.3)
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and qu, qu are number of collisions of quarks in A and B,
given by Eq. (2.6). The numerical estimates of Eq. (4.2)

are shown in Fig. 12 for different beams and target nuclei.

It is seen that the results depend mainly on the product A,B8.
The most amazing feature seen in Fig. 12 are the large values
of multiplicities which can be obtained in scattering of

heavy nuclei. This indicates that the extrapolation one makes
from nucleon-nucleus to nucleus-nucleus case is rather con-
siderable. It would be indeed surprising if it would survive
precise experimental tests.

Equation (4.2) was found to be compatible with cosmic
ray data.29 For comparison also the prediction from the
model of Ref. 22 is plotted in Fig. 12. It is seen that the
two models differ substantially only for collision of two very
heavy nuclei.

The formula (4.2) is a generalization of Eq. (2.5) for
nucleus-nucleus collisions. As Eq. (2.5), Eq. (4.2) is also
expected to be valid in the central region of rapidity. This
may mean very high energies, because at low energies the
plateau is simply not present.

It is therefore of importance to analyze the projectile
fragmentation region which most probably dominates the data
at present energies. Unfortunately, this involves under-
standing of the processes of nuclear fragmentation and
intra-nuclear cascading of slow secondaries (in nucleus rest
frame), and thus appears to be fairly complicated.

No detailed discussion of this problem exists, therefore

I shall restrict myself to few remarks.
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B. Target Fragmentation Region
Consider first a special case of target fragmentation
region in nucleon-nucleus collisions. A simple picture of
multiple scattering inside nucleus suggests that multiplicity
in this region should be approximately VhA times that 1in
hydrogen. The possible cascading phenomena aund Fermi motion

57 modify this simple prediction, but hopefully only

effects
in close neighborhood of the phase space limit. Indeed, in
the region y g 0 < 2 the formula

(4.4)

5,88,58 supporting the picture of target

works quite well,
nucleons interacting independently with the projectile.

If we follow the piciure of the spectator fragmentation
model, as described in the previous section, the general
formula for multiplicity distribution in hadron-nucleus
collisions should be written as*

ny(¥) = 2y S)0y) + wpn () + (B-wn{Py) (4.5)

where né;)(y) is the contribution from a spectator quark in
the target and né;) is the contribution from a spectator
gquark in the beam. nw(y) is the contribution from wounded
quarks. For y in the fragmentation region of the target
this contribution is probably depending on A (proportional

to qu), so that the formula (4.4) is recovered in this

region.

* : . N . . .
To simplify our semi-quantitative discussion, we neglect

the difference between decay of spectator quarks agg diquarks.
A more general formula can easily be written down.
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It should be stressed again that Eq. (4.5) probably
underestimates the multiplicity in target fragmentation
region, where cascading is expected to occur and where the
data do indeed show multiplicity rising faster than th.s
It is not clear to me at the moment what shall be the
consequences of the internal motion inside the nucleus,
but this effect can probably be estimated.57

We may ask now what is the proper generallzation of
the formula (4.5) for the target fragmentation in nucleus-
nucleus collisions. As far as I can see, the most likely
possibility is that multiplicity is proportional to the

number of spectator quarks in wounded mucleons in the tar-

get. Thu=s we obtain for collision B + A
- N (-) certral
npp(y) = Wy (3-wp)ng "(y) + Ryp nE(y) +
N (+)
+ Wy (3-wA)nsp (y) (4.6)

where WAN and WBN are numbers of wounded nucleons in A and B,

respectively and Rﬁgntral

is given by Eq. (4.2). nég) is
the contribution from a spectator quark in the target (A)
and nég) that is beam (B) nucleus. Again, it should be
pointed out that nw(y) may depend on A and B in the frag-
mentation regions, Sso no easy predictions are possible in
general. Also the remarks about cascading phenomena and

internal nuclear motion which I made before apply here as

well.
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With all of these caveats in mind, it is still
interesting to see how the cortribution from fragmentation
region compares with that of central region, given by

Eq. (4.2). Neglecting the central region we obtain
=g N ) N (+)
nap(¥) = Wy (3-Wpdng (y) + Wy (3-Wy)ng “(¥) (4.7)

If we assume that n;;)(y) gives contribution only to
forward hemisphere and né;)(y) only in backward hemisphere

we obtain for integrated multiplicities
0, = 20, N(3-w) + W N(3-¥,))n (4.8)
AB A B B A H :

where oy is multiplicity in proton-proton collision. The
first term comes from the target (A) hemisphere and the
second term from the beam (B) hemisphere. The ratio

RAB = “AB/nH obtained from Eq. (4.8) is plotted in Fig. 13.
One sees that the obtained multiplicities are substantially
lower than the ones from Eq. (4.2) (Fig. 12).* Thus, one

expects ratio RAB to increase with increasing energy, as

the central region becomes more and more important.

V. OUTLOOK
I tried to argue in this talk that the constituent
quark model provides a successful phenomenology of hadron-
nucleus collisions at low momentum transfers., The natural
next question is if this success can be understood in terms
of a more fundamental theory. I shall close my lecture by

some spectulations on this subject.

*
If the diquark recombination into baryons is not neglected,51

the obtained multiplicities are expected to be even lower
than those seen in Fig. 13.
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First let me emphasize again an important ingredient
in our treatment of the quark mode127’28: to obtain agree-
ment with data it was necessary to assume that, in the
central region c¢f rapidity, radiation of particles from a
“wounded" quark is independent of the target, i.e., of the
number of scatterings it suffered from the target. This
assumption looks fairly natural in the laboratory frame,
where quark is fast and nucleus is at rest. Consider,
however, the situation in the rest frame of the projectile.28
In this frame, nucleus is bombarding the hadron with large
energy and now quarks in the nucleus radiate final particles.
If we like to be consistent we have to assume that total
radiation from all quarks in the projectile nucleus which
interacted with just one given quark in the hadron target
is the same as from one quark. This is so because amount
of radiation in the central region obviously cannot depend
on the frame of reference we are choosing. When stated that
way, this phenomenon is clearly much more difficult to
understand. One possibility of understanding it is to
notice thiat in the anti-laboratory frame the nucleus shriunks
because of Lorentz contraction. Consequently, all constituen
quarks which have the same impact parameter actually cannot
be distinguished and behave as a single quark. The conse-
quences of this effect were first described by Kanchellils,

who argued that in such a case radiation is independent of

the size of the target

*Kanchelli applied this «rgument to hadrons (not to quarks)
and consequently obtained Rp=1 in the central region.
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Another possibility, perhaps more attractive, is to
observe that a similar phenomenon occurs if particle pro-
duction at high energy is described by exchange of color

52 In

gluons between colored quarks as suggested by Low.

the Low model particle production occurs long after the

exchange of gluons takes place and is caused by necessity

to rearrange color in the final state so that two color

octet states which move with high velocity in opposite

directions do not show up as real particles. This amounts

to breaking of t: colored gluon "string' which connects the

two octets (Fig. 14). The multiplicity of hadrons created

in this way is likely to depend only on the amount of color

in the "string'", at least in the central region, not too

close to the ends of the string. Now, the important point

to observe is that in scattering from a single guark only

two color exchanges are possible, independently of the number

of scatterings: singlet and octet. Singlet exchange leads

to diffractive interactions which we are not discussing here.

This leaves us with unique possibility of octet exchange.

Consequently, we indeed expect the same multiplicity created

by one quark, independently of the number of times it scatters.
This argument requires the assumption that, if the two

color strings are close to each other, they shall interact and

*
collapse into one. This seems to me a reasonable hypothesis

*
The necessity of such self-interaction between " sparkd' was
already recognized in Ref. 27.
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because the energy of one string is clearly smaller than

two separate strings with the same color content.* Finally,
let me add that in this picture the actual calculations may
be quite involved, because the radiation must also depend
on the (transverse) distance of tne quarks inside the hadron
(if the transverse distance between wounded quarks in the
projectile is smaller than the range of interaction of the
color tubes, those two gquarks shall be seen as one object
with (possibly) more complicated color content).

Although the picture presented here looks fairly
natural in a theory of colored quarks and gluons, it should
be realized that it indicates just the possibilitiy and not
yet a developed model. The main point (apart from obvious
difficulties of applying QCD for low q2 processes) 1s that
in the Low model it is not trivial to calculate the number
of wounded quarks: the model is formulated with amplitudes
rather than probabilities—strong interferences between the
amplitudes expected in small q2 region destroy the naive
probabilistic interpretation.+ Thus more work should still
be done on this problem before final conclusions are reached.
I feel however that this is a very attiractive possibility of
understanding high-energy nuclear scattering and relating it

to the fundamental theory of strong interactions.

*Other possibility was discussed by S. Brodsky at this meeting.

+I would like to thank Professor F. Low for an illuminating

discussion about this point.
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In conclusion, let me emphasize that, although the
quark model of hadron nucleus interactions at high energies
is far from being proven by existing experiments, it
definitely provides an attractive possibility of inter-
pretation of the data: (i) it gives many simple predictions,
(ii) it allows the extraction from data of some interesting
information about hadronic constituents and finally (diii) it
gives a hope to relate the hadron-nuclens interactions to
fundamental theory of hadrons. I feel that it is indeed
worthwhile to undertake further investigaticns in this

direction.
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FIGURE CAPTIONS

Fig. 1 Low momentum transfer hadron-hadron c¢oliision.
Fig. 2 Low momentum transfer hadron-nucleus collision.
Fig. 3 Interaction of hadronic constituents in hydrogen

and in nucleus.
Fig. 4 RA from Eq. (2.3) plotted versus average number
of collision vp of protons in nuclear data from
. 5. = 3 .
Ref. 5 upp 0 mb
Fig. 5 RA from Eq. (2.3} plotter versus average number
ol collisions v of pions in nucleuar target. Data
from Ref. 38. cﬂp = 20 mb.

Fig. 6 R, for different projectiles calculated from

A
Eqs. (2.3) and (3.1), plotted versus average
number of collisions V-

Fig. 7 Data from Ref. 45 showing A dependence of negative
particle spectrum in the forward hemisphere for
300 GeV neutron-nucleus interactions. Line is
the result of Eq. (2.3).

Fig. 8 Spectator quark contributions to the projectiie
fragmentation region.

Fig. 9 A-dependence of the speccator quarks contribution to
particle productinn for pion and nucleon beam plotted
versus atom: * number of the target.

29 of the

Fig. 10 Longitudinal phase space calculation
A-dependence of negatives cpectrum for 300 GeV

neutron-nucleu: ~ollisions. Data from Ref. 45.
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Comparison of different mecdels of particle pro-
duction. Data from Ref. 38.

Central plateau density in nucleus-nucleus
collisions at high energy, cpp = 32.3 :nb.5
Closed symbols~—results from gquark mcdel, cal-
culated from eq. (4.2), Ref. 28. For comparison
also results from Ref. 22 are sbown.
Fragmentation density in nucleus-nucleus collisions
at high energy, calculated from Eqg. (4.8).

Opp 32.3 mb.5

Particle production in high-energy interactious,

according to model of Ref. 52.
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Fig. 3
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PROJECTILE FRAGMENTATION REGION
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MULTIPLICITY CORRELATIONS IN HIGH-ENERGY
HADRON-NUCLEUS COLLISIONS

M.A. Faessler

Max-Planck-Institut fUr Kernphysik, Heidelberg, Germany

ABSTRACT

Inelastic hadron-nucleus interactions were measured at incoming momenta of 20
and 37 GeV/c at the CERN SPS. Angular and multiplicity distributions of relativistic
particles were studied for different target nuclei and as a function of the multi-~
plicity o knock-out nucleons. Possible implications of the experimental findings

for theoretical models are discussed.
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INTRODUCTION

One of the attractive properties of hsdron-nucleus interactions at high snergies
is that they cannot be simply described in terms of more fundamental hedron-nucleon
intersctions!). The problem can neither be reduced to a multiple (cohereant or in-
coherent) interaction of the incoming hadron with nucleons?) nor to an equivalent
single intersction with one nucleon at some shifted c.m. energy. We find rather
that both aspects may be approximately valid in different phase-space regions of
the outgoing particles. For the particlea produced nesr to the projectile (hadron)
rapidity "multiple collisions with nucleons" is not a meaningful notion, since
their Lorentz-dilsted formation time exceeds the propagation time through the
nucleus'). Hence they see just a thicker target as compared to the proton target
or a more mazsive "collective tube” of nucleons*). Seen from the target nucleus,
however, several of its nucleons can be hit by the incoming hadron and all of
tnese multiple collisions might contribute to the particles at rapidities close

to the target nucleus rapidity.

The average inelastic hedron~nucleus interaction includes & large variety of
different collisioas -~ from peripheral ones with a single surface nucleon to
central ones with up to 6 nucleons being hit in a heavy nucleus. The number of
nucleons being hit in the primary interaction represents a key parameter in
hadron-nucleus intera.tions and the basic goal of the experiment described in
this reports) was to measure a few general aspects of particle production together

with this parameter or at least a related quantily.

Previous knowledge gained in emulsion experiments provided the guidelines.
In emulsions the tracks of charged particles are subdivided according to their
ionization density. This division is not only appealing to the eye, but also
corresponds to & relatively clean distinction of the underlying processes. The
minimum ionizing tracks (“N‘", velocity B > 0.7) are dominantly pions produced
in the interaction of the hadron with a row or tube of nucleons. The grey tracks
("N ", 8 < 0.7) vere found to be mainly nucleons (kinetic energies between 30 and
500 MeV); they, supposedly, are the products of a few-step intranuclear cascade
started by the recoiling nucleons which have been hit in the primary interaction
(Fig. 1). Finally, the black tracks are fragments with kinetic energies smaller
than 30 MeV; they are the evaporation products of the heated-up nuclear fragments

(multistep intranuclear cascade).

It wvas assumed in this experiment that it is the grey tracks which are most
directly related to the number of nucleons involved in the primary interaction
and therefore it vas aimed to make a distinction between the emitted chsrged
particles which is close to the distinction in emulsion between grey tracks and

ninimum ijonizing plrticlel‘).
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ATPARATUS

The detector measures charged tracks and distinguishes between slov and fast
particles. The basic subunit of the apparatus is a counter consisting of a CsI(Tl)
crystal, which is glued on a lucite light-guide (Fig. 2). The light signal produced
in the CsI crystal is proportional to the energy loss. The lucite light-guide acts
a5 a Cerenkov radiator if the velocity of the particle is bigger than l/nlucite = 0,.7c.
(nlucite is the refraction index of lucite). Thus the presence of a Cerenkov pulse
signals a fast particle., Since the rise-time of the CsI signal is slower (20-30 nsec)
than that of a Cerenkov pulse, a fast particle will trigger the discriminator some-
what earlier (about 6 nsec) than & slow particle (Fig. 3), and this time difference
is uged for the separation between fast and slow particles. A lower energy cit,
around 30 MeV kinetic energy, is achieved automatically by absorption in the target
and the material in front of the counters; therefore our slow particles are essen-

tially the same as the grey tracks in emulsion.

The detector consists of 73 of these combined counters, covering 552 of the
total solid angle, and of 55 counters of a lucite hodoscope, covering the forward
cone of 13° opening angle (Fig. 4). In the forward hodoscope, which covers only 12
of the total solid angle, there was no distinction between fast and slow particles --
recoil nucleons are supposed to be mostly fast in this region. Each anode signal
is given to a pattern, a Time-to-Digital converter and an Analog-to-Digital converter
(energy loss). Figure 5 shows a plot of ADC versus TDC. The detector forms 12
rings of roughly equal size in pseudorapidity (n « ~ln tan 6/2) and is sufficiently
fine grained such that not too high corrections are needed for multiple hits in one

counter.

The beam was defined to a pencil beam of diameter 8 mm at the target by means
of a combination of beam counters, and beam particles were identified with 2 thresh-
old gas Cerenkov counters. The maximum energy of the beam was 40 GeV/c (Sl beam
in the west hall of the CERN SPS)., We ran at two energies, 37 and 20 GeV, mainly

at negative polarity,

A minimum bias trigger asked for at least 2 charged particles away from the
beam axis. Requiring only one track would have given too much accidental back-
ground, since we tried to measure at high beam intensity {(up to 400,000 particles
per sec). About 100,000 events were collected for each combination of energy,
projectile and target mass. Targets used were C, Al, Cu, Ag, and Pb (and an empty
target position). Data presented below are for incoming negative pions and kaons
only; they behave quite similarly within the precision of the experiment. There
are quantiiative differences between p on the one hand and T , K on the other,
but we have not extracted any physics yet from these differences. However, most
of the qualitative discussion of the T , K data below applies to p projectiles

as wel?,
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3. RESULTS
We will discuss the following results of the experiment:
i) Target and energy dependence of multiplicities of tte slow and fast particles.
We find "limiting fragmenration® of ‘he nuclear target -- both slow and fast
particles at low pseudorapidities have energy-independent characteristics

between 20 and 40 GeV.

~

ii) Target dependence of n-distribution of fast particles. We will present this

in a2 form to allow easy comparison with theoretical predictions.

iii) Correlations between slow~ and fast-particle multiplicities. Deviations from
KNO scaling are observed if we plot the multiplicity distributions of fast
particles as a function of the number Ng of observed slow particles (recoil
nucleons). We will discuss the question of collectiveness of the row of

nucleons hit in the primary collision.

~

iv) Pseudorapidity distributions of fast particles as a function of Ng (N inter-

preted as measure of the number of nucleons hit in the primary collision).

3,1 Target and energy dependence of slow and fast particles

In Fig. 6a the frequency distribution of events is showm for different targets
as a function of the observed number of slow particles (Ng is the actually observed
number, not corrected for solid~angle acceptance, etc.). The distributions are
rapidly falling with increasing number of slow particles, the slopes getting less
steep with increasing target mass. The distribution for p and Pb is also shown;
it has the smallest slope. These distributions (together with their proinctile
dependence) can provide the basic input if one wants to establish a quantitative
relation between the actually observed number of knock-out nucleons Ng and the
corresponding average number of primarily (by the incoming hadron) hit target
nucleons. While a calculation of the probability distribution f(v) of the number v
of hit nucleons is straightforward (geometrical optics + Woods-Saxon density of
nucl.ar matter) the calculation of the probability distribution f(N ) is more
complicated, because assumptions about the intranuclear cascading of slow particles
(Fig. 1) have to be made, which lead from one primarily hit nucleon to some dis-
tribution of Ng' A preliminary calculation has shown that for a heavy target like Pb
one observed charged slew track in our experiment corresponds to about one primarily

hit nucleon -- for not too high values of Ng.

The energy dependence of the multiplicity distribution of slow particles is
shown in Fig., 7. The ratio of the distribution at 40 GeV/c to the one at 20 GeV/c
is plotted versus N for the different targets. Constancy of the ratios means that
the slopes in Fig, 6a stay the same between 20 and 40 GeV/c, and this is the case
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to a remarkably high degree. The conclusion is that the characteristics of slow
particles are energy independent.

1ln constrast to the slow particles the ratio for the fast particles increases,
i.e. the probability of events with higher multiplicity Ns increases with increasing

energy (Figs. 6b and 7b).

The energy independence of slow particles is not a proof, but a necessary
condition for them to be interpreted as a measure of the number of nucleons in-
volved in the primary interaction, since such a measure should depend on the
energy at most via the energy dependence of the cross-section, i.e, weakly.

In emulsion experiments the energy independence of grey tracks and black tracks

has been shown over a much wider range of incoming energies (from ~ 20 to 1000 GeV).
It is worth considering the energy independence of slow _uirticles in a somewhat
extended frame, since it is not an isolated effect. One knows that the number and
distribution of pions at small laboratory rapidities is energy independent in pp as
weil as in pA collisions. (The same applies of course for the pions produced near
the projectile rapidity, if one plots the rapidity distribution in the projectile
rest frame.) See Fig., 8a showing the rapidity distribution of fast particles for
different targets at 40 GeV and Fig. 8b showing the ratio of the rapidity distri-
bution at 40 GeV to rhe one ar 20 GeV. At low rapidities the ratic is equal to

one (lowest bins have large systematic error from background correction; and for

the Ag target the ratio deviates from 1.0 by 20%, probably because of insufficiently

corrected background of 1ow—N5 and 1ou—Ng events).

This phenomenon is well known under the name “limiting fragmentation”, and
our measurements and earlier measurements in emulsions demonstrate that limiting
fragmentation holds at all levels of the target fragmentation, for the "radiated"
pions, for the knock-out nucleons from the slow intranuclear cascade, and for the
black tracks emitted by the hot nuclear fragments. In other words: the energy
abscrbed by the nuclear target reaches a limiting value, independent of the

incoming energy, apparently already at 20 GeV.

3.2 Target dependence of fast particles
(pseudorapidity distributions)

A convenient parametrization for the inclusive cross-section of particles

produced in hadron-nucleus interactions is

d*ow) _ ,B(y,p,) do(hN) )
dp!7E A T dp!7

where h = hadron, A = atomic mass number, N = nucleon. Since we did not measure
the total inelastic cross-section or the transverse momentum Pp we rather used

the pseudorapidity distribution d(Ns(hA)) /dr =
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1 do(ha) _ ,atn) 1 do) | o) [ BGTam, . 1 dlomm) o

CoNY YV Tinel(B)  dn o(bA) Py SThN) dp/E

The quantity Aa("‘) could be called the "nuclear enhancement factor" (relative to
the collision with one nucleon) or the "effective number of collisions". This
quantity allows a comparison with thaoretical models, which in general try to
predict only the increase of multiplicity with increasing target mass relative

to pp collisions which are assumed to be known. Figure 9 shows the power a(n)

as extracted from the pseudorapidity distributions (Fig. 8). The power a(n) being
sbout zero at large n means the effective number of collisions is there equal to
one, independent of target size, The value of a(n) increases with decreasing n
and passes the value (V)= A ('.v““/tswA (called by many authors the "average number of
collisions in the nucleus"). This means that the effective number of nucleons
involved in particle production is higher than the real number of nucleons and it
shows that an intranuclear cascade is effective for the produced low-energetic
particles. Qualitative agreement is found with geveral recent models7); but one
has to say that our energies and the rapidity span of our distributions are still

too low to rule out one or the other of the proposed models.

3.3 Correlations between multiplicities
of slow and fast particles

The last two topics to be dealt with are correlations between fast and slow
particles. We first consider multiplicity correlatioms. Figure 10 shows the
frequency of events with « given pair (Ns, N ) versus the number Ns of observed
fast particles for a lead target, 40 GeV/c. Lines connect the data points with
the same number of observed slow particles. Compare Fig. 6b, which shows the
corresponding multiplicicy distribution but integrated over Ng' (Rzczll that N
and N are not corrected for solid angle, etc.) The curves in Fig. 10 indicate
an increase of the mean Na and a change of shape, with increasing Ng' The increase
of the mean value (Ns) is shown in Fig. 11 for different targets and energies.
(Here (Ns) is corrected for acceptance and multiple hits, etc.) A plateau is reached
for the heavy targets. We do not know if the cause of the plateau is a limitation
of the total energy available for particle production, e.g. the leading particle
might lose its energy in a few subsequent collisions -- or, alternatively, a limi-
tation of the number of collisions effective in particle production (maximum thick-
ness of nucleus). I will not discuss this picture any further, since we can look
at a more differentiated plot later (the pseudorapidity distributions of which <Ns)

is nothing but the integral, as a function of Ns).

We car calculate the next higher moment of the distributions in Fig. 10, the

mean dispersion of the mulctiplicity distributions as a function of Ng.

(D‘)-J (N3y - (¥)? - 3)
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In pp collisions the ratio Z = (D.)/(N.) has been found to approach a constent value
" 0.5 for higher energies [Halhotra'). this is called Wroblewski scaling today and

is also a consequence of KNO scnlins')]. Moreover, in hadron-nucleus interactions
this ratio was found to obey the same scaling 1aw'®’ and to have the same value % 0.5,

For the integrated (over NB) multiplicity distribution we find as well that 2
is approximately constant for different incoming energies and different cargets.
(See Fig. 12a, crosses. The scattering of the crosses is due to insufficiently
corrected background at low Ns and low N ,) In Fig. 12a the ratio Z is plotted
versus (Ns), the corrected mean multiplicity which varies with energy and target.
If we now increase (Ns) by increasing Ng (following the curves in Fig, 11), i.e.
if we consider Z for different curves in Fig. 10, we obtain a remarkable syste—
matie decreagse of the ratio which is shown for the Pb targets at two energie~ in
Fig. 12a. With our interpretation of N_being a measure of the number of colli-
sions, this consequently signifies a decrease of Z as a function of the v nucleons
participating in the primary interaction. Figure 12b shows that the parameter
determining the decrease in fact is N , since as a function of N_ the two curves
now fall approximately on top of each other. A decrease of Z is expected in
models where part of the produced particles is due to statistically independent
contributions!!), Assume each collision contributes a statistically independent

and equal amount of produced particles; then
(Nodpg = VN py

2 2
(Ds)hA - v(Ds)hN *
Therefore
(Dg)
hA (Ns)

z « 1/,

In most models only the particles produced in the target hemisphere result from
independent multiple contributions by the nucleons hit in the primary collision,

whereas the pions at high rapidities come from the decay of the projectile.

For a contrast, the coherent tube model predicts KNO scaling to hold for a
hadron-nucleon~tube collision‘z), therefore Z should be a constant independent
of the number of nucleons in the tube. Hence, at our energies, the coherent tube
model seems to be in variance with the data, if there is a correlation between

the aumber of nucleons in the tube and Ng'

3.4 Pseudorapidity distributions of fast particles
as_a function of N
o

Finally, we want to consider the pseudorapidity distribution as a function of

NB and incoming energy. (The differential multiplicities can obviously give more
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insight into the mechanism st work tkan the total multiplicicy (N;).) The dominant
impression from Fig. !3 is that the change wich Ng. i.e. with the number v of colli-
sions, is quite different frow the predictions of many models. They predict a
clear separation of the rapidity distribution into two r« ions: one above & cer-
tain critical rapidity n.» where no change with v occurs, and the other below Nes
where the change with v = v(N ) should be linear. The critical rapidity n, is
predicted to depend only on the energy in some of these [e.g. Got:friedz):] and

only on the size of the nucleus at given impact parameter in other models [e.g.
Ber:occhi’)]. What we observe is rather a separation into two regions, the upper
part showing a depletion and the lower part showing an increase of the number of
fast particles; the border ne between the two regions depends both on the incoming
energy and on the number of collisions. At first sight it may appear as if the
main mechanism reflected in this behaviour is encrgy conservation and not dynamics.
However, the pseudorapidity distritutions could conserve energy in many other wiys
and we think that the particular way nature has chosen to conserve energy wmust tell
us something sbout the dynamics. Many models claim to be true only at asymptotically
high energies, where the effects of energy conservation should become invisible,
and consequently none of these will be challenged by the present data. Although

we feel that it is a long and painful road to aoproach the asymptotic energies,
where theories become true, we are doing our best and will continue the experiment

this summer at higher energies up to maybe 200 GeV.
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It should be emphasized that the definition of the quantity, which we called
key parameter (“number of hit nucleons” or “number of nucleons participating
in the particle production") is rather model dependent. The relation between
the observable quantity (the grey tracks) and the key parameter is model
dependent, too. Eventually, it will turn out that the only meaningful quan-
tity is the "effective number of collisions”, which has different values in
different phase-space regions of the outgoing particles. Nevertheless, we
let ourselves be guided by the idea of such a key parameter,
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Pigure captions

Fig. 1

Fig. 7

Fig. 8

a) The fast cascade of the incoming hadron.

b) The slow cascade of the recoil nucleons.
One combined counter unit of the detector.

The anode signal of a combined counter. The bottom part of the picture
shows the beginning of the pulse on an expanded time scale.

The whole detector.
Top : layout of beam counter.
Bottom: the vertex detector.

ADC (energy loss in CsI) versus TDC (time) plot for one combined

counter.

Frequency of events as a function of

a) the observed multiplicity of slow tracks N8 Cf(Ng)]

b) the observed multiplicity of fast tracks Ns Cf(Ns)]

for different targets, at 37.5 GeV/c.

a) Energy independence of the multiplicity distributions of Fig. 6
(slow particles). R is the ratio of the frequency f(NB) at

40 GeV/e to f(Ns) at 20 GeV/c normalized to one at N8 =0, for

different targets.

b} Corresponding ratio for f(Ns), the multiplicity distribution of

fast particles, demonstrating their dependence on energy.

a) Pseudorapidity distribution of fast particles for different
targets, at 37.5 GeV/c.

b) The ratio of these distributions (at 37.5 GeV/c) to those at
20 GeV/c.

a) The power of the nuclear enhancement factor s, Eq. (2), at 37.5 GeV/c
and at 200 GeV (data taken from FNAL experiment, Halliwell et al.,
Trieste Conference, 1976, see Ref. 2}.

b) Same at 20 GeV/c.
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Frequency of events with N. and N8 observed fist and slow tracks.
Abscissa is N'. Lines connect data points belonging to the same Ns.
Only some of the data points are shown for sake of clarity. The
vertical scale shows the number of events saccumulated in this part-

icular run.

Corrected mean m: T*iplicities of fast particles versus number of
observed slow particles for different targets at a) 37 GeV/c and
b) 20 GeV/c incoming pion momentum,

The ratio 2 = (Ds)/(Ns) versus

a) (Ns), where (N_) is a function of energy and target mass (crcsses)

or of energy and Ns (points connicted by lines).
b) N_.
) 3

Pseudorapidity distributions as a function of Ng for » on Pb at
a) 20 GeV/c and b) 37 GeV/c.
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COSMIC RAY DATA ON HIGH-ENERGY HADRON-NUCLEUS

AND NUCLEUS-NUCLEUS COLLISIONS

G. B. Yodht

National Science Foundation

Washington, D.C. 20150

The objective that I took upon myself is not to attempt to tell you all
about what's knowm from cosmic rays about nucleus~nucleus interactions,
but rather to concentrate on two aspects - (a) what part of cosmic ray
physics immediately would benefit from having a 20 GeV per nucleon
machine colliding with 20 GeV per nucleon and how it might be relevant
to some cosmic ray questions and (b) to discuss some unusual cosmic ray
events called Centauro events, which some of you have already hear!
about and I believe are the most exclting observations at high energies:
in fact, one wonders whether 20 GeV on 20 GeV will be high enough to

produce them.

For those of you who fird that you'd like to read more about it, you can
study the preceedings of the Bartol Conference, held last October,
published as an AIP volume, entitled "Cosmic Rays and Particle Physics”,

where you will find papers by the original authors.

*0n leave from the University of Maryland.



-140-

Cosmic Ray Beam:

Let me start by discussing some energy scales and then go on to discuss
composition. If you have a 2 GeV per nucleon collider, we are talking
about a total emergy in coamic ray laboratory of an incoming irom nucleus
with a total enmergy of 448 GeV; with 20 GeV on 20 GeV we will be at

4.48 x 10% GeV for an iron nucleus. Isabelle which is 400 on 400 GeV P-
P collider 1s equivalent to 3.2 103 GeV in the laboratory; and 1f you
want to go to 106 GeV with ironm nuclei, you would want to build a

collider where each beam energy is about 95 GeV per nucleon.

Next I will show you a composite figure for the cosmic ray spactrum from
10 Gev to 101? Gev (Figure 1). What's plotted here is the integral

1.5

spectrum of cosmic rays multiplied by E '~ in order to be able to put on

the same scale an energy range going from 10 GeV to 1010 gev (1). so if

“1<5 you should get a straight line. The

the integral spectrum ig E
slanted lines going across give you lines of equal flux. For example,
1f you have 105 Gev energy per nucleus, then the flux of all particle
entering the top of the atmosphere is 1076 per meter square steradian,
second. The total particle spectrum, up to the present, has been measured
directly using satellites by Grigorov (2) in Russia; whose pioneering
experiments used a large calorimeter, 7 interaction lengths deep, and
you can see that it’s a 1little steeper than E"l-5. Above 106 GeV, all
the experimental information comes from study of extemsive air showers

1

and we have information all the way out to 10l GeV. Now, the twz lines
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marked p and Fe give you an indicatinn relative composition of protons
and iron in primary cosmic rays. Direct measurements to determine the
primary cosmic rays sort of peter out at about 103 Gev just now. They
were done in balloon experiments (3-6). Indirect measurements (7-11) in
which you measure something on the Earth in an air shower and try to
relate that to the primary composition, have been carried out above 103 Gev.
Recent measurements of the Maryland group (11) indicate that the iron
spectrum 1s such that when you multiply it by El'S it will appear as
increasing on this graph; in fact it 1is E1-36, The iron spectrum is
flatter than the proton spectrum, whose spectral index is about -1.71
for the integral spectrum, and the two components cross over at some-
thing like 10% GeV; so 1f you do an experiment at the top of the
atmosphere with emulsions, you can have a possibility of studying

collisions of 105 Gev total energy iron nuclei with silver nuclei.

At about 107 GeV energy most of the particles are iron; although there
are some other particles here, in fact 1it's 807 iron; 207% other nuclei.
However, this means that whatever the source of iron, it must be such
that there should be a cutoff beyond 107 GeV and I hope Dr. Schramm
tells you what that signifies from the theoretical point of view. The
Fly's Eye (12), which is a detector just going into operation in Utah
will deal with energies starting from 107 GeV, and it is possible that
Fly's Eye would be able to tell you the composition of primary cosmic

rays at 109 GeV, whether they are protons or iron nuclei.
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Now, how do colliding beam machines play a role in our understanding of
cosmic rays? If you knew the properties of nuclear collisioms, then the
study of air showers, for example high energy muons and delayed hadrons,
can be used to derive the primary composition; and these have immediate
relevance on the theories of origin, acceleration and propagation of
cosmic rays. If you consider still higher energies where there are no
machines and you assume that nulcear physics doesn't change drastically,
or if you assume that the composition doesn't change drastically, then
study of air showecrs could tell you about origin of cosmic rays or about
the properties of nucleus-nucleus collisions respectively. At 109 GeV,
Fly's Eye can study the penetration of the first interaction point to

measure nuclear cross sectlons at ultra-relativistic energiles.

Let me go on to discuss the relevance to primary cosmic rays of knowing
the nuclear physics, but before I do that let me describe what a typical
experiment In cosmic rays involves. What we have coming in from the top
of the atmosphere is an object calied a nucleus (see Figure 2). It
consists, we know, of nucleons, and it travels through the atmosphere,
collides and leads to production of particles as it goes along. The
model to describe this process which is generally used is what I would
call the superposition model. It belongs to a class of independent
constituent models, like one imagines when quarks are going thru a
nucleus; here we have nucleons going through and coiliding with other
nucleons inside 4 nucleus. Protons with energy Eo can be compared to

iron nuclel with energy EO/A because they will make the same kind of
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shower, with about the same total number of electroms. So, by observing
something down below, some debris at the bottom of the atmosphere, we
want to find out what's coming in; that’s similar to deriving quark
properties using independent constituent model of a proton by observing

the crud coming out of the nucleus, it's a different kind of crud.

Nov consider propagation, acceleration and origin of cosmic rays, I
would like to briefly tell you what are the interesting questions and

why this will be important.

First of all, what are the sources? Are they supernovae explosions? Or
are there some other sources? How are they distributed? Are they
distributed in the disk? Are there some local source like a nearby

supernova? How do we study what is the nature of the sources?

Secondly, where does the accelevation take place? Uoes 1t take place in
the source? There are many mechanisms for this to happea. One of the
most popular ones for a few years was shock wave acceleration of cosmic
rays in supernova explosions (13), or it could be electromagnetic
accleration due to high magnetic fields like that which exists in many
of the pulsars (14). You have 1012 gauss fields rorating rapidly and
you can accelerate particles to as high an energy as you wish before
they get out of it. Or it could be acceleration in the galaxy as was
proposed originally by Fermi (15). Some cosmic rays are probably

metagalactic in origin coming from outside the galaxy.
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Now, the third question is: What is in between the source and where we
receive the particles? And one way to find out what happens during the
propagation is to ask how many secondary nuclei are produced by the
fragmentations of the primary nuclei from the source which produces
cosmic rays. It can be related to what is called containment time and
one can try and find out something about the galactic magnetic fields
and other things from studying abundance of secondary nuclei. In order
to show you how these things are related and where accelerators play a

~ole, I'11l briefly discuss a specific model.

A favorite model at the moment ig called the leaky box model of the
origin and propagation of cosmic rays. I think it was first proposed by
Scott and Chevalier (16), and of course many people have developed 1it.
The present situation with experimental data 1s summarized by Ormes and
Freier in a recent astrophysical journal article (17). What you assume
is that whatever the sources are, they inject the cosmic rays spectra
with the same index, Yo where the power law for the differential spectrum
for many classes of acceleration models will be around 2.5. They assume,
actually, 2.3 for the injection spectrum and their model assumes that
electrons, protons, alphas, C, 0, neon, magnesium, silicon and iron are
all accelerated in the galaxy. It is an equilibrium model, so you can
write down the equation that the rate of change of any species is given
by the source strength plus all contributions from species with atomic

weight greater that the particular speciaes due to fragmentation. 1In the
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steady state the observed flux for the ith species, Ji’ can be related
to the source strength Qi and the fluxes of nuclei heavier than the ith

species by:

T e e (@« T (T )

a

where 1

1
A L U T
it =
?ij T 2Tﬁnt 'Z;

and

7\q = intraction length for species ] giving rise to species 1.
The three terms are escape time, interaction time and diffusion time.

In steady state this 1s the equation and notice what you get is that
observed fluxesg of the ith element are primarily related to the source
if the second term is neglected. For secondaries this term is the
important one because Qi = 0. So for primary nuclel, the spectrum that
you gsee 18 equal to the spectrum of the source multiplied by a lambda

effective. If the effective leakage length 1s energy-dependent function,

then you will get a different observed slope than at the origin.
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This equation indicates that there are a large number of parameters
which go into the equation in order to relate the source composition to
observes cosmic rays and, in general, if lambda effective is E'G, then
the observed slope is larger than the source slope. 1In fact, one

finds the following: that the observed slope is steeper by about .4 in
spectral index; so if the injected at 2.3 the slope should come at 2,7.
And this model actually will say that all spectra at high enough energy,
because of leakage dominates, will have the same spectral index. As
pointed out earlier, in fact, that's not true; just to give you some
idea, below 1015 electron volts, I showed you we have a v~rying composition
with increasing importance of iren, the all particle spectrum being made
up of two components, one varying at E-2:7 and the other going at E~2.3
approximately. There is very little anisotropy of cosmic rays observed
at low energiles but you can still accommodate apparently about 15% of
local source which could account for the iron. So this sort of gives

you, I hope, the flavor of what primary cosmic rays are like.

A 20 GeV by 20 GeV per nucleon machine would give us the parameters we
need to really be sure of what is it that we can learn out of observing
cosmic ray air showers about the primary composition. At higher energies
I don't know yet what we will do, but it is an interesting question. To
acquaint you with cosmic ray methods to study very high energy with air

showers, I give a sample outline of how it is done.
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Very High Energy Cosmic Ray Experiments

A typical cosmic experiment arrangement 1s shown in Figure 2. You start
off, as I said, with soretiing coming in which you don't know and then
you decide you want to look for something so you put a little detector
at sea level. Then you find when you do the experiment that you need to
know more about what happens because you are trying to study what comes
in and what happens in the first interactions and one detector won't do.
So then you are ambitious and you build a larger detector, and so what
we now have 1Is a complete air shower detector on which most of the
results are based. You have a serles of detectors to detect electroms.
In the shower, electrons are generated by gamma rays which in turn are
generated by pl zeros in nuclear collisions or from decay and where you
detect them they are spread out over a kilometer. To detect hadrons, we
use calorimeters which measure thelr energy and their lateral spread and
then underground we have muon detectors which are symbolically shown and
way underground you have a high energy muon detector about s« mile below
the surface of the earth. From all this information you want to find
several things: what is the primary energy, composition and what 1s the
nature of high energy interactions. And if you are still more ambitious,
you put in a detector called the "Fly's Eye" which looks at the nitrogen

fluorescence from alr showers and measures their longitudinal development.

The nuclear-electromagnetic shower starts near the top of the atmosphere,

some 20 kilometers high. The overall transit time for particles moving



~148-

with the speed of light (photons, energetic electrons, high energy
hadrons and muons) 1is of the order of 60 micro-seconds. The shower
front, however, is well defined having a thickness of the order of 6 to
9 nano~seconds or 3 meters. Slow hadrons, low energy muons lag behind
the shower front by time intervals from a few nano-seconds to hundreds

of micro-seconds.

The Fly's Eye, which detects nitrogen flourescence from the air shower
can only operate during dark hours, hence its efficiency is only 5%.
However response functions of the Fly's Eye is a function which increases
with energy, because the higher the energy of the shower, the farther
away you can see; and therefore the geometrical factor increases more
rapldly than the slope of the spectrum. This is true up to a certain
energy and then it stops rising, the end then falls off because of light
absorption in the air. At Dugway, where Fly's Eye is located, you can
see up to 10 kilometers. (Dugway military base is where they store nerve

gas (laughter) but it's a very comfortable spot.)

Now, let me tell you briefly how one tries to determine various prop-~
erties of high energy interactions from cosmic rays indirectly. Indirect
observations use a variety of methods: for instance measuring the ratio
of positive to negative muons at high energiles. High energy muons come
from pion decay, and extreme high energy ones must come from very high

up because the highest energy plons exists in the first few collisions.

Also, the atmosphere 1s the thinnest in the first collisions so the
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probability of decay is higher. So, most high energy muons come from

the first few collisions and therefore measuring mu plus to mu minus
ratio tells you two things. If you know the composition, it tells you
asomething about the inclusive cross-section in the fragmentation region
at very high energies. If you don't know the composition and want to
find out the composition, you agsume a scaling law based upon the
accelerator data and calculate how many mu plus to mu minus there should
be. It's quite sensitive to the difference between pion and kaon scaling
functions for inclusive cross-sections from nuclei. If these functioms
are accurately measured at accelerators, cosmic ray physicists would be

delighted!

Figure 3 shows experimental measurements of the muon charge ratio. The
best data indicates a slight decrease in the ratio above 1 TeV. This is
consistent with increasing fraction of iron in cosmic rays above 10 TeV

(18).

Multiple muons at high energies are very sensitive of measurments of
primary composition. There is now a new detector in Homestake mine, a
goldmine which is still profitably operated; the price of gold is still
going up in South Dakota (19). Ray Davis hag his big detector for sclar
neutrinos and around the solar neutrino detector there was enough space

to £f111 it up with muon detectors; water Cherenkov counters were installed
which completely covered the tank all around and with an anti-coincidence

shield on top. This detector, of the Pennsylvania group has an area of
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200 sq. meters, 1s located at 1 mile depth and is beilng used to observe
myltiple muons. The average energy of the muons is 3 TeV. You measure
the relative frequency of one, two and several muons arriving at this
depth. The ratios of the frequencies depends critically on the primary
mass, because we are riding on a steep spectrum. For a given total
energy iron produces more muons than proton does, higher up in the
atmosphere and these decay more easily. Using this, you can actually

determine the composition.

Another technique of measuring the composition is to measure the total
number of muons in a shower and the total number of electrons in a

shower and determine their ratio (19, 20). This quantity is very sensitive
to the primary composition. Experimental results are shown in Figure 4,
where the average value for a total number of muons is compared with

that of the total number of electrons. Monte-Carlo curves are also

shown on the graph which shows two lines, a proton line and an iron

line. A comparison of the curves with data requires substantial fraction
of iron. If you knew the nuclear physics better you'd have much greater

confidence in generating these curves and deriving primary cowposition.

Another parameter you can study is the shower maximum; how rapidly a
shower builds up. If it's made up out of iron nuclei, you have many
more nucleons to start the shower and a shower starts extremely rapidly
compared to a shower started by a very high energy proton; and the

difference in the rate of increase of the shower curve is a way you can
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determine the primary composition. Figure 5 shows experimental data on
location of the shower maximum (21). The maximum is about 150 g/cm2
smaller in depth for iron primaries as compared to proton primaries.

The data appears to favor iron primaries.

Similarly, you can study the fluctuations in the number of muons as a
function of shower size which is shown in Figure 6 (22) and again here
you can see that the data 1g somewhere in between what is expected

for pure iron or pure protons. But I think it's clear that nobody can

rule the presence of a lot of iron.

At this point we must reexamine figure 1 which shows the composite

energy spectrum and remark that if the composition indicates the dominance
of iron near 106 GeV, the steepening in the total cosmic ray spectrum
requires that the iron spectrum must be cut off around 107 GeV. OCne
possible way to terminate the iron spectrum is to suggest that iron

nuclel are destroyed by photodisintegration in the source region. This
would imply a sufficient’y high temperature in the acceleration region,

of the order of 1000°C. Other possible mechanisms could be devised, but
these must preferentially remove iron as the cosmic ray spectrum extends
several orders beyond 107 GeV. Another remark is that if one is observing
the source spectrum with iron around 106—107 GeV and 1f the source is
local then one should observe some anistropy in the arrival direction of
cosmic rays. The dilemma is that up to to about 106cev the observed

anistropy is small, less than 0.5%. This, however, may be due to
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scattering by magnetic fields unless the source is very closa. But it

17 electron volts the anistropy

is true that after you get up to 10
increases to about 5, maybe even 107 before starting to decrease again
when you go to extremely high energiles. So the scenario right now is

very interesting and quite complex.

The question of the nature of the most energetic cosmic rays is still
open. Around 1011 GeV some tens of events have been detected by very
large air shower detectors (Sidney array, Haverrah Park array and Yakutsk
array). Fly's Eye detector may be able to address the question of their

nature.

In the preceeding discussion, I have talked about iron as being the
primary thing which 1s produced at the source. If that is a correct
hypothesis, then protons and alphas muat come from fragmentation of all

of the heavier nuclei. In other words, they are all secondaries; maybe
there are some primaries because there may be some sources which have
protons dominance. Put suppose we do not assume that, then 1s it possible
t fit the data, within the :uracies we have, with protons and alphas
coming essentially from fragmentation of heavier nuclei through inter-
stellar matter? This is a proposal made by Peters and Westgard (23) and
they show that it is just feasable. So any information on the production
rate of alphas and protons from high energy collisions would be extremely
important to check theories of the origin of cosmic rays as the calculations

are based on low energy accelerator data.
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The other point I wanted to make with regard to very high energy nucleus-
nucleus collisions is that there is a collection of cosmic ray events,
which go up to about 30-40 GeV per nucleon. And there is a recent paper
by Phyllis Frier and Jake Waddington which reports on a study of nuclear
collisfons around 15 GeV per nucleon, and you might be interested in

looking at those events to see correlations they observe (24).

Unusual Events at 106 GeV

a) Detectors and Rates:

I go on to discuss individual events and tell you something about t:e
Centauro events. I do it in two steps. I discuss the instrumental
techniques that are used and first point out to you that if you analyze
events called C-jets Jjets where you know the location of the interactionm,
occurring in a block »f wood or a block of iron, and if you compare them
with events generated by Monte-"arlo techniques using scaling models
that we know at lower energies you find no evidence of gross violation
of scaling in the fragmentation region. Also, ncte that there 1s no
information in the central region from cosmic ray data. If you go to
higher energies, above 100 TeV, (between 100 and 500 TeV) you find
unusual events called the Centauro events, which form a substantial
fraction of the total number of events observed; and I want tu show you
why they are unusual and why they might provide interesting pointers for

what to expzzt in the future. I won't discuss any of the interesting
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phenomena that have been observed in other experiments. You can find a
discussion of them In the Bartol proceedings and in a review paper I

gave at Gif-sur-Yvette last summer (25).

I want to give you an idea of the kind of detectors you need. In

Figure 7, I plot the size of a detector needed to get one event with a
total energy greater than a thousand TeV. If you are at sea level, you
need something like 10,000 sq. meters of detector. At Chacaltaya, which
18 at mountain altitude. you get one event per year in about 30-40 sq.
meters. If you go into a satellite you cam get one event with a detector
with .1 to 1 sq. meters, depending on how long you can convince the

government to keep it up there.

So, typical detectors to study high energy events need large collecting
area, and different particles (protons, hadrons, muons and electrons)

need different inmstruments to detect them. If the experimental technique
uses nuclear emulsion chambers (which are used in balloons or satellites),
they have to stay up about 1 sq. meter days to reach up to almost 100 TeV.
The quantities measured by these detectors are charged particle energy,
gamma ray energy; also the location of the interaction. The primary is
usvally seen in emulsion chambers which are flown. 5o, there's a great
deal of advantage to fly such detectors; however, you can't reach much
above 100 TeV. The error in charged particle energies is about 20%, the
gauma ray energy 1s 10%, location is known to micrometers and as I said

the primary is geen. On the mountain, hrwever, one used x-ray nuclear
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emulsion chambers whose sized vary from 40 to 1,000 meters square year,
and you can obtain events up to several thousand TeV. The hadron jet
energiles are measured to 202, gamma ray lets are measured to 20%, location
of each jet is known to 1 to 10 microns; however, the primary particle

and the point ¢f interaction is usually not seen. You have to infer
everything about the primary particle frow the secondaries. In Table 1,

I glve a summary of properties of various detectors used in cosmic ray

experiments.

Let us discuss one of these detectors (26) in terms of its structure and
components; I will discuss the Mount Chacaltaya detector (Figure 8). The
detector consists of two chambers (two cameras). The upper chamber
which is 44.2 sq. meters consists of 10 cm. of lead or 20 radiation
lengths, and there arz layers of film immersed in between various layers
of lead, a typical sandwich being 3 x-ray films and one 50 micron nuclear
emulsion. The x-ray fllms are used to pick out the high energy events
and the 50 micron nuclear emulsions are used to count the electrons in
the jers. Of course you have to support the stack, so in addition to
the absorber, which is 23 cm. of pitch, you have wood supports. The
important thing about this detector 1s there is a big gap of 151 cm. of
alr between the chambers so as to be able to lock at spreading of jecs
in the lower chamber. What you detect with such a chamber are the

following kinds of events (Figures 9,10):
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If you have a single, high energy photon impinging on the stack, you
will get what is known as a gamma jet. The gamma jet, which is sche-
matically shown is an electron-photon cascade; the figure indicates its
development both laterally and longitudinally. Also shown is a jet; a
C-jet. A C-jet ig generated by an interaction in the absorber. And a
typical C-jat would produc: a gamma ray or a hadron which will make a
collection of black spotas in the lowe~ film. A single hadron coming in
sometimes can penetrate all the way down and produce a lead jet in the
lower chamber. I'm going to first talk about events like these C-jet
eventa in which there is nothing in the top chamber but there 1s some-
thing in the bottom chamber. 1'll follow that with discussing A-jets,

because all of the centauro events are the A-jet events.

There are two kinds of atmospheric jets you can get (Figure 10). One is
called the gamma cascade. This cascade has a single gamma ray coming
in; it multiplies and makes several sets of gamma rays and you get a
collection of gamma rays which 1s called a cascade jet. Or you can get
a hadrcaic Interaction and you'll get in such hadronic interaction
atmospheric gamma rays, pions, nucleons, some of them will make inter-
actions in the absorber so you get a family of jets of different types

glving a very complex structure which is called an A-jet.

A gummary of event rates collected by various emulsion chambers and x-
ray chambers is given in Table 2. Several hundred events with visible

energles above 100 TeV hzve been detected up to now.
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b) Selection of events:

What they do 1s to take their x-ray films and put them up against the
light and look for black spots. A black spot is crested if there is
enough density of electrons per sq. micron, so as to develop sufficient
grain density in the x-ray film. You need approximately .l to 1 particles
per sq. micron which corresponds to a density per sq. cm. of the order

of 104, in order to make a black spot in those particular x-ray films.

The reason they use the x-ray film is that they can expose it for a year
without the x-ray films fogging up. Also the detection threshold is

high (>TeV).

When they find the dark spots, they go to the nuclear emulsion and look
at the nuclear emulsion and count the number of electroms. The number
of electrons they see is proportional to the energy of the gamma ray.
They do that as a function of depth and reconstruct the whole cascade.
If a particular event starts deep down in the lead, then they say that
it 15 a hadron. The chances for that being a gamma ray is very small.
And that's how they identify which iets are due to hadrons and which are

made by electrons or photons.

You can measure the direction of propagation. You can measure the
cascade curve for each gamma ray, darkness as a function of thickness;
and you can measure the separation of each of the gamma rays. You can

also count tracks in the emulsion. When you do all that, you get a very
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good measurement of the energy. The capability of hadron-photon separation
is illustrated by a starting point distribution (Figure 11). This is

the starting point distribution of cascades above 200 GeV, and those

which start right away they call gamma rays and those which start beyond

8 r.d. they call hadrons. So they know how many are pions or nucleons -
charged pions or nucleons or neutrons or anti-nucleons, and how many are
gamma rays that are coming in in each one of those cascades. To check
their identification they combine gamma rays in pairs (make marriages of
gamma rays) and plot the gamma-gamma mass where they see pi-zero quite

clearly.

c) Scaling in fragmentation region below 100 TeV:

Now, what can they measure? They can measure, therefore, the total
energy of each of these black spots, each of the cascades. Let me just
remark that 1if you require pamma rays to have the same azimuth and the
same zeaith to belong to the same family, you have no problem with any
accidental coincidences, so that they really see families as a whole.
There is a background of pamma rays but that's not what we are talking
about. So, if you know the energy of each gamma ray and if you know the
total energy, then you can calculate the fractional energy in each gamma
ray for a family. The histogram of gamma ray energies is shown in
Figure 12a for different energy events. These are all C-jets or jets
which took place in the absorber. Energies are grouped between 7 and

10 TeV, 10 and 15 TeV, 15 and 40 TeV, and this is greater than 50 TeV.

If you plot it as a fractional energy, you find tha. it scales (Figure 12b).
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To investigate whether the obgerved fractional energy distribution is
consistent with a continuation of scaling behavior characteristic of
inclusive particle production at accelerator energies, a detailed
Monte-Carlo calculation wi3 dome. This calculation incorporated biases
introduced by the steep primary spectrum, selection criterla and exper-
imental resolution (30). The scaling functions used were parametrized
by e Bx where x is Feynman variable. 1In Figure 13, the shaded region
indicates experimental spread while the different points represent
Monte-Carlo results showing effects of varying scaling parameter B. One

notices that the experiment is rather insensitive as & fine test of

scaling but pross violations of scaling are definitely excluded.

So, up to a hundred TeV scaling holds, everything looks pretty good; ro
what are these unusual events? And the reason I want to mention them is
of course we don't understand them. The unusual events, the Centauro
events, have the following feature: That you have in those events, at
production, something of the order of 100 hadrons, and no gamma rays.
Now this is something which ordinary physics doesn't give, so that's why

it's very exciting and so let me show you what such an event looks like.
d)  Centauro event:
Here is the Centauro event that was seen (Figure 14). In the lower

chamber one saw many, many jets with a lateral spread of only one cm.

You measured the directions exactly and you found that the direction was
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such that you should see something in the upper chamber. In the upper
chamber they only saw about 6 or 7 jets, mo more. And that brought the
event to their attention because it was very unusual. Ordinarily, if

you see so many jeta in the lower chamber, you see many more in the

upper chamber. So, it's the reverse situation; you see many more hadronic
jets in the lower chamber but nothing In the upper. The trajectory

traversed both the absorber and the wood support.

How does one recongstruct this eveant? What you do 1s first of all
laboriously measure each one of these families, and notice here that
close spaced clusters have been counted as one, basically, and that's
because they are so close together that they cannot be due to two
different hadrons coming from far above, the interaction must have taken

place nearby.

Nobody knows where these crosses should be made. They are just artists
guesswork. The only thing we know 1s that interaction took place
somewhere in between the top and the bottom. Two of these jets pene-
trated enough that they could be lined up between the lower and upper
chamber and one could measure the change in their relative separation.
By measuring the relative separation you can find out where they came
from. It was determined that they came from 50 metera above the target.
Then, you can also measure the relative separation of individual jets as
a function of depth in the lower chamber. When you do that, you can

extrapolate backwards and ask where did they all come from? You assume
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they came from the same point, when one calculates the point of origin
it also comes out to be (50 + 10) meters. That's the basis upon which
this event is supposed to have taken place very nearby in the air. Also
the one cm spread is an extremely small spread. Let me show you what

the event looks like.

Figure 15 shows the development of the Centauro event in the chambers.
The energles of individual jets are measured by counting electrons and

determining the darkness of spots in the x-ray films.

Let me show you what the event looks like in Table 3. Thils 1s the first
event and gtill the best event that they had. The number of identified
lead jets and C-jets are 45. The number of nuclear active particles
which should have gone all the way through without interacting was
estimated to be 15. The number of lead jets identified in the upper

chamber was only 5.

What do we see here? We see that the table gives you how many jets
there are which they call gamma rays ian the upper chamber and how many
icis were in the lower chamber. Basically, look at the two numbers.
There were 7 jets in the upper chamber and there were something of the
order of 7, plus 29 plus 7 altogether in the lower chamber. Now, the
total energy in the upper chamber was only 28 TeV; the total visible
energy in the lower chamber was 202 TeV, the total visible energy is

230 TeV. 1If you assume that the amount of energy going into pi zeros
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and therefore into gamma rays is about .2 of the total energy, then that
would give 1700 TeV for the primary. But that 1s anybody's guess;
nobody knows how to do it for these strange events, how to calculate the
total energy; but it's a good estimate. Now, how do we calculate how
many nucleons are incident upon the device? Well, the way they do it is

by this particular method:

By using C-jets, they can determine the interaction length and the
absorption length of each one of these high energy hadroms. Using that,
they start from the bottom and plot an integral curve (31). If you have
7 jets, starting with 7 jets in the lower chamber, then go upwards and
add the next set in the target layer and add the next set, and then you
draw a curve through them based upon your knowledge of the interaction
(Figure 16). You normalize that; and when you do that you can go all
the way up to the interaction point. There should be about 65 nucleons
or hadrons at the interaction point. Then there are some which miss at
the bottom and we have to correct for that. That's how they find out
how many hadrons are produced ac the interaction. Now, given the fact
that you have so many hadrons at production, if they were pions then you
must have an equal number of pi plus, pi mirvs and pi zeros. The pi
zeros will then decay and you can ask how many of them will make a jet,
which is visible in the upper chamber. After you do that calculation,
you find that you should have seen at least 15 gamma ray jets above
threshold. In addition, vou should have seen another 7 because the

hadrons themselves wil) interact and produce secondary pi zeros. So you
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should have seen a certian number of gamma ray jets in the upper chamber.
And you saw none, that's why this is a really fantastic event. This

fact is given in Table 4 which shows that the number of showers seen in
the upper chamber was basically 7, the number of gamma rays and electrons
incident upon the upper chamber was basically -4 because they had to
correct this 7 for the number of lead jets that should have been in

there.

The important peint is that the number of gamma rays and electrons at
production is negative or very small, while the total number of hadrons,

are of the order of 100.

Out of approximately 100 events, they have found 4 or 5 events in which
you have an event with a large number of hadrons but very few gamma

rays.

These are the Centauro events and in fact there is no explanation for
these bacause they are mind boggling and contrary to conventional physics.
I have a paper from Bjorken (32) in which he says that one possibility
would be that these objects are primordial globs of colored quark matter.
And 1t's a very interesting calculation, probably not true, but (laughter)
certainly very entertaining. Now, 1f they are produced in the primordial
situation, can they be produced in heavy ion collisions? That's an
interesting question. And I think if these events are ’ound by other

groups. I would be very excited about the possibliities at extremely
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high energies of making new kinds of matter. But of course it may not
be the same matter as Bjorken proposes, it could be something else.
Anyhow, the cross section for such processes is very large at these
energles; and so even if it occurs occasionally on a 20 GeV on a 20 GeV
machine you have the flux to hopefully see something, 1f such processes
exist. Similarly, with Ep colliders one might see them at Fermilab.
Well, this is just tantalizing and very interesting to speculate upon.
Whether they exist or not, however, I think what this tells us is that
one should keep one's eyes open and that going to as high an energy as

possible 1s the right thing to do.

Thars you.
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Figure Captions

A composite representation of the integral spectrum of
cogmic rays from 10 to 1011 GeV. Also shown are recent
results for the composition below 106 GeV. Diagonal

lines are lines of constant intensity for the all particle

gpectrum.

Experimental arrangement for an air shower experiment at

high energles.

Energy varfation of charge ratio of gingle cosmic ray

myons .

Average correlat!s _ciween total number of muons and

electrons in air showers.
Depth of shower maximum as a function of total energy.

Fluctuations in the number of muons as a function of

energy (shower size)}.

Exposure factor for detecting one event per year at

1000 TeV.
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Schematic of the Japan-Brasil emulsion chamber at Muunt

Chacaltava (5200 m altitude).

Classification of individual jets.

Classification of families of jets.

Use of starting puint {fstribution to separate hadron

jets from electron-photon jets.

Integral gamma-jet energy spectra for C-jets.

Fractiona! gamma energy spectra for C-jets.

Fractional gamma cnergy spectra compared with Monte-Carle

calculations.

Artist's schematic of the first Centauro eveat.

Photomicrographs of the development of the Centauro

event.

Integral curve for hadron survival used to estimate

number of hadrons at production.
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Tables

Properties of Cosmic Ray detectors to study interactions.

Event rates obgerved by different experiments,

Centauro event detafils.

Lack of y-rays in Centauro events.
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TABLE 1

STUDY OF INDIVIDUAL HIGH E EVENTS

Low flux needs large collecting area

Different particles need diff. instruments (e.g., -7, h, , e}

Exp. Tech. Quantity Meas. How Well?
Nucl. emulsion Charged ptl energy + 20% M. S,
chambers y-energy + 10% Cascade
Ballocn, Satellite . -
(Accelerators) Location Tum
~ 1m2 Days. .
< 100 Tev Primary Seen
X-ray, nucl. em. Hadron-jets + 20%
chambers v-jets + 20%

Mt, Level.

~ 100 ~ 1000m2 yr Location 1to 10 um

Up to ~ 1000 Tev Primary Not seen

Calorimeters Total energy of h £ 10%

Up to 1000 Tev. Direction +1°
Location ~ cm
Primary Sometimes

Other methods:

Shower cores ~ Ne;, r;j, NeT, N“t
Multiple us' — Ef‘h, r position-angle




TABLE 2

A NAIVE"SUMMARY OF EMULSION CHAMBER EVENT RATES WITH
ZEy > 100 TeV

Exposure No. of
Experiment Depth Factor Events with
g/em?2 m2, Sr, sec | TEqy > 100 TeV Comments
1. Chacaltays
CH-14 550 1x 109 25 Only upper chamber
exposed and completely
CH-15- 550 4 x 109 100 Two Storey chamber
16-17 (estimated) with nuclesr emulsion
Ey > 200 GeV
2. M. Fuji 650 1.7 % 10%° 80 Thin single layer
(27 EC with X-ray fim
only Ey> 1.6 TeV
3. Airplanes 260 9x108 9 Two Stacey E. C. with
(28] nuclesr Em. Complete
scan. €y > 100-300 GeV
A.Pln;irs ~600 3x10‘°z - rbha‘guy
(29 10 Ev>2TeV
0 (reported) ,(:,,y tilms oniy
Fr+Had'+3H
Ep>5TeV

*Caution: Event selection criteria + steep spactrum = severe biases.

-161~
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TABLE 3
MULTIPLICITY OF NUCLEAR-ACTIVE PARTICLES

Event No. | H i v
Chamber No: 15 17 17 17
No. of identified
' Pb-jet and C-jets

No. of N. A, particles
pentrated through

45 32 37 38

15 18 17 10

No. of Pb-jets (upper)

left unidentified ® 16 ° 10
No. of N. A. particles

ncidert upon chamber 65 % 83 58
Estimated heighr of 50 80 230 500
parent interaction (m)

Estimated number of 3 5 13 32
A-jets

Multiplicity of N. A. 68 71 76 90

particles at production



TABLE 4
MULTIPLICITY OF GAMMA-RAYS AND ELECTRONS
Event No: 1 ] 1] v
Chamber No: 15 17 17 17

No. of showers in

apper chamber 7 14 42 76

No. of Pb-jets (identified

plus expected) n 25 25 25

-£61-

No. of gamma-rays and
electrons incident upon -4 -1 17 5
chamber

Estimated number of

gamma-rays from A-jets 4 13 30 47

No. of gamma-rays and -8 -24% _13* 4
el. ‘trons at production

*Location of Centauro 1l and 111 in the upper chamber are
near an edge of the block, so that number of showers in
the upper chamber may be underestimated because of
detection loss.
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The Production of Systems with Large Mass or Transverse Momentum in High

Energy Hadron-Nucleus Collisions

H. Frisch

Physics Department and Enrico Fermi Institute, University of Chicago

It the past decade it has become ivlear that the hadrons (i.e., the
strongly interacting particles such as the proton, neutron, 7, K, etc.)
are made of yet smaller objects. The key sxperiments which have made
such a constituent picture so convincing have been of two kinds. First,
tl.e scattering of particles in collisions with large momentum transfer
(e.g., the first deep inelastic electron scartering experiments at SLACY,
and neutrino and muon scattering experimentszst Fermilab and CERN ), have
shown that for large space-like momentum transfers one 'seas’ cbjects of
a smaller scale inside the nucleon. Second, the discoveries of massive
par:ic1e53 (the J/V and the T) which are clearly interpretable as bound
states of a new quark and its antiquark not only made the quarks real in our
minds, but have more importantly led the way towarc a theoretical unifica-
tion of the strong, weak, and electromagnetic interactions.

Both deep inelastic scattering aud the production of massive states
such as the J and the T are rare processes. These processes are steeply
falling spectra in the momentum transfer-squared((q?): read mass-squared
in the particle production case). And both processes are greatly enhanced
at a given value of q? by increases in the available energy of the
collision. High energy physicists are therefore ever anxious to increase

the energy available by building higger fixed-target accelerators and by
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building colliding beams .

Why are very high energy quark—quark collisions relevant to a
symposium devoted to the possibilities inherent in & colliding beam accelera-
tor designed to collide heavy nuzlei on heavy nuclei? For the high-energy
rhysicist, the question is whether or not the quarks in s fast-moving
heavy nucleus have an increased cha:ace of carrying more momentum than
would be their share if the nucleons were independsnt. If in fact there
were a non-negligible probability that one quark would be found with most
of the momentum of the whols nucleus, then such a heavy-ion accelerator
would be an immensely effective means of generating enormously high energy
quark-quark collisions (and would, as far as I know, be the first vorking
collective-effects accelerator). 5uch a concentration of the momentum of
the whole nucleus among the quarks of one nucleon is one suggested explana-
tion of the data I will show you.

The data I will discuss have to do both with the generation of par-
ticles at large momentum transfer and with the generation of systems with
large mass in hadron-nucleus collisions. Iz the case of the large momen-

. tum transfer production, clear effects of collective action of the nucleons

in the nucleus have been seen. In the large mass case, some of the data

are conflicting. My strong belief is that, unfortunately, no collective effects
exist which would help us in the way I outlined above to achieve ultra

high energy quark-quark collisions. But as the interpretation of the

observed effects is not clear, I will take the approach of laying the data

out as clearly as I can, with particular emphasis on how the experiments

are done for the benefit of experimentalists in the audience who may be
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envisioning how to repeat such experimente on a new ‘heavy ilon accelerator.
I hope that you will be able to judge for yourselves any possible payoffs
in heavy-ion collisions of the type described above,
There are three types of hadron-nucleus experiments I will describe:
1) single particle production at large values of transverse momentum (PT);
2) large mass hadron pair production; and 3) large masr dimuon
production. Each of these is shown schematically in Figure 1.

Single Particle High Py Measurements

It i a long-known fact that the spectrum in Pr of hadronic particle
production is very steep. (pT is the component of the momentum of the
produced particle perpendicular to the beam--s2¢ Figure 1.) In Figure 2
the spectra of o production versus Pr in 200, 300, and 400 GeV proton-pro-
ton collisions is shown.® There are two noteworthy features: 1) the spectra
are very steep in Pp» and 2) the cross-section at large pT are energy
dependent, rising with increasing energy.

Before discussing how these cross sections depend on the atomic weight
of the target nucleus, I would like to give a brief description of the
apapratus which made the measurements shown in Fig. 2 and which discovered
the anomalous atomic weight dependence.“ The spectrometer of the Chicago-
Princeton collaboration is shown in Figure 3, The primary proton beam,
of intensities of up to 10'? protons/pulse hits a target inside a heavily
shielded target box. The targets are remotely controlled so that
hydrogen (deuterium), beryllium, titanium, or tungsten (W) targets can
be inserted easily in turn. The spectrometer is placed at 77 wmrad to the
incoming beam: this angle corresponds to 90° in the C.M. frame for 300

GeV protons. After 30 feet of steel collimation, quadrupole lenses focus
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the secondaries. Bending magnets and four counter hodoscopes determine

the momentum of the secondaries. Two 86'-long Cherenkov counters separate
pions from kaons and protons. The experimenter defines a central

value of Pr by setting a given curtvent in the magnets: 7/K/p identification
1s done particle by particle at a given such setting. ¥igure 2 shows

that rzsults from this procedure can be obtained over 10 orders of
magnitude in cross section!

Now what happens when different nuclei are used as targets? Figure
4 shows the relative production of T at a <pT> = 3,82 GeV for W, Ti, Be,

D and H targets. The cross section per nucleus for each target has been
dividad by that of W, and plotted versus atomic weight. With the exception
of the point for hydrogen, all of the nuclei 1ie along a straight line

on the log-~log plot. This implies that a parameterization of o(A) =~ I\

is at least a good parameterization (it should not be confused with a
theory--in fact, while the A2 provides a good x2 fit to these points, so
does a sum of terms such as C,AZ/’ + CzA! + C;A“/’).

Figure 5 shows the power a of the effective atomic weight dependence
for both ﬂ+ and T production versus pT. The lines are the same on both
plots (and are to guide the eye ) to facilitate the cowparison of ﬂ+ and
n production. The interesting fact is that in both cases the power o
in the effective A-dependence grows to be greater than 1, reaching about
1.32 to 1.14. The errors shown include both systematics and statistics.
It ig clear that 1.0 is ex-luded.

What does o greater than 1 imply? The total cross section grows
2/3

with A approximately as A7, close to the value of A which one would

expect from the area of a black disc. For a transparent disc (these are
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rare collisions at high Pps after all) one might expect only the volume
of the nucleus would matter, in which case A%°° would be expected. An
A-dependence of A'°?" requires that the nucleons act collectively.

There are two main classes of mechanism which could produce such
a collective effect. The first is multiple collisions of a constituent
of the projectile proton.5 For example, a hard collision in waich
a large momentum transfer is imparted to a constituent might be followed
by a second almost elastic collision which increases the angle (and hence
the pT) of the constituent. This mechanisms would allow the probing of
the passage of 'bare' constituents through hadronic matter: i.e.,
collision on nuclear targets
could be used as a tool for investigating short-time and short-distance
behavior in hadronic matter of the constituent. A second type of collective
mechanism is a change in the sharing of momentum among all the quarks in
the nucleon, with the consequent increase in probability that onme quark
can carry a substantial fraction of the momentum of the whole nucleus.
This has been suggested by many people, especially Afek, Berlad, Dar, and
Eilam %, and Krzywicki] (Fermi motion, which is just such an effect,
is not large enough to account for the datal )

The Chicago-Princeton experiment also measures the relative production
of kaons and protons to pions with its Cherenkov counters in a fashion
which is quite free of systematic errors. Figure 6 shows a typical plot
of the ratio of proton to n+ and anti-proton to T production versus Pr
for hydrogen, beryllium, and tungsten targets. The cross sections rise
with atomic weight A, Figure 7 shows that (except for hydrogen) the
ratios can also be parameterized as AAu, where Aa is the difference in the
powers of o for the two particle types.’

+
This difference in powers is shown in Figure 8 for proton and ¥ ,
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and E and T, One sees that proton and antiproton production is ever
stronger with atomic weight than that of pions, reaching values of 1.3

or greater at large walues of Prpe (One should note that it would take

880 independent nucleons to equal the production from a W nucleus at

@ = 1.3.) Figure 9 shows a similar plot for the K'/n7 and K /7 ratios.
Here, however, K+ is seen to behave as does ﬂ+, but K~ has a wrzh stronger
A-dependence than the .

A summary of the results on A-dependence for the six particle types
is given in Figure 10. In each case a collective effect (i.e., @ greater
than 1) is seen. Is this in fact due to the energy dependence of the cross
section (see Fig. 2) and a significant effect as discussed above? Or 1is
it a multiple scattering of some 'bare' object which doesn't feel the
nuclear absorption (the absorption would greatly diminish rather than
enhance the production of any produced object which acts like a normal
hadron in nuclear material--remember any significant degradation of
momentum is a degradation of Pps and the spectrum in Py is very steep--
cf. Fig. 2).

These Chicago-Princeton results have been confirmed and extended in
several experiments. Table I lists the later experiments. All are in
good agreement, and the effect seems to persist down to AGS energies
(/s = 7 GeV).

Double-Arm Measutements

The A-dependence of the production of systems whose mass is a sub-
stantial fraction of the available energy of a single nucleon-nucleon
collision 1s a sensitive test of certain types of collective effects. In
particular, models in which constituents of one nucleon can share the

momentum of the whole nucleus tend to predict large increases in the



Table I

Other Single-arm 'High pT' Experiments

Acronyms Reference /s Py Targets Comments
MIT/BNL Becker et al., 7.43 GeV | 0.75-2.25 | Be, Ti, W | Over this limited Py tange
PRL 37, 1731
(19i33’ agrees with our data
Imp. College, | Barbutt et al., | 9.68-22.710.2-2.35 C, W Ditto——
Rochester, Phys Lett 67B, 102 change in over this
Rutgersg 355 (1977) s range
SUNY, McCarthy et al.} 27.4 1.8-4.3 Be, W Agrees-—- '
Columbia, ERL 40, 213 double arm data 8
Fermilab (1978) ™
Purdue, Finley et al., | 27.4 1-2.8 Be, Pb Ditto~-
U. of Mich., PRL 42, 1028 double arm data
Fermilab (1979)
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cross-sections for large mass events, We will see that this is parci-
cularly striking in the production of muon pairs by the Drell-Yan mechanism
(discussed in the third section) in proton-proton collisions, as the
cross-section is normally regulated by the difficulty in finding an
antiquark with a large momentum fraction of the protons' momentum. The
predictions are much less clear for hadron pair production, however.

The first measurements of two hadrons produced with a large (>4 GeV)
mass for the pair were made by a SUNY-Columbia-~Fermilab collaboration.

The process 18 shown schematically in Figzure 1. Both particles are measured
at angles which are close to 90° in the center—of-momentum frame in a
proton—proton collision. The spectrometer vused, shown in Figure 11,
measures the P of each particle with multi-wire-proportional chambers

and a bending magnet in each arm. Cherenkov counters give particle
identification.

The two measured variables are the respective values of Pr in each
arm, pTland Pry (see Fig. 1). It is, however, the sum and difference of
the two which seem physically the most meaningful. The sum, Ppy + Pqgs is
the invariant mass for symmetric decays, and the difference is the Pr
of the pair (considered as the parent object).’l

Figure 12 shows the spectrum (plotted as a double invariant cross
gection) for a pair of charged hadrons with total charge zero plotted
versus the mass 6f the pair divided by the total available energy. The
goectra are seen to be very steep, and the shape is almost the same for
the three beam energies when plotted against this scaling variable.

Figure 13 shows the spectra plotted against the other variable for

the pair,the P difference of the two particles, pT'. The data have
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been binned into different mass intervals; for each case, however, the
spectra are quite flat compared to the single particle case (see Fig. 2).

Now how does the production of these rare pairs of hadrons depend on
the atomic welght of the target nucleus? Data were taken on beryllium and
pPla:iinum targets. The production per nucleus was fitted to the form Aa
as before. Figure 14(a) shows the results of these fits for a as a function
of the mass of the pair (for all pairs of oppositely charged particles,
integrated over all values of the transverse momentum of the pair pr‘).

We see that o is consistent with a value of 1.0, implying that each nucleon
in the whole volume of the nucleus is contributing independently.

The dependence of the power & on the variable pT' (the difference ir
the transverse momentum of the particles in the pair) is shown in Figure
14(b). In this case o increases with pT', especially for very .arge pair
invariant masses. Values of a for single particle production as measured
by this experiment and the Chicago-Princeton experiment discussed in the
previous section are shown for comparison. The values for pair production
are seen to be even larger than those for single particle production. Table
11 shows the powers of o derived for the different particle types for two
regions of the variable pT'.

To summarize the data of the SUNY-Fermilab collatoration:

1) no anomalous A-dependence is seen in the production of
large-mass pairs as a function of the mass of the pair,
over the region 4.8 < mpair < 8.8 GeV. The data are consis-

tent with an A''? behavior, which is reasonable for a rare

process.



204

Table II
" K P h-
0.99 + 0.03 1.05 ¢ G.09 1.29 * 0.14 1.00 £ 0.03
+
b
1.08 + 0.11 1.37 = 0.46 - 1.12 £ 0.08
0.98 £ 0.09 1.33 = 0.17 - 1.05 * 0.05
K
- - - 1.24 2 Q.22
1.11 %+ 0.07 1.58 £ 0.21 1.37 £ 0.13 1.16 * 0.05
P
- - - 1.14 = 0,19
1.00 + 0.02 1.11 %= 0.06 1.17 + 0.07 1.01 #+ 0.02
W
1.15 * 0.06 1.52 = 0.20 1.41 * 0.43 1.18 £ 0.04

The power o of the A dependence of the invariant dihadron production cross
section is given as a function of particle species for P < 2.1 GeV/c
(upper value) and for P, > 2.1 GeV/c (lower value in each box). h+

denotes all positive hadrons, b oall negative hadrons.
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2) An anomalous A-dependence is seen for those rare events pro-
duced when the pair has a large value of the nef. transverse
momentum P

3) The pairs involving heavy particles K and p tz2nd to have
larger values of o (PE has an especially large value, for
example).

This, so far, does not seem cl-ar as to what it implies fcr the pro-
duction mechanisms, but at least seems clear-cut experimentally. Unfor-
tunately, an experiment performed some time after this one tends to make
the picture less rather than more clear.

The apparatus and list of authors of the Purdue-Michigan-Fermilab
collaboration'? is shown in Figure 15. The apparatus is somewhat similar
to the one of the SB-F-C collaboration just described above; it has a
somewhat larger acceptance but a much lower intensity beam. The
experiment did not have the sensitivity to reach as high values of mass
or transverse momentum as the previous experimentlg, stopping at values
of mass just where the SB-F-C experiment begins.

In Figure 16 are shown the values of single particle A-dependence power
o as measured by this experiment, as well as those of the CP and SBFC
collaborations, All three experiments agree remarkably well.

However, in Figure 17 the power a for pair production is shown versus
the sum of the transverse momenta of the two particles in the pair (for
symmetric decays, remember, this is the mass of the pair). The data
start with o ~ 1.1 at a mass of just above 2 GeV, and o rises to be 1.2
or 50 at a mass of almost 5 GeV. The SBFC data, also shown, while they
do not overlap in mass range and hence cannot rigorously conflict, show no

sign of this rising trend.
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The values of a versus the difference of the transverse momenta as
measured by the FMF collaboration are shown in Figure 18. There is no
strong sign of the rise in ¢ observed by the SBFC group (compare the
righthand-most plot of the PMF collaboration, in which a is 1.2 over
the range 0 < pT' < 2 GeV/c, with Figure 14b.

Finally, how does the PMF atomic-weight dependence for pairs invol-
ving kaons and protons compare with that measured by SBFC? Figure 19
is a compendium from which the rzlative values of @ can be derived for the
various kinde of pairg. Shown are the fractioms of time a given type of
particle is observed for a given type of trigger particle. For example,
the upper left hand plot shows that the fraction of trime a positive hadron
in a pair is a proton when the other particle is an antiproton
is greater on a beryllium target than on a lead target. This implies
that a is smaller (!) for pE pairs than for, say ni pairs, ir direct
contradiction to the SBFC results.

To summarize the data of the PSM collaboratiom:

1) An anomalous A dependence is seen in the production of
large-mass palrs as a function of the mass of the pair,
over the region 2.4 < mpair < 4.8 GeV. The effective power

rises from 1.09 to 1.2.

2) An anomalous A dependence is seen at large mass, but it does
not depend strongly on the variable Ppe

3) The pairs involving kaons and protons tend to have smaller
values of a(especially ps).

Every one of the conclusions is contradictory to those derived from

the SBFC data 'n the higher mass region.
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So little fundamental has emerged from the study of hadron pair
production by hadron-nucleus collisions. The experimental data seem
contradictory, and there exist no clean predictions as to what ope would
expect in any case.

Happily there is a much clearer situation both experimentally and
theoretically in the production of muon pairs by hadrons. It is now well
established experimentally that this process is dominated by a process
called the Drell-Yan processlﬁn which an antiquark inside one nucleon
annih.lates a quark inside another nucleon. This process, as well as the
definitions of the relevant kinematic variables is shown in Figure 1.

A list of the dimuon experiments from which I will present results
is glven in Table III. The first of these experiments, by the Fermilab~
cclumbia-Hawaii-I1llinois zollaboration (FCHI)isutilized a large spectro~
meter built in the wide-band photon beam at Fermilab. For dimuon produc-
tion, however, the group removed a long deuterium filter used to purify
the beam of neutrons, and studied the muon pairs produced by neutron inter-
actions in thelr target.

The results of the FCHI experiment are shown in Figure 20. The power
of the atomic weight dependence (called Y instead of % vy these authors)
is shown versus wass in Fig. 20b for muon pairs which are not made by the
production of strongly interacting resonances. The power is seen to rise
steeply from values of 0.6 or so to about 0.9 at dimuon masses in the
several GeV range.

In fact, one would expect ¢ = 1.0 from the folklore of the quark
model if the mechanism for production of the muon pairs is the Drell-Yan

mechanism. Quarks with substantial momentum are expected to interact only



Table IIIL

Relevant Di-muon Experiments

Institutions Reference ZE Targets m @ Comments
including particle -
Fermilab, M. Binkley et al., |~24.5 GeV Be, Al, .75 (p,W) | .62+.03] Rises with mass
Columbia, PRL 37, 571 neutrons Cu, Pb .0 .93%.04
Hawaii, (1976) 3.2 W
Illinois
Chicago- D. Antreasyan et 27.4 Gev Be, Cu 9 GeV 1.03 | First high mass
Princeton (I)} al., PRL 39, 906 ®) * (t~0.3) measure—
(1977) 0.10 | ment
i
SUNY, D.M. Kaplan et al., | 27.4 GeV Be, Pt 5-12 GeV| 0.97
Fermilab, PRL 40, 435 (178) (p) +
Columbia .05
Chicago, K.J. Anderson et 20.5_GeV C, Cu, W 1-7 GeV 1.12 Rises with mass
Illinois, al., PRL 42, 944 m % up to l\l ~3
Princeton 979y — ) .05 U

-g0z~
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weakly in matter, and here the cross section should scale with the
number of quarks, i.e. as A'°®. The fact that the data does rise with
increasing mass (and thus in the Drell-Yan model increasing momentum of
the quarks) is hopeful.

Now if there did exist a compounent of the quark distribution which
shared the momentum of the whole nucleus as suggested by Krzywicki
and others, one would expect a large enhancement in the dimuon production
on heavy nuclci. The first experiment to measure a for very high mass
(~9 GeV) dimuon production was the Chicago—Princeton collaboration discussed
in Part I, who modified their apparatus in a dirty way to add another arm.
The result they measured was & = 1.03 £ .10. This result ruled out
simple collective effects of the type suggested by Krzywicki.

The SB-F-C collaborationiswith the muci: more sophisticated apparatus
previously shown in Fig. 15, has improved the CP results on & for high
mass dimuon production by protons, obtaining the value a = 0.97 * .05.
This Is in excellent agreement with the prediction of o = 1.0.

The situation with dimuon production by plons is less clear. A
Chicago-Illinois-Princeton collaboraciont7using the large Chicago cyclo-
tron spectrometer at Fermilab (Figure 21) has measured for both incoming
pions and protons. Figure 22 shows their data for incoming pions. They
find @ = 1.12 * .05. Their data for an incoming proton beam is shown in
Fig. 23 with the SB-F-C data. The proton data are consistent with a =1.
It is possible that the pion data really imply that a is different from
1.0 and that some new effect is operating. I think it is more likely that

o is 1 for pious as well.
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I would like to divide my conclusions into two types: 1) facts,
and 2) thoughts and hypotheses.
Facts
1) The single particle high Pr production data show a ‘'collective
effect.' For p production a tungsten nucleus has the equivalent
cross section of 1500 independent nucleons (!).
2) The double arm data seem inconsistent. At least one experiment
is wrong, or something very funny is going on.
3) The dimuon production data is consistent with an atomic weight

dependence of A'"" after an initial rise in @ at low mass.

Random Thoughts and Hypotheses (with apologies to anybody who feels

proprietary toward any of them)
1) Most of the cross sections discussed abtove are steep functions
of mass or the effective C.M. energy p,- They are thus very
sensitive to any process which can change any of these variables:
For example: a) multiple collisions of constituents;
b) components of the nucleus with high lateral momentum;
c) large mass components of the nucleus.
2) 'Fast' quarks don't interact strongly with the quarks in the
nucleus, so there is little absorption. The AZ/z dependence

! is the 'natural dependence of

comes from the slow ones, bu. A
processes: with large mass or pT‘ (See G.R. Farrar, Ref, 5.)
3) At smaller Py or smaller mass (less than several GeV) o is less
than 1. This 'turn~on' may be governed by how fast the quarks are.
4) For single particle production at high pT, the effect can be
explained -y multiple collisions of the quarks. All attempts

to explain it by letting secondary hadrons be formed in the

nucleus fail, because of the attenuation inside the nucleus.
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So how does all this relate to the question of whether or not to
build a machine to collide nuclei on nuclei? I feel that, while we don't
yet have a quantitative description of what goes om in hadron-rwcleus
collisions, all facts seem consistent with a picture in which large mass
or large momentum transfer collisions are governed by the scattering
or annihilation of objects much smaller than a nucleon. There secms
to be no evidence for the kind of collective effect in which one consti-
tuent shares the momentum of many nucleons. Hence the high energy physics
of searching for yet higher mass states or yet 'harder' collisions will
probably not benefit from very high energy nuclear-nuclear collisions.

‘e

But as Neils Bohr said, "It is very hard to predict, especially the future!

I would like to thank David Finley for help and discussion.
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The SBE-F-C group calls the sum of the transverse momenta m',

and the difference pT'. To remain consistent with their figures,
I will adopt their notation. The variables m' and pT' are some=
times called Pg (for sum) and Py (for difference) by the PFM group
(see Figures 17 and 18).

D. Finley et al., PRL 42, 1031 (1979) and the thesis of David
Finley (Purdue, 1978).

This should not be held against the authors--the experiment was de-
signed to find hadronically produced charm: A-dependence was a
(necessary) by-product.

S.D. Drell and T.M. Yan, Phys Rev Lett 25, 316 (1970). See also
C.S. Lam and Wu-ki Tung, Phys Rev D18, 2447 (1978).

M. Binkley et al., Phys Rev Lett 37, 571 (1976).

D.M. Kaplan et al., Phys Rev Lett 40, 435 (1978).

K.J. Anderson et al., PRL 42, 944 (1979).
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Figure Captions

1. Schematic representations of each of the three processes discussed
in the talk. The variables Pp (p1), is the component of the trans-
verse momentum perpendicular to the beam. For the pair experiments,
the mass of the pair m is approximately the sum of the individual
transverse momentum, and the Pr of the pair is the difference.

2. The specira for m production versus Pr in 200, 300, and 400 GeV
proton-proton collisions.

3. The single-arm spectrometer of the Chicago-Princeton collaboration.

4. The relative production of W per nucleus at transverse momentum of
3.8 GeV for tungsten (W), titanium (Ti), beryllium (Be), deuterium
(D) and hydrogen (H) targets. The cross section per nucleus has been
normalized to the cross section per W nucleus. The line shows a fit
of the form A” to all of the points except hydrogen. The error bars
include systematic errors.

5. The power o for m and at production on nuclei derived from fits of
the type shown in Figure 4. Note that the scale is split--the upper
half is for 7~ production, and the lower half is for ﬂ+. The lines
are drawn only to guide the eye, and are the same curve to show the
similarity of n+ and ¥ atomic weight dependence.

6. The relative production of protons (antiprotons) to that of pions for
proton-proton, proton-beryllium and proton-tungsten targets. The
increasing production of the heavier particles with atomic weight
is clear at large values of the transverse momentum.

7. A plot of the particle ratios versus atomic weight A at a Pr of 3.85

GeV/c. The lines are fits (excluding hydrogen) of the form AAa(pT).
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The values of the differerce c'-p - “n derived from the particle

ratios, versus at 300 GeV/c. The lines are drawn to guide the
Pr

eye.
The values of the difference Og - aﬂ derived from the particle

ratios, versus Pr at 400 GeV/c. The lines are drawn to guide the cye.
The power o of the A dependence of the invariant cross section versus

Pr for the production of hadroms by 400-GeV protons; (a) w+, (b) n—,

() K%, (@) X", (e) p, and (f) p. Unless indicated, the errors

are smaller than or equal to the size of the points.

The double-arm spectromecrer of the SB-C-F collaborationm.

The cross—-section for producing a pair of hadrons. The cross section

is plotted versus the scaling variable Xt = m'//g, where m' is the mass
of the pair, and /5 is the total energy in the center of mass.

The cross section for producing a pair of hadrons at a value of pT',

the difference in the two transverse momenta. The data have been
separated into intervals of mass.

a) The power a of the atomic weight dependence versus the mass (actually
the sum of the transverse momenta) of the pair. Note that the data

are consistent with a value »f 1.0,

b) The power a of the atomic weight dependence versus the Pr of the
pair. The single arm results of the SBCF and CP collaborations are

also plotted.

The double-arm spectrometer of the Purdue-Michigan-Fermilab collaboratiom.

The values for o for single particle production as measured by both

double-arm experiments and the CP collaboration.
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The power o for pair production as measured by the PMF
collaboration versus mass. The SB~F-C measurements are also

shown.

The values of a for pair production as measured by the PMF colla-
boration versus the Pr of the pair., Remember Pg is the sum of

the transverse momenta of the two hadrons, and is close to the mass
of the pair.

This nigh-incomprehensible plot shows the fraction each type of
particle subsumes when the other arm detects the trigger particle
listed on the ordinate. For example, the top left plot shows the
fraction of time a positive hadron is a proton for p, K+. ﬂ+, P, K,
and triggers, for both beryllium and lead targets.

The power o (here called Yy by the authors) as measured by the

FCHI collaboration for dimuon production by neutrons: a) is for
the strongly-produced resonances p and w, and the J, b) is for
non~rasonant pairs.

The Chicago cyclotron spectrometer used in the CIP experiments on
dimuon production.

The values for a for dimuon production by incident pions as measured
by the CIP collaboration.

The values for o for diumon production by -Iincident protons. Also

shown are the SB-F-C measurements.
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ASTROPHYSICS PERSPECTIVES ON HIGH-ENERGY
NUCLEUS-NUCLEUS COLLISIONS
D.N. Schramm, Matt Crawford.and Keith A. Olive
University of Chicago
The purpose of this talk is to review various implications
of high -energy heavy ion collisions on astrophysics problems. The
possible implications fall into four specific astrophysics problems:
1. cosmic ray propagation and calibration studies
2. equation of state of neutron star matter and the maximum
mass of a pneutron star
3. equation of state of collapsing stellar matter and the origin
of black holes, neutron stars and supernovae
4, the quark-hadron phase transition in the early universe and
the possible role it may play in generating fluctuations in
the universe.
This talk will not present a detailed set of references on each topic
but will instead try to present a discursive overview with referencing
primarily to reviews rather than to primary source material. The first
problem mentioned above is already an on-going program at LBL and,
as such, does not need to be expanded upon here. The point is that
heavy ion reactions at high energies can duplicate those reactions
which take place in interstellar space as cosmic rays propagafe from
their sowrces to their detection near earth. Thus understanding these
reactions can enable cosmic ray physicists to have a better chance
of removing propagation effects and determine the implied source com-
position. This in turn can be used to understand the origin of the

wosmic rays and the detailed nature of the sources. Another related
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application is the use of high energy heavy ion accelerators

to calibrate the cosmic ray detection equipment which is to be flown
in satellites, balloons, etc. Such calibrations are an absolute
necessity for interpreting results of isotopic composition experiments.
John Simpson is currently preparing a detailed review of the subject
of the isotopic composition of cosmic rays and the roles of both
spallative studies and calibration will be explicity developed and
referenced there. This problem will primarily be concentrated on

the latter three subjects. There will be a section dealing with cold
neutron matter and its equation of state. This problem has long
been central to the study of neutron stars and has not yet been re-
solved in a satisfactory manner. Py probing nuclear matter at high
energies and at densities much greater than nuclear density one could
learn something about this equation of state. For further details

on this subject see ref. 2.and references therein.

The next section will discuss the related but different problem
of the equation of state of hot, dense nuclear matter. This is rele-
vant to collapsing stellar matter and the problem of forming a neutron
star or a black hole and ejecting the outer part of the star im a
supernova explosion. Aspects of this problem are reviewed by Lattimer
and Brow'n3 and Freedman, Schramm and Tubbsu.

Another section will discuss the relevence of heavy-ion physics
on two current problems in the early universe: the spectrum of particles
produced by the gquark~hadron phase transition and the possible genera-
tion of pre-galactic density fluctuations by this same transition. It
is expected that the spectrum of particles produced in relativistic

heavy ion collisions may be related to that produced in the early
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universe. This spectrum may have features indicative of the quark
matter phase, The density fluctuations might result from the details

of the color force between quarks.

Maximum Mass of Neutron Stars

The maximum mass of neutron stars is an important question in
resolving the existence of black holes. For example let's look at
Cygnus X-1 which is a compact object. It's known to be a compact
object since it's emitting x-rays, and it's in a binary system so we
can get estimates of its mass. We determine that its mass is much
larger than the probable miximum mass of a neutron star, and therefore
the indication is that in Cygnus X-1 there is a black hole. The key
point, however, is whether it is truly more massive than any neutron
star could be. If one could make a massive neutron star, one could
explain the observation. Thus it is very important to know what is
the maximum mass of neutron stars in order to establish the existence
of black holes.

The well known Oppenheimer-Vélkov limit from the .date 1830's,
which uses non-interacting point neutrons gives a maximum mass of 0.7
solar masses. However, we know from x-ray binaries (for example, the
work of Joss and Rappaport) that there are x-ray binary stars that
contain neutron stars with masses of the order of 1.5 solar masses.
So we do know that neutron stars exist with masses significantly
bigger than the Oppenheimer-Volkov mass. We clearly must worry about
the nucleon-nucleon interaction, as of course would be expected. 1In
fact, from the x-ray observations any equation of state that yields

a maximum mass less than 1.5 solar masses is outlawed. The equation
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of state must have a sufficiently repulsive core to enable the maximum
mass to be greater than 1.5 solar masses.

Another question is, as long as one has the maximum mass for a
neutron star greater than 1.5, can one really tell anything more about
it from cbservations? It may be that all neutron stars actually form
with a mass of 1.5 because of stellar evolution and nuclear physics
has nothing to do with it. If the maximum mass that can be supported
by nuclear matter is 1.5 solar massesor greater, and if stellar evolu-
tion always produces 1.5 solar mass neutron stars, then one really
is not able to probe what is the true maximum mass from observations
of the stars. To know anything about that, one would have to try to
attack it from the fundamental nucleon-nucleon interaction point of
view rather than with the astrophysical observations metioned above.
The best current calculations using state-of-the-art physics give a
maximum mass for neutron stars of about 2 solar masses (see review
by Gordon Baym and Chris Pethick).

When one examines the structure of a neutron star, the outer
surface is a crust of iron, which has the maximum binding energy per
nucleon. The crust consists of free nuclei and electrons. Toward
the inner part of the crust, onestarts to get some neutronization.

As one moves further in, the neutrons and protons become a liquid,
possibly even a superfluid, in the mantle region of a neutron star.

The critical factor that affects this maximum mass is the equation of
state in the very central regions. In the central region one is getting
to § to 10 times nuclear density. Various hypotheses have been advanced.
For example, people have worried about pion condensations and how that

may affect the equation of state. They have also worried about the
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superfluidity of the peutron-proton fluid and the effect of hyperonic
matter on the equation of state as the Fermi potential gets sufficiently
high so that the neutron plus pion systems are driven into various
hyperons (A's, A's} I's) and how that affects the equation of state.

The actual Fformation of a solid neutron lattice is another possibility
that people have considered. This question has really not been resolved
and is still being debated. If one could probe these very dense states
in heavy ion collisions, one might be able to get some indications of
what is occurring here. Theré's also the question of whether there
would ever be a high enough density in the center of a neutron star,

to create quark matter, Lee-Wick matter or some density isomer. It
seems unlikely that it would be dense enough for quark matter,

because for quark matter to be produced one needs densities of 1016
gm/cms. The central densities in all the typical calculations are
ncver much above 1015 gm/cma. Therefore, it is probably true that with
a neutron star one cannot really probe the quark matter situation. It
should also be remembered that quarks do seem to interact like point
particles and thus their maximum mass would be more like the 0.7 Mo
Oppenheimer-Volkov mass than the 2 Hg neutron star maximum mass,.
Therefore any collapsing star with a mass greater than the neutron

star mass would not be stopped at the gquark star state.
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Black Hole and Neutron Star Formation and Supernovae

We will now discuss the mechanisms for making a neutron star.
A star starts out its evolution as hydrogen, the hydrogen then burns
to form a helium core. At the temperatures of burning hydrogen, helium
is inert so the helium core begins to collapse until its central tem-
perature is sufficiently highthat it can burn. It will then burn to

carbon. For a massive star this sequence goes until there is an iron

core surrounded by burning shells of 2851, 160, 2ONe, 12C, uHe and H.

There are actually other alpha particle nuclei mixed in as well, those
listed are the primary ones. This work has been done by a number of
people.with the current state-of-the-art calculation being that of
Tom Weaver, Stan Woosley and Art Zimmerman5 at Livermore.

The previous scenario applies for any star bigger than about 8 * 2
solar masses. Lower mass stars end up having their evolution stcpped
long before they form this complete onion skin medel, because a core
is developed that is supported by degenerate electron pressure and
not able to collapse further. What limits the size of the core is
the Chandrasekhar mass (1.4 solar masses), the amount of mass that
can be supported by degenerate electrons. Because of mass loss and
other details, the lowest mass star that will complete the sequence
going all the way to a 1.4 solar masses Fe-Ni core has about 8 solar
masses. Once more than 1.4 solar masses of silicon have burned the
electron pressure no longer is able to support the core.and it will
begin to-collapse. Unlike all the previous stages of collapse there
is now no thermonuclear energy available to halt the collapse. There-
fore, this is the final configuration before some sort of catastrophic

event will happen to the star.
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The density of the central region, iron-nickel core, is about
1010 gm/cm3 at the start of core collapse. The densities drop off
with the silicon shell, oxygen shell, and so on being at significantly
lower densities., The more massive stars will tend to have much more
material in the oxygen, neon, and carbon zones, Whereas tha lower
mass stars (nearer the 3 solar masses boundary) will have very thin
oxygen, neon and carbon zones and a larger fraction of its material
in the helium zone. This is the reason whv '.Le more massive star will
tend to eject large amounts of heavy elements when it blows up,
whereas a lower mass star, although it's making some heavy elements,
has a relatively small fraction of heavy elements other than helium,
and therefore will eject primarily helium and its hydrogen envelope.
Thus there is a gradient in the amount of heavy elements ejected
in these different stars. While different mass stars all made heavy
elements and will eject them in a supernova explosion, they will do so
in relatively different ratios.

We have the following scenario for the future of the iron-nickel
ccre: Since there is no further nuclear energy available to prevent
the collapse, the iron is not able to stop the star's collapse like
the previous nuclear burning stages were able tc do. The silicon
burning has added to the mass of the iron core so that it is above
1.4 solar masses, and degenerate electron pressure can no longer support
it. We also have sufficiently high density so that the Fermi energy
is above the threshold for electron capture. This means electrons
are being captured by protons, neutronizing the materizl. In fact,
it's not the free protons but the complex nuclei that are undergoing
electron capture, and emitting neutrinos. Electron capture is pulling

away the electrons which were providing the pressure support, thus
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decreasing the pressure support making the collapse go even faster.
The temperature is also sufficiently high to permit electron-positron
pair annihilation and related processes, producing neutrinos, The
density is so high that photons cannot escape. Although there is

a constant interchange of electron-positron annihilation to photons,
the photons are trapped, but every now and then by the ratio of the
weak to electromagnetic interaction, a neutrino pair is produced.
Because of the effect of the neutral current, all types of neutrino
nairs, not just electron neutrino pairs are produced. These neutrinos
do escape, at least in the first stages of this collapse. As a result,
the star is being cooled and the pressure is further reduced.

Another fact to be taken into account is that at these temperatures
iron is excited. This point is one that Gerry Brown, Jim Lattimer and
Hans Bethe have recently been emphasizing. A few years ago it was
thiwught that a lot of energy goes into photodisintegration rather than
excitation in which case the iron would break down into free rneutrons
and protons. In fact, what probably occurs is just nuclear excitation.
Because of cooling, the temperature does not seem to be high enough to
completely break down the iron. Instead, there is nuclear excitation
of the iron.

One aspect of this process is that the free nucleon gas is not
there to stop the collapse. If the iron was broken down into free
neutrons the free neutron gas would have Y = 5/3 as opposed to the
electron gas which has ¥ = 4/3., In that case the collapse would be
stopped beca - ie the pressure would get stiffer. WNow we recognize
that the nucleons stay in complex nuclei, and since there are very

few complex nuclei since the nucleons are then in bundles of 60, the
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pressure is still always dominated by the electron pressure, which is
ay = 4/3 relativistic gas. This is true until the iron starts to
actually bump info other iron nuclei. Thus there is a soft equation of
state all the way down to nuclear densities. For this reason it is
thought that we should now focus on what happens at and above nuclear
densities, as far as the future of the problem is concerned. Whereas
just a few years ago we thought the collapse would stop long before
nuclear densities.

Following the hydrodynamic situation in different zones of a star.
(a number of people have dore these calculations, including Jim Wilson
and Dave Arnett), one sees zones collapsing ur .1 a transition from
densities mu:h less than nuclear densities where the pr.ssure is domi-
nated by leptons, both the electrons and the neutrinc. and a soft equa-
tion of state, until the density surpasses nuclzar density anc¢ nucleon-
nucleon interactions begin. At this point, Y > 4/3, and there is a
sudden stifferning, as Bethe, Brown, Applegate, and Lattimer have
pointed out. Because of the sudden stiffening of the equation of
state, the materia. then feels a bounce.

Now, depending upon what is bouncing, whether it's a whole core
bouncing with new ma~erial falling in on the core that bounces off of
the stable core, or whether it's a core oscillating, one gets varicus
scenarios, and that all depends on the equation of state. One may
get a core bounce and a shock wave that propagates so that as it
moves out it eventually starts to steepen and drive off the outer ma-
terial while allowing the inner material to fall down to become a neu-
tron star. In such a scenario there is some sort of mass cut between

the material that gets shocked and ejected and the material that falls

in to make a neutron star,
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High energy heavy ion experiments will hopefully probe the com-
pressibility of nuclear matter at densities beyond that of normal
nuclei. These are regions which effect the hydrodynamic bounce and
determine whether or not mass is ejected and whether one forms 2
neutron star or a black hole.

In addition to the direct effects of the nuclear equation of
state there is also a dependence on the neutrinos. They are the domi-
nant way in which energy is emitted from the star. The neuvtrinos are
trapped above v 1012 gm/cma, that is they have to diffuse out rather
than stream out. The neutrinos that diffuse out may actuvally help
eject matter, They may cause a pressure build-up and help eject
the citer layers. However because there's so much uncertainty in
the equation of state, it's not clear what role the neutrinos really
play. It is apparent that at the present time uncertainties in the
equation of state are much bigger than uncertainties in the neutrino
interaction physics and, a@s a result, changes in the equation of
state can dominate the effects much more than the slight difference
obtained from neutrino pressure or non-pressure,

Neutrinos provide another interesting observable which may have
a feevack back on the system. This is the neutrino photosphere.

By taking cross-sections and typical energies one finds that the
neutrinos may stream out freely from the photosphere at densities
below 1011 gm/cma. At densities from 1011 - 1012 gm/cm3 the neutrinos
start to scatter and above 10123m/cm3 th.ey are completely trapped.

In order for the star to collapuc to a neutron star, 1053 ergs of
gravitational binding energy must be released. This energy must be

carried off in the form of neutrinos. Perhaps some of the energy
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might be released in the form of gravitational radiation if you have
non-spherical modes. However, even in calculations that maximize
the gravitational energy, you never get more that 1% of the binding
energy off in gravitational radiation. The bulk of it always comes
off in neutrinos.

These energetic arguments concern the binding energy of the neutron
star, 1053 ergs, that has to escape to make a neutron star. The
energy of a supernova is only 1051 ergs. The dynamics, from looking
at the mass motion, is only a percent of this total binding energy.
Therefore, one's only tapping onto a very small fraction of the
binding energy to make the supernova outburst. We also ;;ow that 1057
electron neutrinos must escape: The star starts out with roughly
half protons and almost all those protons are eventually going to
become neutrons. Thus 1057 electron capture neutrinos must escape
which is about 1052 ergs. But remember, 1052 is still only 10% of
total binding energy, so the bulk of the binding energy is really
going to come off in neutrino pairs, not only electron-neutrino pairs
but also muon-neutrino pairs, tau-neutrino pairs, etc,

There are detectors now operating, in particular the Ken Lande
detector in the Homestake goldmine which is about 500 cubic meters.
of water, capable of seeing 10 MeV neutrino from even a 1052 erg
event anyplace in our galaxy. If a collapse did occur in our galaxy,
Lande should be able to see it and get the neutrino signature which
might give us more information on the nuclear equation.of state. It
is-even conceivable that the neutrino spectrur from neutron star forma-
iion will differ from that produced in black hole formation since

the black hole may trap the meutrinos before they diffuse out.
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The Early Universe

It is fairly certain that the universe started out hot and dense.
This idea is supported in several ways.

The first observation suggesting an expanding universe was the
discovery by Hubble of the recession of galaxies, The 3K background
radiation discovered by Penzias and Wilson tells us that the universe
once had a temp ..-ature 2 105 K, the temperature at which rhotons
decouple from matter. In €act, this radiation was predicted by
George Gamov as a necessity of the occurrence of nuclear reactions
in the early universe. From that argument alone one knows that the
temperature was probably greater than 109 K. In fact, the nuclear
reactions and the radiation are very closely coupled arguments.

They cun be made more quantitative by noting that the present helium
abundance o f about 25% by mass throughout the universe shows that

the big bang nucleosynthesis model is very sucessful. We know not
only that nuclear reactions occurred, but we also have a quantitative
understanding of the reactions that did occur, and that understanding
goes hack to temperatures of 1010 K. Since there is no other way

of understanding why one-fourth of the mass of the universe is in
helium if it did not come out of the big bang we are fairly confident
that the universe was at one time hotter that 1010 K.

Having reasonably assured ourselves that the Universe has evolved
from a very hot and dense era, the next question we may ask is:
at what point in our extrapolation to higher temperatures and densities
do we encouter a physically different state of matter than we have
explored, to date, in the iabcratory. Such a transition will occur

when hadrons merge to form a soup of quarks and gluons. We expect
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such a stage to have occurred due to the finite size of hadrons.
At very high densities, hadrons begin to overlap and eventually
lose meaning as individual particles. We may then refer to the
universe as being a quark-gluon fluid. It is expected that this
transition occurs when the total number density of hadrons is 2
10 ng (n° =~0.17/fm3).

Wagoner and Steigman have argued that the transition must have
occurred at a temperature between 170 f.Tc < 360 MeV, where 'l'c is
the condensation temperature for quarks going into hadrons. These
arguments are based solely on 1) the physical size of hadrons and
their geometry and 2) the QCD potential at very short distances. If
we further assume that the transi:ion in the early universe took
place adiabatically and as a second order phase transition, the con-
densation temperature is found to be 207 MeV, which is consistent
with the arguments of Wagoner and Steigman. This temperature corresponds
to a number density of = 13 for hadrons.

The assumption that the transition occurs as a second order phase
transition is not unreasonable for the ~<.rly universe, however as
we will see, when one considers the transition occurring in a heavy
ion collision this assumption is no longer valid. In the early
upiverse, we expect the transition to have occurred gradually and
reversibly in addition to requiring that the total entropy remain
constant throughout the transition. Furthermore we have neglected the
baryonic chemical potential, since ng - n§>/nY = 10_9, where nB’i“Y
are the number densitites of baryons, antibaryons and photons respec-

tively. This point will be made clear indiscussing the transition in

heavy ion collisions, where we can no longer neglect the baryonic
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chemical potential.

Having determined the condensation temperature, Tc, it is now pos-
sible to predict the spectrum of hadrons which emerges from the con-
densation of quarks into hadrons as the universe expands. It should
be noted that of the six quarks, u, d, s, c, b, t only u, d and s were
of sufficient abundance at this time in the universe to generate
hacrons. Due to their mass and the low condensation temperature the
abundances of ¢, b, t.are greatly reduced by a Boltzman factor
exp[-mQ/ch]. Thus we expect only hadrons composed of u, d, s quarks
to sppear in the spectrum.

The hadron spectrum following the transition is found by examining
the total number density of hadrons at Tc. The most abundant particles
emerging from the transition and their relative percent abundances
are: nucleons (3.6}, A (1232) (4.9), w 15.0, p (770) (7.5), K (495)
(8.1), X* (892) (6.5). The large abundances of A, p and K* are mainly
due to their statistical weight. As the universe continues to cool,
however, these particles will annihilate and decay leaving only the
lighter hadrons present. TFor example, within 20 u sec after the transi-
tion the abundance of pions is already 50%. As the temperature drops
further, the pions will disappear leaving only a very small amount of
nucleons. (This is due to the small excess of baryons over antibaryons,

otherwise the entire hadron spectrum would have disappeared when T £
50 MeV.)
A heavy ion collision experiment can be proposed to test this
model of the quark-hadron transition. Such an experiment may in fact
6,7,8

yield a signature for quark matter. Using the nuclear fireball model * "’

for heavy ion coilisions, it is expected that a region of quark matter
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may exist temporarily in a collision of sufficieutly high energy.

However, there are two major differences between the transi-
tion in the Big Baing and a heavy ion collision. These are: 1) the
net baryon number of the system and 2) the effect of surface radia-
tion in the fireballg’lo. As we have said, the net baryon number in
the Big Bang is quite negligible, while in a heavy ion cellision this
is no longer the case. For a typical collision of 2 Ne on uranium,
the net baryon number NB = 60 compared to a total number of particles
in the firebail of about 400. Thus in computing the spectrum of
hadrons formed in the transition the baryon chemical potential must
be considered. The effect-of surface radiation is not quite as ob-
vious. 1In the Big Bang it is obviously not relevant since one has
a near infinite fluid. For our purposes we will neglect this correc-
tion as it should not affect the qualitative existence of a quark
signature.

Because of the large net baryon number in the fireball, we can no
longer assume a second-order phase transition. This point can be

made obvious by examining the total entropy of the system. In general

the entropy is given by

_ . ap au
S = V3 - Ngr

where V, P, N, U represent the volume, pressure, number of particles
and the chemical potential of the system. Since the chemical potential
of the quark and hadron phases have different dependences on the
temperature, one might expect a chage in the entropy (a latent heat)

during the transition.
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The signature of the quark matter is found by examining the
spectrum of hadrons emerging from the collision at various energies
(or fireball temperatures). If a transition occurs, there should be
no difference In the spectrum at temperatures greater than Tc. Since
we do not expect to see any isolated quarks in the spectrum, the
fireball will always cool down to the condensation temperature
before any particles appear in the spectrum (neglecting surface effects).
Thus the spectrum as a function of the fireball temperature should
remain constant at temperatures greater than TC.

1f no transitiom occurs, the ratio of antibaryons to baryons in
the spectrum should approach unity as the fireb211 temperature is
increased. In addition, the relative abundance -of pions should steadily
decreas: The reason for these effects is simply that at higher tempera-
tures, more baryon particle-antiparticle pairs will be produced and
will eventually overshadow the net number of baryons. The relative
number of pions seen will decrease, since more of the higher resonance
mesons will be produced. Thus by comparing the ratio of antinucleons
tonuclecns and chundances of pions at various energies, one should be
able to determine whether or not a transition occurred.

For a 20Ne on uranium collision, it is found that a fireball
temperature of at least 1B0 MeV, corresponding to an incoming laboratory
energy of about 11 GeV/nucleon, is necessary to reach the quark phase.

It is hoped that such laboratory enerzies may be produced in heavy

ion accelerators which are now being planned, in order to further

confirm the existenceof quark matter and to obtain a greater understanding
of the Big Bang model.of ‘the early universe.

Another current problem in cosmology is the guestion, where do
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galaxies come from? In fact we know that on very large scales,
the universe appears to be very homogeneous and isotropic. The average

30 gm/cma.

density of the universe is someplace between 10"31 and 10~
Yet the local average density if 1 gm/cma; so it's clear that the uni-
verse is not completely homogeneous and isotropic; there are large
variations in density. And the question is why? Why did we have

these fluctuations that ended up producing stars, galaxies, planets,
people, etc., To make galaxies, one needs some sort of fluctuation,

and it has to be of sufficient amplitude to become gravitationally

bound so that that fluctuation remains even though the universe is
expanding to lower densities.

The fluctuations must be bound at 2 particular time. The reason
is this: the universe is drulinated by radiation early in its history,
gravitational contraction cannot occur. Galaxies cannot form. So the
universe had to have a fluctuation that had grown in amplitude suffi~
ciently to make a bound fluctuation :fter the universe was no longer
radiation dominated, and also after recombination, after the time
the photons freely propagated. We do know that the 3° radiation
is relatively uniform and isotropic, so sometime after that recombina-
tion there had to have been a fluctuation of the matter density that
was sufficient to be a bound fluctuation. The question is, where do
these fluctuations come from? What is their origin? What some
people have dome in trying to make galxies is to assume some sort of
arbitrary spectrum of primordial fluctuations coming out of the big
bang singularity. A major goal of other people has been to find a
mechanism for the production of these fluctuations after the singularity.

One such process we are very interestediinis this quark-hadron phase
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transition. Could what happens at the phase transition be of a nature
that might stimulate clustering of some sort, some sort of fluctuation?

Remember this phase transition is from a quark soup to lower
densities at which hadrons are formed. Current ideas on quark confine-
ment tell us that the quark-quark color interaction is stronger the
farther apart the quarks are. Therefore as 3 quarks are removed
from the quark soup to make a baryon, it may be that this lower quark
density site is maximally unstable to further hadron condensation.

In addition, the removing of a triplet of quarks reduces the Debye-
color screening of the remaining quarks in the vicinity and thus enables
those particular quarks to have longer range interactions. It thus
seems that the quark-hadron phase transition may be unstable to the
growth of density fluctuations.

Could this kind of fluctuation that occurs here lead to clustering
of any kind? Is this unstable to seeds stimulating the transition
locally rather than uniformly passing to the hadron state? This
question of what goes on during the transition is very critiecal, and
one hopes that this might be able to answer the galaxy formation
question. (It may be very wishful thinking.)} When one is doing a
heavy ion experiment, going to very high energies, one is traversing
this transition both ways because one is starting with hadrons,
banging them together into a quark soup temporarily, and then they re-
emerge. There is an important difference between the early universe
and the heavy nucleus collisions. In the early universe, the transi-
tion region is unbounded, while in a heavy nucleus collision there is
a central region that may be quark soup but there's also a region where

the quark interactions may proceed quite differently. This transition
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problem is a difficult one but an important one.

One other possible effect of the quark-hadron phase transition
is the generation of entropy as a result of the quarks possibly radiating
some binding energy as they condense into hadrons. Lasher11 has
utilized this to try to generate the entire entropy per baryon of
the universe. We personally feel his mechanism requires an unphysically
large separation of quarks prior to condensation and is thus unreason-
able, however there nevertheless may be some smaller amount of free

enrgy so generated with the bulk still coming from the hot initial

early universe conditions.

Summary

In summary let us repeat that the use of ultra-high energy, heavy
ion collisions may probe nuclear matter properties above nuclear
matter densities; and such knowledge is fundamental to the understanding
of neutron stars, supernovae, and the big bang; and it may even be re-
lated to the origin of galaxies and perhaps the origin of the entropy
of the universe.

This work was supported in part by NSF grant AST 78-20402 and

NASA grant NSG 7212 and K.O."s Fannie and John Hertz Foundation Fellow-

ship.
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NUCLEAR PHYSICS PERSPECTIVES ON HIGH-ENERGY NUCLEAR COLLISIONS*

Herman Feshbach
Massachusetts Institute of Technology

My crystal ball is not sufficiently clear for me to pre-
dict the nuclear effects which will play a dominant role when
ultra-relativistic heavy ions collide with nuclei. New and un-
expected effects will surely occur but whether these will reveal
new and striking information regarding the structure of nuclei
and their interaction is of course not certain. Whatever they
may be, it is essential that we understand the effects we can
predict now so that the unusual will become more clearly visible,
in this way increasing the signal to noise ratio. It is thus
important to identify the sources of "noise” and to evaluate
their consequences carefully.

In this talk I shall consider two such classes of phenomena.
In the first the prediction of heavy ion reacticns in terms of
the reactions induced by a single nucleon will be considered.

The deviation of such a prediction from experiment would indicate
the presence of new phenomena whicn are present because of the
structure of the incident heavy ion. It would tell us that it

is not possible to regard the latter as a simple collection of
nucleons which "happen to be travelling together”.

Suppose the :7 matrix for a nucleon-nuclear reaction is
given by,] nT‘ElK'; where k' is the momentum of the incident
nucleon and Xk represents the momenta and other variables re-
quired to describe the emitted system. Moreover suppose that
the incident projectile consists of a set of nucleons whose

momantum distribution relative to the projectile center of mass

*
This work is supported in part through funds provided by the
U.S. DEPARTMENT OF ENERGY (DOE) under contract EY-76-C-02-3069.
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is pP(K). Then the .J matrix for the projectile-nucleon col-~
1ision~jéT(§ ip) where ﬁp is the momentum of the projectile is

given approximately by

7 —

I (EIG) = A, fal:‘?ﬁ,(:?).z‘rfkli*;) w0

r

In most applications]nT is taken as clcsely as possible from
experimental data. This e.ipression assumes that the incident
projectile is just a collection of incident nucleons. It will
fail if correlations in the projectile before and after thke
collision are important. If there is any domain where it is
correct it would be for relatively small energy and momentum
changes.

&n expression similar to Eq. (1) but valid in another do-
main can be developed by going to the projectile frame of refe-
rence in which the incident system is the target. In this
frame one can in complete parallel to Egq. (l) write

”
Tor 2 A, J42£DT, (RI34E) @
where_] Pn is the nucleon-projectile :7 matrix. Small energy
losses and small momentum changes in the projectile frame will
of course transform to a domain which differs from that in which
Eqg. (1)} is possible valid.

Essentially *he above method has been used at relativistic
energies by Papp et al.[1l] to predict pion production while

Shaeffer et al.[2] and Viollier[3] have used the method for
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elastic and inelastic alpha particle scattering by nuclei.
Corrections to Eq. (1) and Egq. (2) have been derived{4l, but
need evaluation. Casczde calculations[5] which have also been
moderately successful refer the the nuc’ 2on~nucleus collision
back to the nucleon-nucleon collision.

With this background, we turn to the ultra-relativistic
domain and ask what is known with regard to the proton-nuclear
collision. As we shall see the phenomena which have been demon-
strated so far are unexpected and unusual. In Figure 1 the
average energy of a S~ fragment formed in a p+U collision is
plotted as a function of the proton energy[6]. We see that as
the proton energy increases the fragment energy decreases, even-—
tually approaching an asymptotic constant value after about
10 GeV. This is the opposite of what happens at lower energies.
The angular distribution[7] is similarly anomalous. As indica-
ted by Figure 2, giving the ratio of the forwara (F) to back-
ward production the angular distribut.on becomes increasingly
peaked as the proton energv increases up to roughly 3 GeV. Be-
yond that energy the angular distribution becomes more isotropic,
F/B approaching unity at Fermi Lab energies. More detail is
provided by the experiments of Remsberg and Perry{€] for 28 Gev
protons colliding with U or Au. BAs can be seen from Figure 3,
the angular distribution is rather flat with a maximum in the
laboratory frame at about 70°.

These experimental results strongly imply that in the col-

lision of the incident proton with the target nucleon energy
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and momentum are being transferred to the nuclear degrees of
freedom in increasingly smaller amounts as the proton energy
increases pngsibly tending to constant values at sufficiently
high energies. Rather, and this is of course a guess, it is
the interanal degrees of freedom of the nucleon that are excited
by the collision and that excitation is only partially trans-
ferred to the nucleons of the target in the form of kinetic
energy.

Another phenomenon, which has been discussed extensively
at this meeting, with a conclusion identical to that given just
above, has been observed at large proton energies. It is by
no means assured that it and those given above have identical
cause, that of hadron e¢xcitation. But as a tentative hypothe-
sis we shall assume that to be the case. I refer to the measure-
ment of multiplicity of high energy (v/c>0.”)charge particle
production. Some typical data[9] are shown in Figure 4 and in
Table I[10). These measurements demonstrate that the number of
such particles increases very slowly with increasing mass number.
No cascading is indicated showing that+ little energy is deposited
inside the nucleus. Empirically the multiplicity ratio, R, of
the multip’“city in a collision of a hadron with a nucleus to

that of a collision with hydrogen is given by
R = 1+ £(Y-0 (3)

where -* is the mean number o. collisions of the incident hadron.
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The current explanation (see for example Gottfried[11])
begins with the presumption that upon the collision of the in-
cident hadron with a nucleon of the target nucleus, both are
excited. The wave function for the system can then be decomposed
into a linear combination of states each with its own lifetime
T, for decay into the hadrons and a number of secondary parti-
cles, generally pions. This lifetime is given in the rest
frame. In the laboratory frame, the lifetime is (E/m)-r0 where
E is the kinetic energy of the system with lifetime T, as
formed in the collision and m is its rest mass.

Because of this time dilatation, the lifetime of the ex~
cited hadron in the laboratory may be sc long that it does not
Gecay inside the nucleus but outside the nucleus. Naturally
these external decays are more likely to be associated with the
fast, that is, leading hadron.

The critical length is the mean free path, A, of the in-
cident hadron. If Ccr is greater than A, the excited hadron
will not have dzcayed before it has its second collision, upon
which the decay will be halted and the excited hadron state
will be reconstituted. Under these circumstances, ct1>) then,
the excited hadron will pass through the nucleus without de-
caying, emitting a number of pions, for example, after it has
left the nucleus. Eguation (3} can be obtained if one assumes
that on each collision a component which decays outside the
nucleus is generated with average energy E® with multiplizity

log E® with a=X.
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A rough value of the hadron energy at whicsh this phenomenon
becomes dominant is estimateu as follows. We assume that the
excited system is at rest in the center of mass frame of the
incident proton and target nucleus nucleon. Taking the mass

to be the proton mass, then the excited hadron energy, E, is
E/m = Jéo, jim ()
and the corresponding laboratory lifetime, T, is

T = .}EL.,/M 7, (5)

The critical value of ELab is determined by the inequality

CT >
Placing et equal to 1 fm and A equal ‘.o 2 fm yields ELab equal
to 7.5 Gev, whick + .. the correct order of magnitude. This
regult is suggestive only. It indicates that the explanation
of the phenomena picture in Figures 1,2,3 may be the same as
that uged to explain the multiplicity ratio R. Obviously much
more work has to be done to confirm this possiblity. A more
detailed quantitative theory must be developed, and many more
experiments are needed.

"he question may be asked as to the impact on the target
nucleus. The transverse momentum transfer is thought to be
small[l12]. Elastic scattering experiments indicate values of
the order of 300 MeV,’c. The longitudinal momentum tranusfer in
elastic scattering is consequently also small. If this were the

case in production reactions as well, the incident nucleon in
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its passage through the nucleus would tr-onsfer roughly 100 MeV
to each nucleon it encounters so that the collision with the
nucleus would be relatively gentle. A rough estimate of the
lor7itudinal momentum transfer indicates it to be between

.500 GeV/c to 1.0 GeV/c. However there 3re models that do not
follow the Gottfried description. These predict that the inci-
dent nucleon would drill a hole through the target nucleus.
Clearly we need some experiments to settle this issue.

A second class of predictable reactions are those genera-
ted by peripheral collisions. Peripheral collisions generally
involve the action of the "fringing" Coulomb and nuclear field
of the target on the projectile or vice versa. The cross-section
for Coulomb induced peripheral reactions is given by the Coulomb

Weiszacker-Williams result:

o ,/0‘7 (w) nrw)dad (6)
New) = 1%. (Zu)‘-’a (7

In these formulas n{w) is the number of equivalent photons with
frequency between w and w+dw, Uy(m) is the cross-section for a
reaction denoted by the subscript y induced by a photon of
energy Mw. This Coulomb effect has been observed in the pro-
duction of protons in the collision of relativistic heavy ion
with nuclei[l2]. 1In deriving (6) and (7) it is assumed that
the projectile moves in a straight line along the incident di-

rection. It is also assvmed that the interaction is weak.
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The nuclear peripheral collision is evaluated using the
nucleon Weiszidcker-Williams method[14]. 1In this theory the
straight line motion is assumed and the perturbation, the long
range part of the nucleon-nucleus interaction, is taken to be
weak. Clearly this can only be accurate in the fringing field.

The formula analogous to Eq. (6} is

T

i1 = > o 2 - 3
0; = (&) [fodes & ds {F, CE, -l |E (2, 4))” Sty

where

E; = < (¢ [ §: e f§<§, \ Hk:>‘; i: = [5; Lyb)

(9)

In this expression the target. malkes a transition from the
ground state to state B, the energy transfer is w (=usi), the
longitudinal momentum transfer w/v ,where v is the velocity
of the projectile, i is the transverse momentum transfer. The
variables ZT are the coordinates of the target nucleons. The
density of states 8 is p,. ‘the quantity IFle plays a role
similar to that of cY in Eg. (6). 1In the case considered in
Eq. (9) it is the nuclear field of the projectile which induces
transitions in the target. Of course the reverse in which the
field of the target induces transitions in the projectile must
also be considered as is the case in Re !. [13]}. The quantity
FP depends upon the mechanism involved. When the nuclear field

is generated by the nucleon-nucleon potential, V&N. the projec—
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tile factor Fp is
I} - -
Fo = — Ve (&, wfvr) £, (&, - u/nr) (10)
TV
where °p is the Fourier transform of the proje ile density,

and vy is the relativistic factor (l-vz/czi_s. Its presunce

is a consegquence of the Lorentz contraction cf the relativistic
projectile.

Of course a variety*og states B can be excited by the ef-
fective interaction %elq T. An important point is that the
effect of the properties of the project.’e on that excitation
can be factored out ¢ . shown by Eg. (10). In Ref. [l4] the
process involved is two particle absorption of the momentum a
and energy Mw. Another process of ge. -al interest is the ex-
citation of collective modes. In the adiabatic approximation
F,. becomes a matrix element between the ground state and a

T

collective mode designated by |a'> of the operator
-+ &

o= favpRx e t” )

so that
B o= <[ R la)

As a final example consider pion production. In that case

the V. of Eq. {(10) must be replaced by a nucleon-nucleon-pion

NN

field Vann® To simplify the discussion we consider a spin in-

dependent VNNW:
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-3 - - 2 ¥
Vo = ,,Z., 74 JE+%- 8, A5 +5) (12)

where t" ana t” are isospin operators. Coherent pion production
will occur if the transition of the prcjectile is to the isobar

analog of its ground state. The latter wave function is given

IX°> (13)

by

[A
-7,

where

T (., Z "' (2}
Then the relevant matrix element can be evaluated:

<A!{{H!;r> ’-(I'V Z) AP]JDP (14)

The product VanPp

Vou B —> J[EE-E, ) 4(4 - k), 5 (ReRpe), £(248,)]

X £ [408-Fe0), F5(2-kn)]

in Eq. (10) is replaced

(15)

. > +
where the pion momentum kn’ has the transverse component k"I and
Lacd

the longitudinal component k :7 is the Fourier transform of

J.

Tt

The matrix element F_, of Eq. (89) is replaced by

T

E = <¢él$’ €7 wp (-7 DI

(16)
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where

? ((“I'rr);z(”*" } (17)

Single nucleon absorption is probably the main mechanism,
Expreggions given by Eq. (15) and Eg. (16) include, of

course, the production of pions via A formation in the projectile.
It should be remarked once more that the above describes

the coherent production of pions by the projectile. Coherent

production by the target can be obtained by using the projectile

frame and interchanging the projectile and target cocordinates in

the preceding discussion.
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Figure Captions

Energy dependence of the ranges of Sc nuclides pro-
duced when protons of energy Ep are incident on a
2380 nucleus. From Ref. [7].

Ratio of forward (F) to backward (B) production as
a function of the 1 -ident proton energy Ep. The

238U. From Ref. .7].

target is
Angular distribution of Flourine fragments produced
when uranium is irradiated by 28 GeV protcns in the
l.horatory frame. From Ref. [8].

angular dependence of the ratio of the multiplicity
with indicated target nuclei, to the multiplicity
with a hydrogen target. The variables, Vv, is the
average thickness of the nucleus in units cof the

mean path of the incident projectile. From Ref. [9].

TABLE CAPTION

The average multiplicities of relativistic charved
particles produced in 100 GeV/c hadron-nucleon col-

lisions. From Ref. [l0].
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TABLE I
Target Projectile Average Multiplicity
c nt 7.8640.15
k* 6.92+0.33
P 7.7220.16
cu at 10.29+0.26
x* 8.89£1,10
p 11.00£0, 32
Pb at 12.21:0.30
k't 12.92:0.79
p 14,7520, 38
U nt 14.5740.39
kt 12,93+1.33
o 15.94£0.50
Hydrogen a 6.62+0.07
(bubble chamber) kt 6.65%0,31

P 6.370.06
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HIGH py TRANSYERSE MOMENTUM PHYSICS AT THE CERN ISR

M. G. Albrow
Rutherford Laboratory and CERN

THE INTERSECTING STORAGE RINGS

Since 1971 the Intersecting Storage Rings (ISR) at CERN have
provided the highest collision energies available for laboratory study.
Two interlaced rings (See Fig. 1), with a diameter in the order of
300 m, store proton beams of energfes between 11.4 Ge¥/c and 31.4 GeV/c
and currents up to about 30 amps. The total center-of-mass collision
energy, vs, in the range 22.8 to 62.8 GeV would require a laboratory
beam in the energy range of 280 to 210C GeV on a statfionary target.
Seven of the eight intersection regions can be used for experiments.
The luminosity L (event rate per unit cross section, per collision

1 2 1

region) is~2x103 cm “sec”™ at the higher energies, giving about

8 10° interactions per second, the total cross section for proton-

proton collisions being in the order of 40 mbarn in this energy range.

Typically about 8 hours is spent on tuning the machine and injecting

and stacking beams from the CERN proton synchrotron (PS). Stable

beam runs then last for 40-60 hours with very little loss of luminosity.
Deuterons have been injected and stored in the ISR and both p-

d and d-d collisions studied. We plan to store a-particles next year,

for short p-a or a-o runs, but the luminosity is expected to be smaller

29 2 1 028 cm'zsec-l

and a few x 1 , respectively).

(a few x 10°° cm “sec”

This appears to be 1imited by the non-optimized source, ths ISR itself

being capable of storing high currents of such particles.
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INTRODUCTION TO HIGH TRANSVERSE MOMENTA
In the 1960's (before the CERN ISR, SPS, and FNAL became operational)

it was generally believed that multiparticle production in hadron
collisions had the characteristic that the produced particles were
exponentially damped in transverse momentum Py relative to the collision
axis. This was understood as being due to the transverse dimensions
of the hadron in the order of 10'13 cm and unchanging with energy
producing particles with a conjugate transverse momentum in the order
of 200-300 MeV/c. This rule of thumb still does hold true for the

vast majority of particles at the ISR. A "typical event" was seen

as consisting of two "jets" of hadrons, with limited py relative to

he jet axis and with longitudinal momentum components, P> along

that axis which grow in proportion to ¥s. This latter property is
known as Feynman scaling. Nevertheless, it was pointed out in a classic
paper by Berman, Bjorken,and Kogutl(BBK) in 1971 that if hadrons contain
point-1ike constituents (partons, now considered as both quarks and
gluons) they should occasionally scatter through large angles. The
scattering must take place at least through the electromagnetic interaction
if the parton model were to explain deep-inelastic electron scattering
data. It should also take place through the strong interaction, which
could not be calculated at that time but for which we now have a theory:
quantum chromodynamics (QCD). BBK speculated that the scattered partons
would dissociate into "jets" of hadrons, and that the resulting spectra

4 n a scale-free theory. At about this time

2

should have the form pT‘
Blankenbecler, Brodsky, and Gunion“ also predicted important high

Pr particle production {constituent Interchange Model, CIM).
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SINGLE PARTICLE SPECTRA

The following year early data from the ISR3’4’5 showed that for
Pr 2 2 GeV/c the produced particle spectra deviate upwards from the
exponential Tow Py behavior, and more so as the collision energy increases.
Since that time there has been great activity in this field, especially
at the ISR which is well suited because of its very high center-of-
mass energy, among other things. Experimentally we measure the inclusive

single particle spectra:
E g%—'(PT,Y.JE) for p + p + ¢ + anything
dp

where ¢ is a produced hadron of transverse momentum p; and longitudinal

rapidity v,
. E+p
- Ll -1
y=1/2 1n {E'pL} = tanh BL .

Other useful fc-=s for the differential production cross-section are:

pdo _E d 1.4 _E.d
;3; ;Z pda % dydp$ T dpLdp$

Figure 2 shows a compilation of IR daltat’-’7’8 on pion production

near 90° in the c.m.s. The 70 spectra extend out at present to higher

Pr values (~12 GeV/c, conjugate to 52x10'15 cm) than the charged «
spectra, due to the relatively large coverage obtainable with lead-

glass or shower caunter detectors. The spectra extend over 12 orders

of magnitude in cross-section! Note the break from the low Pr exponential
behavior to a more gentle form, similar to an inverse power fall-off,
However, these recent high Pr data disagree by a rather large factor

(~4) at high pr. This discrepancy is not yet understood, being larger

than the errors quoted by the groups. For these types of detectors,
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a thorough understanding of the calibration, resolution, and linearity
is crucial (though not easy) when measuring a sharply falling spectrum.

Now in a hard scattering model the cross section is given effectively
by a convolution of two factors: the first has the basic form 1/pTn
and represents the scattering cross section for two constituents (partons)
through an angle such that each acquires a transverse momentum pr;
the second is a function only of x, f(x), where x is the fractional
momentum of the constituent in the initial proton, and represents
the “"parton flux factor". Because the magnitude of the parton momentum
does not change in the collision, one can, for large angle scattering,
use instead xp = pT/pbeam = ZpT//§. Thus we expect a form:

E gg;-= A - %¥-- £(x7)
(The fact that the scattered parton decays to produce the observed
hadron does not change this form if the decay distribution is scale
invariant, i.e., if it does not depend on the parton momentum.)

Data up to th~6-8 GeV/c were all consistent with the above form
but the power n was close to 8 rather than to the scale-invariant
expectation of 4, The model of Blankenbecler, Brodsky, and Gunion
{CIM) explained this as due to the presence of meson constituents
interacting via guark exchange. It is perfectly reasonable that if
a proton consists basically (and as seen by a high momentum probe)
of quarks, gluons, and a sea of quark-antiquark pairs, closely bound
q-g pairs will exist and act as mesonic constituents. At still higher

Py 2 pT'4 term due to q-q scattering, if present, will overtake a

pT’a
and become more like 4. 1In QCD, however, we do not have a scale invariant

term and become dominant eventually. Thus the power n should decrease
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theory--the proton structure function, the strong g-q coupling a's,
and the parton decay function all depend on the four momentum transfer
(02) of the collision. The "raison d'etre" of the scaling power 4
has disappeared except as an asymptotic limit.

From the data the power is determined by comparing the cross-

2y
section at the same value of = at two values of s.

do _ 1 - 1 . - P
E = A= flxg) = A —— g(xg) Ln=21n
& T " T

Figure 3 shows the results of an analysis of this type using
the data of Fig. 1 (along with similar data et another energy). Despite

the disagreement between the CERN-Columbia-Oxford Rockefeller group6

7 both agree

data and tiat from the Athens-Brookhaven-CERN-Syracuse
that the power falls from its previous value of 8 to something closar
to 5 for large x; (xT > 0.3). We should be cautious because of the
above mentioned disagreements--but it is clearly a very interesting
trend. Another word of caution--at these high values of Prs @ 0
gives two photon showers which overlap in the detector, due to the
Timited spatial resolution. Thus what is measured may be not just

® but also single high py photons, if such are produced. Some recent
preliminary results from the ABCS group, using retracted liquid Argon
shower counters of good spatial resolution, show what they believe

to be evidence for single vy production at high Py. They generally

0

can resolve the two y's from a7 up to py ~B GeV/c in this experiment.

Figure 4 shows the resulting y/no ratio as a function of Py after
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subtracting a background calculated with a Monte Carlo program which
assumes only P production with merging of the two photon showers

and other effects which could take a singley. The experiment shows

a y/n'J ratio which rises from essentially zero below 3 GeV/c to ~40%
at py~8 GeV/c. The experiment is presently being repeated. Single
photons are expected in the "standard models” (e.g. QCD) from several
diagrams, of which in pp collisions the dominant one seems to be

gluon + guark + photon + quark. This diagram should be smaller by
nearly two orders of magnitude (aemfxs) compared with gluon + quark - gluon
+ quark, however, when it hanpens the photon can emerge intact at

high Py whereas the gluon would disintegrate into pions of much lower
Pr- Because the pion Pr spectrum falls steeply one can easily recover
the factor 102 lost in the coupling constants, and may expect ratios
of Y/® in the order of unity by ~10 GeV/c. 1In principle this effect
can give a handle on the essentially unknown gluon distributions in
the proton.

Before moving on from single particle spectra 1 should mention
particles other than w's and v's. The spectra of Ki, p, and p have
only been measured up to py ~6 GeV/c at the ISR, and there has been
nothing new for a few years on this subject. At Fermilab the Chicago-
Princeton group measured these particles out to p;~7 GeV/c (Fig. 5).
“nere are some interesting effects, for example, the nt/1" ratio rises
from 1 at low Pr to 22, presumably as the valence quarks become more
important relative to the sea quarks and gluons (there are two u's
to form a ¥ and only one d to form a 7). This effect still has

to be seen at the ISR, it is perhaps a function only of Xp.  Also
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heavy particles become relatively abundant compared with the situation
at low py, e.g., K*/at~0.5. High pr should give a favorable (signal:
background) situation in searching for new heavy particles, e.g., charmed
hadrons. A major new high p; experiment is befng istalled now at
the ISR (CERN-Copenhagen-Lund-Rutherford collaboration) and an early
project will be to measure the spectra of Ki, p, p beyond 10 GeV/c
in PT-
CORRELATIONS AND EVENT STRUCTURE

The next step in complexity beyond single particle spectra is
to look at two particle correlations, f.e., to measure thz relative
probability of finding two particles in specified regions of phase
space compared with what one would expect if the particles were produced
independently. The Correlation Function can be defined in various

ways, for examnple:

do
dy 1dPTld¢1 dyzd"Tz d¢,
-1.

R(yl’yZ’pTl’pT2’¢1'¢2’/s_) *%inel 5 a5
dyldPT1d¢1 a}zdeZd¢2

This equation looks rather complicated and does indeed contain
many independent variables. To keep the data manageable one gemerally
keeps one particle (the trigger particle) fixed at y =0, ¢ =0,
4 < Pt 5 GeV/c, and looks at the distribution (in y,¢,pT) of the associated
particles produced in these high Py events. Then simply:

mean track density for high Py event
mean track density for typical imelastic event

R+1=
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The fiial step in complexity is to attempt to look more globally
at the structure of the events containing high Py particles, for example,
do they contain the famous jets proposed in BBK's paper? In this
phase one tries in the experiment to detect as many «f the produced
particles in the event as possible, This requires larger angular
coverage, generally with wire chamber detectors in a magnetic field,
and ti ¢ experiments become large and complex. Then one nas to use
imagination and ingenuity to extract meaningful and comprerbznsive results
from the data! Three body correlation functions are sometimes used
but the number of independent variables is almost unmanageable. Other
methods are often based heaviiy on a model (or preconceived notion)
so that they may suffer from a lack of objectivity. Nevertheless
we now have a model that fits in its main features a wide body of
data and is no longer very controversial. This model is indeed based
on constituent scattering with subsequent jJet-like decay of the scattered
constituents, much as in the early BBK prediction. Before moving
on to this very large subject of correlations with high Pr particles
and event structure, it would be appropriate to describe the r.ain
apparatus that has been used.
EXPERIMENTAL DETECTORS

One of the most important instruments so far used at the ISR
in this field is the Split Field Magnet detector (SFM), shown in Fig. 6.
The magnetic field is unfortunately complicated, having a vertical
dipole field downstream and a quadrupole field at large angles. The
magnet gaps are filled with proportional wire chambers (~70,000 wires).

Three different approaches to the problem of triggering on high p;
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particles have been used {see Fig. 7): (1) a lead-glass array to
trigger on high pp 2015 (CERN group); (2) a straight-track requirement
in the SFM proportional chambcrs at 8 --20° or 8 ~45° (CERN-College de
France-Hefdelberg-Karlsruhe); and (3) a single charged particle magnetic
spectrometer at 8 = 90° (British-French-Scandinavian). A new experiment
with an improved SFM detector and external devices is oresently running
(see Figs. 8,9). These experiments have had the best global coverage
of phase space yet achieved, especially in rapidity y (or polar
angle 6). Other recently completed experiments incirde a double arm
spectrometer of the CERN-Saclay-Zurich experiment (Fig. 10) with picture
frame dipole magnets backed by Pb glass, and the experiment of Athens-
Brookhaven-CERN-Syracuse (Fig. 11) using thinner fofl transition radiation
detectors with liquid argue calorimeters. Both of these had limited
coverage (2 steradians can be called limited!) in rapidity and azimuth.
Complete azimuthal coverage was at last obtained in the superconducting
solenoid of the CERN-Columbia-Oxford-Rockefeller group (Fig. 12) alihough
even they are restricted to triggering arourd the horizontal plane
with lead glass arrays. The latter three experiments were largely
motivated by the fashionable search for high mass electron pairs.

The future should see a great deal of new high pp physics from
the Axial Field Spectrometer presently being installed (CERN-Copenhagen-
Lund-Rutherford collaboration). The apparatus is shown in Fig. 13.
It consists of a dipole magnet with a field parallel to the beams and
azimuthally symmetric, like a solenoid with the coil cordensed into
a pair of Helmholtz coils en the pole pieces. The return yoke is

beneath. A central cylindrical drift chamber has 42 layers of wires
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parallel to the beam axis arranged in 86 sectors of 4° §n azimuth ¢ .
Each wire gives a precise (200u) transverss coordinate, a coarse
(~8 mm) longitudinal coordinate from change division along the wire,
and a pulse height (3€/3x) measurement. The latter will be used for
identification of low momentum particles. One steradian (Ap = 45°,
45% < @ < 135°) will be instrumented with external proportional chembers
and Cerenkov counters (aerogel, 4-atmosphere frecn, and 1l-atmosphere
freon) for triggering on and identifying high Py hadrons. The rest
of the azimuth (8¢ = 270°, later A¢ = 360° with the Cerenkov crm Jisplaced)
will be covered with a uranium-scintillator sandwich calorimeter.
Apart from detecting neutrals and measuring their energy, the latter
will enable a trigger on hadronic jets instead of single high oy particles.
Very high transverse momenta (py > 20 GeV/c) should be reached with
jet triggers.
GENERAL FEATURES OF EVENT STRUCTURE

It is difficult to summarize the wealth of data that has emerged
from ISR studies of high pr event structure in the last few years.
A good place to start is with the distribution in azimuth ¢ of the
particles associated with a high Pr trigger particle. This is shown
in the form of a correlation in Fig. 14 from Ref. 9. The particle
density in high pr events is higher than in normal events (in the
central region), and this excess divides naturally into an azimuthal
region towards the trigger particle (|¢-¢trig| < 45%) and a broad region
away from the trigger particle (|¢'¢trig |E,90°), as seen in Fig. 14.
First let us study in more detail the region towards the trigger by

summarizing a few features of the event structure:



-291-~

Close to the high py trigger particle (in rapidity y and
azimuth ¢) there is a positive correlation, i.e., there are
more particles found in this region than there would be if

the trigger particle was absent.

The strength of the correlation increases both as the Pr

of the trigger particle is increased (see Fig. 15) and as

the PT of the associated particle is increased. Equivalently,
the mean py of these close particles is greater than in normal
inelastic events, and grows with Py (trigger).

If the trigger particle is charged, a close high Py particle

is very likely tc have the spposite charge (see Fig. 15).

The extension of this feature (which bears all the expected
features of a jet containing the trigger particle) is typically
+30° in ¢ and #0.5 units of rapidity. (Fig. 16 shows the
rapidity difference distribution [Ay| between pairs of high

py particles on the towards side, one being the trigger particle
Note that if there is no preferred direction around the trigger
particle of the associated particles (circular jets) the

¢ extension in radians should equal the rapidity extension,
which appears to be the case.

Despite this positive “towards* correlation, very frequently
when one triggers on a high py particle one does not see (on

an event-by-event basis) an associated jet. For example

with 4 GeV/c < pT(trig) < 8 Gev/c at y = 0, about 80% of the triggers

have no associated charged particle with PT > 0.8 GeV/c,

y< 1 and A < 30°, This effect is perfectly well understood
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qualitatively, and is called trigger bias. Simply stated, a
Jet of 5 GeV/c giving 80% of its energy to one particle
is more likely than a jet of 8 GeV/c giving 50% of its energy
to one particle. This is because of the steeply falling [
spectrum of jets; thus a 4 GeV/c particie generally arises from a
Jjet having not much more (on average ~10% more) transverse momentum.
Quantitatively, however, it seems that models producing only
multiparticle jets do not agree with the strength of the
effect. If (as in the CIM) high Py mesons can be produced
singly, agreement is easily obtained.

I now turn to the azimuthal side away from the trigger particle.

Some general features are:

6. There is a broad enhancement in the particle demsity on the
away side when one averages over events (see Fig. 17). Unlike
the towards side correlation it covers a large part of the
rapidity range available ( =4 at the ISR). It extends over
~90% in ¢, centered on the direction opposite the trigger.

7. The strength of this positive correlation also grow with
Pt (trigger) and Pt of the associated particles. Equivalently,
the mean P of the away side particles is higher than in
normal inelastic events and grows with Pr (trigger).

8. There is no observable dependence on the polar angle 8 of the
high Pr trigger.

From the above observations, resulting from just two-particle

correlation studies, one cannot distinguish whether the away side

structure on an event-by-event basis is like a jet that jumps about
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in rapidity from event to event, or is like a broad fan, for example.
To learn more we must effectively study three-particle correlations,
although that may not be obvious from the way in which I shall present
the conclusions!
9. Look for the track on the away side that has the highest

Pr- If the Pr of that track is reasonably high, then study

the particles near to it in phase space. Now all of the

statements (1 to 5) above become true if you replace the

word "trigger" with the phrase "highest py away side"!

10. One can also select those away-side particles that have a
moderately high Pr (pT > 0.8 Gev/c) and look at the distritution
of rapidity differences Ay between them. There is a strong
peak with 4y < 0.5, as shown in Fig. 18, much above a randomized
distribution obtained by using the same sample of tracks
but combining a track from one event with a track from a
different event.

The conclusion generally made from observations like these is
that on the away side a single jet is generally present but that its
rapidity varies from event to event, so that the two-particle correlation
function shows only a broad smear in y. Its azimuth, however, is
roughly (within ~10° for pT(trig) > 5 GeV) opposite in azimuth to
the trigger particle. Both features are readily understandable in
a parton collision model. The former arises of course because the
c.m. frame of the proton-proton collision is not that of the parton-
parton collision, as the partons each have a longitudinal momentum

distribution within the proton. The latter may arise partly from
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the fact that the trigger particle is not identical tc the trigger
side jet in all cases, and may have a different ¢. Another factor
is that partons have some intrinsic small transverse momentum themselves
before they collide, which may be out of the trigger plane. This
intrinsic parton transverse momentum is, however, more likely to be
mainly in the trigger plane and indeed pointing in the trigger direction.
This is another, slightly more subtle, trigger bias effect, which
has at least two consequences. One is that the forward particles
(the beam fragments) generally recoil somewhat against the trigger
Pr- The mean recoil per particle is (Ref.10) ~80 MeV/c, rising to
~300 MeV/c if the forward fragment has x near to one (in which case
there must be very few forward fragments.) This recoil also results
in an azimuthal non-uniformity of the forward fragments, as shown
in Fig. 19 for two regions of Feynman x (x=2pLﬁ/§) and two values
of ptrig (Ref. 10). The second consequence is the away side jet will not
completely balance the Pt of the trigger side jet, which makes it
less evident than it would otherwise be.

It is now generally believed that most high pr events actually
do consist of something Tike four jets of hadrons: two in the beam
directions resulting from fragmentation of the spectator constituents
and two high Pr jets. However, most of the events studied up to now
at the ISR do not show this structure clearly for various reasons:
(1) one triggers on a single high p Tparticle and this bias-s the
towards-side jet strongly, especially if occasionally single particle
jets are present as in the BBG modelz; (2) The away jet has a reduced

pr as explained above; (3) the Py range studied is not really very
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high, for much of the data being below ~5 GeV/c; (4) often only the

0 over 2 limited aperture in some

charged particles are seen, with 7
experiments. What is evidently needed is to trigger directly on
hadronic jets, to detect neutral hadrons as well as charged particles,
and to go to higher values of pr, say 2 10 GeV/c.

Despite these 1imitations it has been possible to study to what
extent the high Pr jets resemble the jets observed in e*e” collisions
(at SPEAR and DORIS) which are believed to be due to fragmenting quarks.
To first order much similarity is observed. Given a fragmenting quark
of momentum P, what is the distribution of fractional momenta . = p/P
of the resulting hadrons (momentum p)? In e*e” collisions dn/dz is a
steeply falling distribution, approximately exponential with little
dependence on p, i.e., it scales. In pp collisions one can approximate
the variable Z with x¢ = px/ptrig (where the trigger is along the
negative x axis). The distribution, shown in Fig. 20, is very similar
to that seen in e+e', especially when one takes into account the
slightly different variables used. The extent to which this distribution
scales can be seen in Fig. 21, where slices at fixed X are plotted
versus ptrig'

The transverse momentum components of the away-side jet particles
relative to the jet axis are somewhat more difficult to study. Firct
the jet axis must be found, which requires seeing all the charged
and neutral particles and knowing which are jet members and which
are background. Instead it has become common practice to measure
the distribution of the momentum component out of the plane defined

by the trigger particle and the beams, called P, 4. The mean value
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of this quantity is found (see Fig. 22) to rise with Xg- This 1is
something 1ike a seagull effect and has also been seen in e+e°Jets.
Apparently the jets have almost a conical rather than a cylindrical
structure in phase space. At fixed Xgs (Ipoutl)also rises with the
total jet momentum. Much more work needs to be done in this direction
to establish similarities and/or differences with ete” Jets and to
understand the features observed in terms of theory.
NUCLEAR COLLISIONS

1 have said nothing so far about the relevance of heavy ion collisions
in high py physics. There has been no work done at the ISR with anything
other than p-p, except for some brief measurements of low pr and diffractive
processes with p-d and d-d. Next year there should be some short
runs with p-a and a-a collisions, but because of the limited luminosity
and running time the pr range reached will be limited to a few GeV/c.
H. Frisch has described the very interesting results from FNAL on
p-A collisions. It is l1ikely that studies of event structure with
ngm" detectors would teach us much about the mechanisms responsible
for the anomalous enhancement of high Pr production in nuclei. Do
the forward/backward jets show large recoils, as might be the case
if transverse Fermi-motion effacts were iwwortant? Are multiple Jets
observed, as might be the case if multiple scattering is responsible?
What can we learn about the space-time development of a hadronic jet?
Does a scattered quark behave immediately as a group of hadrons or
a single object? Note that the latter two questions could also be
wall studied in deep inelastic lepton-nucleus collisions, where the

scattered quark has a well known momentum and/or flavors.
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Presumably the best argument at this time for.high p; studies
in nucleus-nucleus collisions is that it is completely unknown territory,
and surprises are to be expected. Experience from the ISR leads one
to make the following recommendations: (1) A large solid angle coverage
by detectors is very important, both to reach the highest pr values
and to study event structure; (2) Neutral hadron (10 but also Ko.n...)
detection is desirable in addition to the charged hadrons; (3) One
should aim at the ability to trigger on hadron jets via a large energy
deposition fn a limited solid angle; (4) It would be useful to see
the beam fragments in the forward and backward directions in addition;
and {5) The machine luminosity and energy should both be as high as
possible. L ~10%9 ¢n2sec™! and £ ~10 GeV/nucleon are perhaps the minimum
values needed to get to reasonable py values (2 § GeV/c must be the
aim).
CONCLUSIONS

Essentially all data presently available is compatible with a
model involving hard scattering between proton constituents. Probably
several types of constituents are needed: quarks, antiquarks, gluons,
and at lower pr possibly also mesons. The experiments need as complete
information about the event as possible, and hence hecome large and
complex. The theory is not particularly simple either. Howaver, by
combining theory and experiment we are learning about the types of proton
constituents and their distributions (both transverse and longitudinal
components), their hard interactions (scattering cross-sections) and
their materialization into hadronic jets. It is consequently a rich

and fmportant field of study.



-298-

ACKNOWLEDGEMENT S

I would 1ike to thank my colleagues in the British-French-Scandinavian
collaboration for an enjoyable experiment at the ISR especially Norman
McCubbin for some help with this talk. I apologize to other high Py 9roups
at the ISR for showing less of their data than I should have; essentially all

the features 1 have illustrated have been seen by all the groups.



~-299-

REFERENCES

(1)

(2)

(3)

(4)

(5}

(6)

(7)

(8)

(9)
(10)

S.M. Berman, J.D. Bjorkenm, and J.B. Kogut. Phys.Rev. D4, 3388
(1971).

R. Blankenbecler, S.J. Brodsky and J.F. Gunion, Phys.Rev. D6
2652 (1972).

B. Alper et al., Phys.Lett. 44B, 521 (1973).

M. Banner et al., Phys.Lett. 44B, 537 (1973).

F.H. Busser et al., Phys.Lett. 468, 471 (1973).

A.L.S. Angelis et al. (C.C.0.R. Collaboration), Phys.Lett 798
505 (1978).

C. Kourkoumelis et al., (A.B.C.S. Collaboration) CERN Rept. EP
7929, Submitted to Phys.Lett B.

A.G. Clarke et al., (C.S.Z. Collaboration), Phys.Lett. 74B, 267
(1978).

M.G. Albrow et al., Nucl.Phys. B145, 305 (1978).

H.G. Albrow et al., Nucl.Phys. B145, 461 (1978).



~300-

FIGURE CAPTIONS
Fig. 1. Layout of the CERN Intersecting Storage Rings showing the

injection system and the eight beam crossing regions I1-18.

Fig. 2. Compilation of ISR data on production at large angles,
showing the change from exponential pr dependence at low p; to a much

flatter high Pr component .

Fig. 3. The exponent n of the expression Egg—-= A p.r"n f(x;) versus
d
X as measured by the CCOR and ABCS groups form production at large

angles.

Fig. 4. Preliminary rsults from the ABCS group for the ratio of direct

0

photon to m" production, versus P1- Known backgrounds have been subtracted.

Fig. 5. Data from the Chicago-Princeton group at FNAL on particle

production ratios in pp collisions at large angles, versus XT.

Fig. 6. Cut away view of the Split Field Magnet detector at the ISR.
The upper pole and nalf of the MWPC detectors have heen removed for

clarity.

Fig. 7. Schematic plan view of some high pr SFM experiments. The
90° spectrometer of the BFS group is shown in detail, with a bending
magnet, two gas Cerenkov counters, scintillator hodoscopes, and spark
chambers. One of the four trigger roads of the CCHK group, and the
lead glass array of the CERN R412 group, are indicated.

Fig. 8. The present configuration of the SFM for the Annecy-CERN-

College de France-Heidelberg-Karlsruhe-Warsaw experiment R416. The
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SFM vacuum chamber and MSPC system have been improved. Additional
external detectors include Cerenkov counters (1,2) and time-of-flight

hodoscopes (5).

Fig. 9. A view of the SFM experiment R415 shown schematically in Fig. 8.

The two beam lines can be seen behind the experiment.

Fig. 10, Cut-away view of one arm of the two-arm spectrometer CSZ

exper iment .

Fig. 11. Cross-section of the ABCS expe: ‘ment, consisting of four
modules containing lithium foil transition radiation detectors (for
electron identification) and Yiquid argon/proportional strip chamber

calorimeters.

Fig. 12. End-on and plan views of the CCOR experiment, consisting
of a superconducting solenoid, cylindrical drift chambers, scintillator

hodoscopes, and two walls of Pb-glass counters.

Fig. 13. End-on and plan views of the CCLR experiment (R807)
currently being installed. A one-steradian Cerenkov arm on the left
identifies high Pr hadrons, and a large uranium-scintillator calorimeter

is used for the study of hadronic jets.

Fig. 14. Azimuthal distribution of the charged particle density in
the central region (|y| < 0.5, pr > 0.5 GeV/c) relative io that of normal

events, for ivo values of trigger pr of order 0.8 GeV/c and 3.4 GeV/c.
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Fig. 15. Values of the correlation between the trigger particle (n+) of
specified ptrig at y = 0, and same-side asscciated particles of specified

charge, with Pr > 1 GeV/c, versus y.

16. Jistributi-n of rapidity difference [Ay| between the trigger particle
(with 4 > p; 8 GeV/c) and other same-side charged particles witl

Py > 0.8 GeV/c, A¢ <30°. About 20% of these trigger sarticles have an
associated charged particle with {Ay] < 1 and Py > 0.8 GeV/c.

Fig. 17. Values of the correlation between the trigger particle of
specified ptr1g at y = 0, and away-side acsociated particles with

Py > 0.5 GeV/c, versus y.

Fig. 18. Distribution of rapidity differences |Ay| between pairs of

away-side charged particles, each of which has P > 0.8 GeV/c. The

event sample is 915 events with 4 Ptrig < 8 GeV/c. The randomized distribution
is obtained by taking the tracks of the previous distribution and

randomly pairing them. About 25% of these events have an observed

pair with |Ay|< 0.75, m and Pr, > 0.8 GeV/c.

Fig. 19. Correlation R versus azimuth ¢ for forward beam fragments of
specified charge and Feynman x(=pL/pbeam)' with a trigger particle
at x = 0, ¢ = 180°. The cut Py > 0.2 GeV/c has been applied.

Fig. 20. Distribution of charged particles in xp for various values
of pypig > 3 GeV/c. The cuts |y| < 1 and pyye < 0.5 Ge¥/c have been
applied, where Pout is the momentum component out of the plane defined

by the beams and the trigger particle (BFS).
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Fig. 21. Apparent approach to scaling of the away-side jet in terms
of the variable Xp = px/ptrig (the trigger is along the -x axis at
90® polar angle in the c.m. system). For Otrig > 3 GeV/c the value

of %frig-gQE becomes roughly independent of py ;. for xg 2 0.3

(BFS collaboration).
Fig. 22. Mean values of Pout Versus xp for varicus large values

of ptrig (CCOR collaboration). The trigger particle is a no.
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Fig. 8
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VACOUM STRUCTURE AND QCD
D. Gross (Princeton)

Many of you are probably asking yourselves the question, "What has
the structure of the vacuum according to QCD have to do with heavy ion
collisions?" The basic answer to that question is that most of us work-
ing in particle physics today are convinced that QCD is the fundamental
theory of the strong interactions that eventually will eneble us to
calculate all the properties of hadrons including nuclear prhysics as
a special case. Thus QCD is clearly relevant to the phencmena that
one might observe in heavy ion machines. I think, in fact, that the
interaction between elementary particle physics and nuclear physics
is likely to increase in the coming years as the fundamental theory
of hadronic matter develops. At present one is clearly far from the
goal of predicting the Rosenfeld tables from the Lagrangian of QCD,
although some progress, which I will report on here, has been made in
that direction. Now any microscopic theory of hadrons that is able
to discuss the hadronic matter that one finds in nuclei should also
be able to describe hadronic matter in unusual environments where
the temperature and/or the baryon number density are different from
those that one encounters inside ordinary nuclei. Any experiment
that has the hope of exploring matter in these unusual environmenta
should be encouraged since it will provide tests of the theory in
domains where one has little experimental information. Heavy ion
machines appear to be the only hope of exploring matter at high densities
in the laboratory. It is of course not clear, as has been emphasized

by many of the speakers at this meeting, that in heavy ion collisions
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high density states will be produced. Furthermore even if a particle
theorist hands you the equation of state of hadronic matter, it will
be a difficult task to relate that to quantities which one can measure
in the laboratory. These are matters that I will not discuss at all;
they represent very difficult problems. However, there is obviously
some finite chance of being able to cbserve, for example, hadronic
matter at high densities ueing heavy ion machines and, if so one, will
have a very nice test of any fundamental microscopic theory of hadrons,
and in particular of QCD.

What I shall do in this talk is to briefly remind you what QCD
is, and diacuss some of the dynamical issues which face the particle
theorists who are attempting to solve this theory. In particular, I
shall focus on the problems that arise in a.tempting to discuss the
structure of low lying hadrons, say nucleons, starting with a color
gauge theory of quarks. Then I will review the picture of hadronic
structure, which has been developed by Callan, Dashen, and myself in
the last few years. In this picture we claim to see the qualitative
features of hadronic structure emerge in a direct way from firat prin-
ciples. Finally I shall discusa the relevance of our emerging under-—
standing of the structure of hadrons to the question of what hadromnic
matter, i.e., nuclear or quark matter, might look like at high densities.

First let me remind you briefly what QCD is and why we believe
that it describes the strong interactioms. QCD is a color gauge theory
of quarks. The fundamental constituents of hadrons, we believe, are
spin one-half quarks which come in a variety of flavors, five of which

have been "observed”" to date. These quarks have a strange mass spectrum
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which we must take from experiment. This spectrum has nothing to

do with the strong interactions and is presumably produced by a unified
theory which includes the flavor interactioms which connec* quarks

of different flavors. For the purposes of discussing low lying hadrons,
and nucleons in particular, we are only interested in the so-called
light quarks which, for reasons that are not understood, have light
magsses compared to the nucleon mass scale. Therefore their physics

is approximately invariant under a chiral SUj X SU3 global symmetry
group. The strong interactions themselves are generated, we believe,

by colored color giuons which mediate a local SU3 color gauge group

and are flavor-blind, i.e., do not see the flavors which distinguish
the different quarks except insofar as they have different masses.

The atrong interaction coupling constant, o, = gszlkn, wi.at characterizes
the strong interactions at a scale of the hadronic mass, is roughly
equal to a third. This, then, is the theory. It is described by

the Lagrangian

F
- _lgpo g T -
L=-3F F o+ 151 Vo) - 1y, . (1)

In principle we have good reasons to believe that this is the fundamental

theory of the strong interactions from which, by using ordinary relativ-

istic quaatum mechanics, one could deduce all the properties of hadrons.
The most compelling reason to believe in the theory is its ability

to explain the observed, simple, short distance structure of hadrons

in terms of almost non-interacting massless quarks. This phenomenon

of asymptotic freedom tells us something about this theory, which in

this respect is unique among all possible four-dimensional relativistic
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quantum field theories. The coupling that characterizes the inter-
actions of the quarks (which as in any quantum field theory is a function
of the length scale at which one is carrying out one's observations)
vanishes at short distances or large momenta logarithmically.

2 (2)

1 e®., __1
x(p) gn2 P 118n(p/ )

This is relevant to ezperziments that involve the propagation of quarks
over short distances and for short times. Of particular importance,
both historically and as a way of testing the theory, is the process of
deep inelastic scattering of leptons off nucleons. There in the "scaling
limit" one has a photon of larges enmergy and large momentum transfer inter—
acting with nucleons, and one thus can obtain an instantaneous snapshot
of the structure of the nucleon. In this way one can see the fundamental
constituents over short distances and short times., It is these experiments
that enable us to see the quarks and the gluons directly; to deduce their
existence and their quantum numbers; to confirm, or historically to deduce,
the nature of the quark gluon interaction; and to measure the effective
coupling constant that characterizes the coupling of the gluons to
quarks as a function of the momentum transfer to the quarks. It is
these experiments which have confirmed our belief that QCD is the
fundamental theory of the strong interactionms.

The usc of asymptotic freedom has been developed enormously in the
last few years. It has been uased to deduce the short distance properties
of QCD and thus to predict the behavior of the interactions of hadrons
at large energies and momentum transfers in terms of the almoat free

quarks with weak gluon corrections by using ordinary perturbation theory.
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The methods one uses here are straightforward and provide us with
many ways of testing the theory.

The problems that one encounters, however, in trying to turn this
Lagrangian into a theory of hadrons reside not in the short distance
regime where the effective coupling is very small but in a distance
regime which is at least the size of a hadron. Clearly tha coupling
cannot be arbitrarily small here. In fact we believe that the coupling
becomes very big at large distances, and that is responsible for the
fact that the quarks are confined in color singlet hadronic bound states
and cannot be pulled out of the hadron. Thus, although the theory origi~-
nated in the attempt to explain the simple behavior that quarks exhibit
at short distances, the solution of the theory, in particular the
description of hadrons within the thesry, requires going beyond the
asymptotically free regime.

There are two major problems that must be dealt with in describ’=ag
hadrons as bound states of quarks in QCD. One normally thinks of con-
finement as the major problem; however, an equally difficult and impor-
tant problem is that of chiral symmetry breaking. As I remarked above,
the light up, down, apd strange quarks which make up nucleons (partic-
ularly the up and down quarks) ar. very light compared to the typical
hadronic mass scale. Furthermore, we believe that it is a very good
approximation, as good as isotopic spin symmetry, to neglect the masses
of the light quarks, which results in invariance of the strong inter—
actions under a chiral SU; or SU3 global symmetry. That is the basis
of chiral symmetry, the notion of PCAC, and the interpretation of

the pion as the Nambu-Goldstone mode of a chirally asymmetric vacuum
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in which there is a non-vanishing expectation value for the quark
mass operator. The quarks thereby acquire a dynamical constituent
mass from the dynamical symmetry breaking of this chiral syammetry.
Spontaneous chiral symmetry breaking is a mechanism which theorists
are quite comfortable with because they have many models which mimic
such behavior--thus it is not mysterious. However, it is very hard

in a theory like QCD to produce in a quantitative fashion the dynamical
breaking of chiral symmetry. It is absolutely necessary to do so

in order to understand the proton and the neutron. In the absence

of this symmetry breaking they would be members of parity degenerate
multiplets or masses. They clearly are not. In fact, we think that
the dynamics of light quark states, such as the nucleon, is governed
to a large extent by the mechanism of chiral symmetry breaking and
not of color confinement. As I will briefly summarize, in our picture
of QCD we find that the structure of the vacuum is such that it indeed
breaks chiral symmetry and generates a larpe quark mass. The normal
QCD vacuum, therefore, is a state in which quarks would have a large
energy due to their dynamical mass. The energetics is such that when
aquarks are inserted into such a vacuum they will prefer to live in

a different vacuum phase where they behave as massless objects, in
order to construct a state of a given baryon number.

This picture is somewhat similar to the picture of so-called
abnormal nuclear matter according to Lee and Wick, where these objects
were not quarks but nucleons themselves; and of course it is very similar
to the M.I.T. bag model. In fact to zeroth order our picture is almost

identical to the M.I.T. bag model. Here the light quarks are confined
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to a bag of simple and perturbative, dilute vacuum phase immersed in
the normal vacuum which expels the quarks by producing a very large
mass for the quark outside the bag. The light hadrons, which are
built out of light quarks, are simply free quarks rattling around in-
side this bubble, so that their kinetic pressure balances the outside
vacuum pressure. This model, if one includes gluon correctione. gives
a very nice description of the static properties of light hadrons.

All of this demonstrates that the understanding of the mechanism
of chiral symmetry breaking is quite crucial for underst-»nding the
properties of light hadrons.

Now, in addition, there is the question of color confinement and
the colored interactions of quarks. These are also important in under-
standing the properites of light hadrons, although less so than chiral
symmetry breaking. They are certainly important in understanding the
dynamics of heavier quarks and in determining whether one can ultimately
produce quarks if one hits a hadron with large energies. Normally the
way one poses the question of confinement is to ask what the interaction
energy of separated quarks is. One imagines very heavy quarks which one
can insert into the vacuum with a fixed separation. Since they're heavy
they don't move, and one calculates the energy of that state as a func-
tion of the quark anti-quark separation. In a confining theory this
energy must approach infinity as one separates the quarks, otherwise
one could clearly produce asymptotic quark states. One believes, in
fact, that the energy will increase linearly with the separation of
the quarks.

Again, at least in our picture of QCD, the mechanism that will
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lead to this linear increase in energy is due to the confining, now
color confining, properties of the QCD vacuum which acts like a anti-
dielectric medium. The vacuum fluctuations that we can treat by semi-
classical methods have the effect of making the dielectric comstant
of this medium very small. The result is that the ordinary QCD vacuum
expels the electric (non-Abelian) flux that must go from one quark
to the other quark; simply because the energy is inversely proportional
to the dielectric constant. It is the strong anti-screening effects of
the vacuum fluctuations in QCD that give rise to this small dielectric
constant and confine the flux to a region of simple, dilute perturbative
vacuum phase in which the dielectric constant is 1. Creating this ab-
normal phase will cost some energy per unit volume and leads to an
interaction energy proportional to the length of the produced flux
tube as one separates the quarks. To zeroth approximation this is
simply the M.I.T. heavy quark bag model, which can be used in principle
to discuss the properties of very heavy quark bound states such as
charmonium and the like.

Next I will give an overall view of the dynewics of QCD. QCD is
a very cifficult theory to solve, partly due to the fact that it is
such an ambitious theory. A gauge theory, by virtue of the large sym-
wetry involved, contains only one free parameter which characterizes the
strength of the interactions, namely the gauge coupling g. The theory
also contains the masses of the quarks as parameters, but as I argued
before, the light quark masses can be neglected in describing the prop-
erties of light hadrons. Thus, the theory essentially contains only one

dimensionless parameter and no dimensional parameters. If the theory
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produces sensible physical states, the phenomena of "dimensional
transmutatior” will necessarily take place. The coupling constant in
such a theory only has meaning when we introduce a characteristic
length scale at which we define the coupling characterizing the inter-
actions and will vary as one varies this length scale. However, if the
theory produces, as we believe it will, a physical state such as the
proton and we measure the coupling at a physical length corresponding
to the radius of the proton, for example, then this coupling constant
will be not an arbitrary psrameter but a calculable number. Thus, QCD
contains no adjustable parsmeters except for the arbitrary units of
time, mass, and distance that one must always introduce in any theory.
For that reason, one potentially has an extraordinarily predictive theory.
But on the other hand, ome also has an extraordinarily difficult task
to predict anything because there are no parameters which one can adjust.
In particular there are no small parameters with which one can expar'®
the theory. Normally calculations within the framework of field theory
or ordinary quantum mechanics utilize an expansion in some interaction
strength. In the case of QCD the interaction strength varies as one
varies the scale of the phenomena one is discussing. Therefore, it
is no surprise that any method of calculation for QCD is bound to work
only for a limited domain of scale sizes. Furthermore, one expects
different physics to occur when one looks af. the phenomena in QCD
at different scale sizes, short distances, or large distances.

The simplest region to probe (because of asymptotic freedom)
and indeed the only region where we can really quantitatively test

the theory, is that found in experiments which probe phenomena which
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occur a. distauces short compared to the typical size of a hadrom.

Then ve are guaranteed that the effective coupling is small and we

can use ordinary perturbation theory, The inverse coupling constant

x, which is 217/(!5 = %, increases logarithmi.ally as one decreases
the scale size of the |g:heno-enn being observed. One is thereby guaran-
teed to get away with using ordinary perturbation theory, i.e. summing,
Feynman diagrams, to calculate smything. In particular if we wish

to describe the structure of the ground state, as seen in experiments
which probe the ground state wave function at short distances, wi'=t

we will see will be a vacuum characterized by small oscillations about
vanishing field strengths. These harmonic modes, which are normally
called quarks and gluons, interact with weak anharmonic interactions
and can be treated by performing an ssymptotic expansion in the weak
coupling which characterizes the couplings of these harmonic modes.
That is the simple picture obtained at short distances. It clearly
cannot describe hadrons which will never appear to any order of pertur-
bation theory. There is another very simple picture of QCD which one
finds if one goes to very large distances. Then, if one is describing
the structure of the ground state over diatances which are very large
compared to the size of the hadrom, it is reasonable to approxinate
the theory by a lattice theory. This is useful since one can then

use it to perform strong coupling approximations to the theory, since
at large distances we believe that the coupling increases quite rapidly.
These investigations of the theory have been performed using lattice
approximations and expanding in powers of the inverse coupling. Again

the physics is quite simple. The fluctuations of the vacuum are now
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not harmonic modes around a zero field background, but rather random
unitary matrices (which are defined for each link on the lattice).

The physics is that of strings of electric flux between external colored
sources or quarks.

This description of the theory at large distances has confinement
built into it with a linear interaction energy between external quark
sources, and unlike the very coherent Gaussian fluctuations of the
vacuum, one has total chaos here. Any field configuration is equally
likely and it is the total randomization over all possible fluctuating
gauge fields which disorders the theory completely and leads to the con-
finement of color. Now, the trouble is that the physics that generates
hadronic bound atates lies somewhere in between these two regions. Thzt
is why the theory is difficulr to treat., The size of the hadron is pre-
sumably where the coupling is neither weak nor strong.

We can try to approach the region wherc lrcdrons are formed by
working our way cut of the perturbative region or by trying to work
our way down (say in a lattice theory) from the strong coupling region.
Unfortunately, these two descriptions use different languages and
the problem of proving confinement is to show that within the same
theoretical framework one can get from strong to weak coupling. A
separate ﬁuestion is what the physics is like in intermediate regions
and whether one can calculate the properties of hadrons. Our work
has concentrated on moving out of the perturbative region by gring
beyond ordinary perturbative expansions in the coupling constant. At
larger distances one has, in addition to perturbative corrections to

free field theory behavior, semi-classical weak coupling corrections



-338-

which are non-perturbhstive. 1In fact these are the fluctuations that
turn out to be important as one increases the coupling slightly from the
very weak coupling region. They are tunneling fluctuations which have
to do with the fact that the QCD potential looks like a periodic potential,
and in addition to Ge:ssian harmonic fluctuations around each well, there
are important tunneling fluctuations. These tunneling fluctuations are
proportional to _%Ee—llgz but are big compared to perturbative fluctu-
ations in a regign where one can still use semi-classical methods and begin
to explore interesting non-perturbative dynamics. What we find is that
the physics generated by such fluctuations begins to produce, as cne moves
out in distance, the physica that is required to produce the hadrons we
see, Namely, these fluctuations give rise to mechanisms that break chiral
symmetry, generate large quark masses, and strongly anti-ecreen color,
which causes the dielectric constant of the vacuum to decrease and thus
the self energy of quark anti-quark pairs to increase greatly.

On the other hand, the methods that we use break down at some acale
size due to the increase in coupling. It is still an open question and
a matter of controversy whether, in order to get to the strong coupling
regime and have a complete description of QCD, one will have to conseider
weird objects such as vortices, monopoles, merons, and many other config-
urations or vacuum fluctuations to explain the disordering or confining of
color. We actually believe that the weak coupling, semi-classical regime
and the strong coupling regime essentially overlap and that there ia
no gap in between. The same fluctuations that can be used to describe
the physics at a distance where one begins to self-consistently produce

hadrons also produces a strong coupling theory. One can then describe
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the large scale structure of the QCD vacuum by using strrug coupling
techniques. Our picture of structure of the vacuum in QCD therefore
conaists of two components: one that can be described by semi~classical
or WKB weak coupling methods, and the other component which describes
larger scale fluctuations that can be deacribed by chaotic, completely
random fluctuations of the gauge field. For the purposes of discussing
hadrons, these random fluctuations have little influence on thas physics
that goes on at lower scale sizes.

I certainly don't have time to discuss this picture in detail. I
will, however, describe very briefly how we develop the vacuum struc-
ture of QCD, from the weak coupling point of view.

A few years ago, due to the discovery of the instanton, it was real-
ized that the "potential" in QCD is periodic. Since one can show that the
barrier between the different wells is finite, ome knows on general quantum
mechanical grounds that the ground state will not consist of localized
Gaussian wave packets about each well but rather of a superposition
of such packets, and that one will have a kind of Bloch wave description
of the vacuum. It is possible to discuss tunneling, as you know from
ordinary quantum mechanics, as long as h, or the magnitude of the anhar-
monic couplings is sufficiently small by means of the WKB approximation,
Our investigation started by exploring the dynamics that arise due to
these tunneling fluctuations in QCD. It is very useful to develop WKB
methods in field theory by considering the Euclidian time history of the
vacuum or the propagator in imaginary time. According to Feynman this
can be written as a sum over all possible field configurations, or time

histories of the gauge field, weighted by the classical action. The
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semi~classical or WKB approximation consists of approximating the sum
over all time histories by those which are saddle points of the integra-
tion, namely solutions of the classical equations of motionm in imsginary
time. That is a method which generalizes the WKB method to systems

with an in-finite number of degrees of freedom. It also yields a very
simple analog picture in which you regard the time history of the vacuum
as the spatial configuration of a four dimensional gas. The localized
tunneling events occur at some point in space and time and are character-
ized by an orientation in group space and a definite acale size. The
vacuum-to-vacuum amplitude can then be regarded as the partition function
of a gas of objects, i.e., tunneling events or instantons in four spatial
dimensions. To the extent that they don't interfere with each other

they behave as a free gas with a given activity. 1In this perfect gas
approximation, where one neglects the interference between different
tunneling events, one simply has a four-dimensional gas of objects with

a density of tuaneling events of aizz p given by
D(P) = const. x& (p) e7X(P)

g 3)

x(p) = ~ 11 4nl/(pA)

g ()
This containa the typical tunneling barrier penetration factor of
exp(-!EJ, except that in QCD the coupling constant varies with the
size of the tunneling event. This density is guaranteed to be very
small for small scale size instantons, since x»o as p+0, but will
increase, and thus the tunneling events will become more numerous

and closer together, as one considers larger scale sizes. If one
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considers arbitrarily large scale sizes one will have arbitrarily
large couplings; and the semi-classical approximation, valid for small
couplings, will break down. So once again we will try to describe
the structure of the ground atate constructed by WKB methods up to
some scale size at which the methods break down.

To characterize the influence of such tunnelings we might ask
what is the faction of space time occupied by instantons or what is
the net probability that there will be a tunneling event? This is

given by f£(p) which includes all instantons up to some scale size P,
Pc

F(pe) = n? f gﬂ D(p) &)
0

The physical effects of instantons will become large when f begins
to be of order one. One finds that f increases rapidly as ome goes
from weak coupling at short distances to scale sizes where the coupling
is of order 1/25. So, even for distances where ordinary perturbation
theory would lead you to believe nothing much is happening, you find
a gtrong change in the wave function of the vacuum which now mainly
consists of tunneling fluctuations and not the Gaussian fluctuations
you see in ordinary perturbation theory.

We then attempt to describe the structure of that part of the
vacuum wave function that knows about gauge fields which vary over
a scale size of less than P, That will give a rough description
of the time history of the vacuum as a rather dense gas of instantons
where the vacuum mainly consists of these tunneling fluctuations
and the vacuum wave function is strongly localized on these instanton-

like fields which exist during the tumneling event.
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What is the physics of the vacuum on the scale size of P.? Do
we begin to see quarks binding into hadrons when we look at the vacuum
over this scale size? The first thing we investigate is the question
of chiral symmetry breaking. Here the instantons play two roles.
First, they kinematically solve an old problem which occurs in any
quark theory of reducing the apparent U(3) axial symmetry to SU(3).
This is a result of a kinematical property of tunneling, having to
do with the topological properties of instantons, which I will uot
discuss here. From our point of view, the important dynamical feature
of instantons is that these fluctuations generate a mechanism for
dynamical symmetry breaking of chiral SU(3), a non-vanishing quark
mass, and a composite pion even if the light quark masses were aet
equal to zero. In fact, if one considers the propagation of light
quarks in the QCD vacuum which contains these tunneling fluctuationms,
one finds that a right handed light quark, after a tunneling has taken
place, has become left handed. If one had but one flavor of quark
then these tunneling events would look exactly as though a mass term was
added to the theory. As the quarks propagate everytime a tunneling
takes place, they switch their chirality, exactly as if there was
a perturbative mass term. One can, then, for one flavor, quite simply
calculate the dynamically generated, momentum dependent mass of the

quarks. One finds
2 2 {4 2
n6% - 2 [ 22 06y ¥pp) )
[4
where F is a known function that can be easily calculated by solving

the Dirac equation in the presence of an instanton field. The main

feature of such a calculation is that onz does generate a quark mass
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that is strongly momentum-dependent. This means that at very large
momenta or short distances the dynamical mass generation turns off
rapidly and the quarks bchave as massless objects. As one goes to
larger distances or smaller momenta, one generates a quark mass of
order 2/pc. Thus, on the scale size of p. the quarks will begin to
propagate ae if they have a mass of o—der llpc. The treatment of this
chiral symmetry breaking in the real world, where we have at least 2
light quarks, is much more complicated. An adequate tre.tment of this
mass generation has not yet been developed. However, crudely speaking,
the physics is exactly the same as in the case of one flavor. At the
scale length where we can describe the vacuum as a dense gas of instantons,
the quarks begin to acquire a mass which is typical of that scale length.
We estimate a mass of something like 1 to 2 GeV per quark, at this scale
length. This of course is not the mass of a physical quark, which pre-
sumably will be infinite, but rather the mass which characterizes the
propagation of a quark for momenta of order I/DC.

This will lead to something like the light M.I.T. bag model,
although here the real existence of phases in equilibrium has not
been established quantitatively. If we describe the vacuum as this
dense gas of instantons in which quarks would have a large mass of
order of a few GeV and then demand that we have say a nucleon, i.e.,
a baryon number-one state, consisting of 3 quarks, it will be energetically
favorable to create a bubble of perturbative, dilute vacuum phase
in which instantons don't exist. It costs some amount of energy per
unit volume to create such a phase, i.e., to construct a trial wave

function for such a state which excludes tunneling in some regionm,
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howzver the quarks inside such a perturbative phase behave as massless,
weakly interacting fermions. We believe that this produces a descrip-
tion of light hadrons which, to zero approximation, is simply a bubble
of quarks confined in a dilute perturbative phase, since outside the
bubble they would have a very ilarge mass produced by instantoms. If
one adds the color interactions of the quarks and incorporates the
color-confining properties of the QCD vacuum, one in fact ends up with
the M.1I.T. bag mode., to first approximation. In addition, since one
has not destroyed chiral symmetry by hand, the theory will contain a
Nambu-Goldstone comrasite pion. One can eventually calculate this
pion, which couples to the quark degrees of freedom inside the bag.

This picture then allows one to relate the bag constant, i.e., the
energy density of the QCD vacuum which can be calculated in terms of the
instanton gss, to the only dimensional parameter we have, the arbitrary
renormalization scale length. Thus, via the M.I.T.~like phenomenology
A can be related to the radius of the hadron and we can determine the
value of 1/pc in terms of GeV. We find, in what so far is a very crude
treatment, that the numbers are consistent with bag model phenomenology
and with the values of the couplings that emerge from tests of aaymptotic
freedom.

The other important problem in QCD is that of color confinement.
I shall briefly describe the effects of instantons on color confine-
ment. The main effect of instantons is the anti-screening of color.
One can explore this effect by exploring the effect on heavy quarks
of the instanton tuw ' ling fluctuations. One finds a strong coupling

constant renormalization due to instantons. There is a very aimple
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way to understand this effect. In the analog instanton gas the instantoas
have a natural interpretation as permanent magnetic dipoles. One
can interpret the snti-screening effect which rescales tne coupling
between the quarks by an enormous factor as sizply the parszagnetic
permeability of the vacuum due to these instanton fluctuations. They
typically change the coupling from wesk coupling to strong coupling.
In fact once one geta up to the scale size where these fluctuations
begin to fill the vacuum, one sees a coupling at larger scale sizes
of order one. At half the critical scale size the coupling is very
weak and one can make calculations using WKB methods, but as one doubles
the scale size of the phenomena one is investigating, it becomes very
strong. One can quite reliably and quantitatively discuss the possibility
of 1 phase transition, i.e., the possibility that when atatic (mas:.ve)
quarks are put into such a vacuum they will prefer to live in a phase
where these fluctuations are not present simply because those fluctuations
decrease the d.:‘ectric constant and thus increase the energy of such
a state enormously. One can discuss in some detail the equation of
state of QCD in the presence of color fields created by quarks and
including the physics of the ‘luctuatioms up to P.- One finds that
there are two phases of the system which can exist in equilibrium
in the presence of color fields produced by the quarks with very different
densities of instantons and very different coupling constants.

That leads us to deduce the bag model of hadrons——what we would
call a heavy quark bag. Again, one puts heavy quarks into the vacuum,
the quarks sit there and propagate in time and ome calculates their

energy as a function of separation. We find that in the presence
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of the electric fields created by the quarks, the electric fields

bore holes in the dense instanton QCD vacuum outside and create a

bag or flux tube. Inside one has a dilute, perturbative, trivial phase
which is in equilibrium with a densc strongly anti-screcning phase
outside the bag. The electric field cannot penetrate the dense phase
which has a vanishing dielectric constant. This produces to firat
approximation the M.I.T. bag model for heavy quark system. It allows
us to estimate the transverse dimensions of a flux tube, relate that

to the Regge slope parameter and to estimate the size of such a bag.
Furthermore by relating these parameters to the size of the fluctuations
from which we're building this dense vacuum we show that it makes

sengse to discuss a hag of this scale size. This phenomenon of color
confinement is less relevaat to light quark bound states, nucleons

in particular, where they are less important than the dynamics of
chiral symmetry l -eaking and quark mass generation.

Finally, I shall discuss what all of this might imply regarding
quark matter at high densities. There are many discussions of what
might happen at high quark denmsities based on ideas which are certainly
correct in QCD. The firsr of such discussions, initiated by Collins
and Perry, was simply based on the observation that in an asymptotically
free theory, baryon density plays the role of an infrared cutoff.

By dialing up the density, one can guarantee that the effective

coupling will become arbitrarily small. Thus the density plays the

same role as momentum transfer in deep inelastic scattering and guarantees,
on general grounds, that at sufficiently high baryon density, the

stable form of matter will be quark matter. This will be a relativistic
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gas of weakly interacting almost massless quarks, described by the
following energy density which one can calculate straightforwardly

in perturbatisn theory.

3 4 4 Za' aaZ ag
€~ =3 (p, T, M1+ 57+ =5 (8.66 + 1.9 %a )+ ..
4w 3m 6)
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This simple equation of state is guaranteed by asymptotic freedom. Now,

of course, this tells us nothing about where the phase transition from

hadronic to quark matter might occur, i.e., at what denoity and what kind

of phase transition occurs. Most of the more detailed discussion in the

literature is based on the Lag model, which I've argued will emerge to

first approximation in QCD. One simply adds to the perturbative treat-

ment of QCD at short distances, valid for very large baryon densities,

the energy density B of the vacuum (i.e., of what we would call the dilute

vacuum phase).
fTfr? 2
P = 1/3 (e~4B)

This treatment is consistent with our picture of QCD. Namely, at

large densities the coupling is turned off. Therefore, the mechanism

that non-perturbatively creates this large negative energy density

in the vacuum state has been also turned off, and we have to add

the missing energy B to the perturbative vacuum energy. This leads

to an equation of state which has the possibility of producing

self-balanced states. In fact one has to be careful if one is not
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to conclude that quark matter is more stable than nuclear matter.
The calculations that sre performed are essentially the same calculations
that one does within the bag model to show that the deuteron is a
bound state of & neutron and a proton and not & six quark bag. However,
the calculation is very sensitive to the strength of the gluon interaction
inside the bag. It is only the gluon-induced spin-splitting interactions
that render self-bound quark matter unstable and give it a binding
energy per nucleon of a few hundred MevV.

Of greater interest, since such seif-bound metastable quark matter
bags are unlikely to be experimentally observable, is the possible
phase transition, at large densities, from nuclear matter to quark
matter. Again, estimates vary enormously. They depend very much
on the exact value of the bag parameters, and even more on how one
describes nuclear matter at such high densities. Simple estimstes,
using the bag mod- and nuclear matter extrapolstions, indicate that
the transition cccurs at something like 10 times nuclear density and
thus might be relevant to a description of states that could possibly
be produced in heavy ion collisions. From my reading of the literature
I conclude that the problem is very tricky. The calculations are extra-
ordinarily sensitive to both nuclear physics as well as to the parameters
of the bag model. Furthermore, there are many quest -ms tiat can
be raised, some of which are related to the remark of Gordon Baym
that in the bag wodel nuclei are so big they appear, even at ordinary
nuclear densities, to alwost overlap. One might therefore expect
at intermediate densities of hadronic matter something like a percolation

phase transition where quarks in one bag can be connected via a path
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in the nucleus to quarks in another bag. It is hard, however, to see
what would distinguish such a phase from ordinary nuclear matter.
There is also the concern voiced by Gerry Brown and collaborators

that such big hadron bags might invalidate the standard description of
nuclesr matter, since it is hard to use the usual ideas about particle
exchange in a nucleus made up of alwmost overlapping bags. They also
argue that, if you believe in our picture of QCD, where pions exist
cutside the bag in the ordinary vacuum, the pion external pressure
will in fact cause the M.I.T. bag model to collapse to a small bag,
which is not one fermi in radius but rather 1/5 of a fermi, and that
actually hadrons are small bags.

So, what does QCD have to say about a transition from nuclear to
quark matter? Clearly, in our picture, to first spproximstion, the
bag model is qualitatively correct. Thus there should be such a tran-
sition at roughly B times nuclear density. The factor of eight is
equivalent to changing the fermi momentum by a factor of 2, or decreasing
the scale that is being investigated by a factor of 2. It is just
this factor of 2 that we believe takes us from very strong to very
wealk coupling, from instantons generat J large quark masses and large
couplings to simple perturbative physics. So, qualitatively we would
expect a phase transition at this point. However, from a quantita-
tive point of view it is cleer that at present we are still far from
being able to do much better than the crude bag model in a reliable
way. There is no reason within the framework of the bag model to
believe that the bag constant, the value of a's, or the mass of the

quarks do not depend on the baryon density, as when one extrapolates
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from nuclear density to 8 times nuclear density. In our picture they
surely do depend on the density. Xamely, as one goes from what is
obtained at very high density, where one has a relativistic-like quark
gas to nuclear matter at nuclear densities, one must include in between
the non-perturbative effects vhich generate hadrons from quarks.

These non-perturbative effects, which we would say can be well described
on the scale size of a hadron by instanton fluctusations, will depend
on the demsity. They are in fact turned off at large density, but

as we decrease the density they will be more likely to occur. That
will mean that the bag constant will be a function of the demsity.

In fact it will decrease as we increase the baryon density. Also

the coupling constant will increase because of the anti-screening
effect of the increasingly likely instantons. Thus the properties

of quark matter, as we decrease the density, will be quantitatively
quite different from what one would calculate by simply extrapolating
bag model parameters. These quantitative issues can be already dealt
with, at least at high enough density, since one will then have very
low instanton densities and that's just where our methods are most
reliable. It will be much harder to treat the region of the phase
transition.

There is also the possibility of interesting qualitative physics
at moderate densities due to the chiral properties of the QCD vacuum.
Let us try to imagine how nucleons nucleate out of a relativistic~
like quark gas. In our picture this occurs in the following way: As
you decrease the density, the likelihood of having tunneling fluctuations

will increase. This will have two effects. They will increase the
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coupling in this normal vacuum phase, and at some stage they will
increase the mass of the quark. There will be a critical daasity

at which chiral symmetry breaking will first appar, the quark will
begin tc develop a dynamical mass and a Nambu-Goldstone bosca (“he
pion) will appear. These effects eventually cause the quarks to nucleate
in dilate vacuum bags, because they don't like to live in this medium
in which they interact strongly and where they have a large mass.

But before we get to the phase transitiom, it might very well be that
quark matter does not consist of light quarks but rather of medium
light quarks, and that pions appear and are present in quark matter.
This of course would have significant effects on the behavior of quark
matter in this intermediate density region. I have no idea whether
chiral symmetry breaking occurs or whether there is first a transition
to nuclear matter. In any case, it is clear that the quantitative
description of the intermediate region is going to be quite differemt
than that one would get simply by using density-independent parameters
within the bag model.

I should also note that in QCD "abnormal nuclear matter" simply
doesn't exist. Nucleons are not point-like objects that get their
mase through the interaction with a sigma field. They are made out
of quarks, which indeed get their mass through a dynamical mechanism
of chiral symmetry breaking; but they are already inside a mass bag
in which they are light. Abnormal nuclear matter in a sense is simply
the same state that we've been describing here as quark matter.

Another subject that has been investigated within QCD, both from

the strong coupling lattice point of view and from the point of view
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of our semi~classical treatment of the vacuum is the effect of increased
temperature on hadronic matter. Here one can argue that for temperatures
of order several hundred MeV there is a phase transition to an unconfined
phase. However, it is not at all clear that this is relevant to the
physics of heavy ion collisious, since it seems doubtful that there
is enough time available in such collisions to establish thermodynamic
equilibrium.

In conclusion, I have tried to present a treatment of QCD which
leads to a consistent description of hadrons. At the moment this
is still a very approximate description of hadrons, in which we can,
at best, calculate to within perhaps a factor of 2; but at least our
treatment involves no arbitrary cutoffs or free parmmeters. The picture,
very crudely, is that of a two-phase description of hadrons. Quarks
live in a bubble of dilute, trivial, perturbative vacuum in which they
are light, almost massless, and weakly interacting. The bubble is
in equilibrium with the normal QCD vacuum phase in which one has fluctuations
which are on a scale size of roughly half the hadronic scale size
due to tunneling fluctuations, and on larger acale sizes totally random
fluctuations, which give rise to large quark masaes and large couplings.
To first approximation this picture leads to the M.I.T. bag model
(although there are some differences). To do better than the M.I.T.
bag model, one must match the weak coupling description we have of
the wave function of the vacuum with the strong coupling description
of the vacuum that one has larger scale sizes. This picture for quark
and nuclear matter implies that in first approximation we should expect

the physics suggested on the basis of the bag model and perturbation
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theory to be qualitatively correct. Surely at high enough densities,
there will be a transition to quark matter (although I don't think

that one can calculate at the moment where the transition takes place).
There will also be metastable quark matter states with roughly nuclear
density. If one includes strange quarks, some of these states might
live for a iong time and actually be observed. To do better than the
first approximation, and calculate reliably the equation of state

of QCD, one must include the density dependence of the non-perturbative
physics that gives rise to hadrons. We can begin to do that, I think,
in a reliable fashion for high densities, and there exists the interesting
possibility that there is intriguing physics in between very high

density and nuclear density related to the chiral properties of hadronic

matrer.
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ABSTRACT

In the present paper we develop the essential theoretical tools for the treatment
of the dynamics of Bigh Energy Heavy Ion Collisions. We study the influence of the
nuclear equation of state and discuss the new phenomena connected with phase tran-
sitions in nuclear matter (pion condensation). Furthermore we investigate the pos-
sibility of a transition fron nuclear to quark matter in High Energy Heavy Ion Col-
lisions. In this context we discuss exoctic phenomena like strongly bound pionic
states, limiting temperatures, and exotic nuclei.

KEYWORDS

High Energy Heavy Ion Collisions, compression, shock waves, nuclear fluid dynamics,
pion condensation, density isomers, quark matter,

1. INTRODUCTION

One of the most exciting motivations for the high energy heavy ion physicist is the
possibility to study the nuclear equation of state at high densities, temperatures
and pressures (Scheid, 1968: Chapline. 1973; Scheid, 1974; Scheid, 1974a; Wong,1974;
Heinz, 1978), as well as the search for phase transitions into abnormal super-
dense states of matter like pion condensates (Mipdal,1972; Brown,1975; Brown,1976;
Migdal,1978; Campbell,}975), density isomers (Lee,1974), and quark matter (Collins,
1975; Baym,1976; Keister,1976).

We will concentrate or the following topics:

First we discuss the semi-validity of the nuclear fluid dynamical model which we
uvse later on to describe high energy nuclear collisions. Then the nuclear equaticr
of ptate is discussed, together with the compressibility, phase transitions like
pion condensates and density isomers and the baryon-quark matter.
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By comparing the results of the hydrodynamical approach with a number of recent ex-
perinents we will discuss the circumstantiasl evidence for the occurrence of strong
compression effects (shock waves) and high thermal excitation. Finally we specu-
Jate about the phenomena which may occv. at¢ very ligh energies.

2. APPLICABILITY OF THE HYDRODYNAMICAL APPROACH

For the applicability of the fluid dynamical concepts it has to be ensured that
fast equilibration and thermalization of the incident momentum and energy occurs
in high energy heavy ion collisiens, and that the mean free path (more precisely:
the longitudinal momentum decay length) over the typical dimension, L, of the sy-
stem is small A/L << 1,

The mean free path A is given by
N
oep
where 0 is the total nucleon-nucleon scattering cross section and p is the actual
nuclear density. For normal nuciear density p, and a free n-n scattering cros. sec-
tion ogy ~ 30 mb at high energies, the mean free path is A~ 2fm, which is not too
small against the nuclear dimensions L~JOfm (Scheid,1968; 1974; 1974a).

High relative momenta between nuclei, signifying no overlap in phase space, as well
as the large longitudinal momentum decay length calculated from the free n-n
scattering cross section were interpreted as a complete transparency for the two
nuclei at high energies and as a death for compression (shock) waves at energies
above 1 GeV/n (Sobel,1875). However, in the "formation flight" of ensembles of
nucleons, collective scattering phenomena (Gyulassy,1977; Ruck,1376) and compres-
sion effects can not be nezlected, so that the scattering cross section and the
density can be modified drastically leading to a decrease of the mean free path
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Pions and pionic waves produced in inelastic nucleon collisions via the creation
and decay of nuclear isobars (Hofmann,1976) (nucleon resonances) in processes of

the type

N+K+N+RK +Naenm+N+> K eN+ ...

and via pionic bremsstrahlung (Vasak,1979) may lead to rapid randomization of longi~
tudinal momentum and energy, and thus to a short mean free path and to generation

of shock waves.

Another important process for randomization is the critical scattering of nucleons
in the vicinity of a phase transition point (Gyulassy,1977). This is in analogy

to the critical opalescence, which is characterized by the great enhancement of

the scattering cross section of light near a liguid-gas phase transition, or of

the critical scattering of neutrons in ferromagnets near the Curie point (Stanley,
1971) or - as the last example — the critical scattering appearing in two collid-
ing plasma beams: When the Jrift velocity of the two plasmas exceeds a critical
value, unstable plasmon modes appear, resulting in a growth of strong electric
fields, which greatly reduce the penetration depth of the two plasmon beams in com-
perison to values estimated from iree two-body collisions,

Thus, the vicinity of a phase transition -~ e.g. the onset of pion condenstion or
gluon condensation is expected to be marked by the occurrence of critical nucleon-
aucleon scattering, i.e. a large enhancement (a factor of 2-4 for pion condensation)
of the density-dependent n-n cross section (Gyulassy,1977; Ruck,1876).
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Together with the doubling of the nuclear density due to the overiap of nuclear
matter the mean free path can then reduce by a factor of 4-8 or more to

A g 0.4 fm

This would mean that even at bombarding energies above one GeV/n nuclei do not be-
come transparent to each other: On the contrary,very violent collisions can he ex-
pected. One should keep in mind, however, that nucleus-nucleus collisions are a
quantum meachanical process.Hence - in the sense of quantum mechanical fluctua-
tions - under the same initial conditions processes with violent randomization
(i.e. the occurrence of pronounced shock waves) way occur as well as processes with
less pronounced interaction. It is a formidable experimental iask to separate the
former from the latter.

Indeed, recent experiments (which we discuss later) show that up to lab-energies
of 4 GeV/n & considerable part (~ 301) of the total cross section are violent
events with high multiplicities and large momentum transfer.

3, THE EQUATION OF MOTION

The most complete representation of nuclear hydrodynamics is given for the non-re-
lativistic case by the Navier-Stokes equations, where the nuclear viscosity and
thermal conductivity are included as well as a realistic treatment of the nuclear
binding and surface via the Coulomb- and Yukawa potential (Wong,)977; Maruhn,1977;
Stdcker,1979). Th~ equations of motisn express the conservation of particle number

§%+v-(o:)-o 12N
momentum
3_(."_;'%1 + Vimp vev) = ~VS-pW @
and ~ energy
?_(_g%l + V(EY) = VD) -V(§+9)- pvevy &

-
where S a Newtonian form has been assumed. The potential, which allows a realistic
treatment of the nuclear binding and surface is a sum of the Coulomb potential de-
termined via tne Poisson-equation

Vv ) e ar ED o )
c A
and a Yukawa potential Vy given by
?) v ) = - s o (5)

The Yukawa force allows for a smoothed nuclear surface - a realistic surface thick-
ness can be obtained e.g. with the parameters & = 2.! fm~! and 8 = - 280 MeV fm
corresponding to a nuclear surface energy coefficient

5
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Up to now, three-dimensional nuclear fluid dynamical calculations have only been
performed using the Euler squations, i.e. the equations of motion for an ideal -
i.e. non~viscous and non-thermo~conducting fluid (eq. (1),(2),(3) with n, K=0).
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(Stieker,1979). The above equations describe fluid dynamical processes completely.
However, it is often advantageous to pain more insight into the physical processes
by solving more simplified, schematic models, which can be solved (at least to
some extent) analytically. In this case another set of equations is applied in the
more schematic treatment of the fluid-dynamical description of high energy heavy
ion collisions, namely the shock equations:

Shock waves have to be clearly distinguished from sound waves. In coatrast to
sound waves, shock waves are connected with a strong, density dependent mass flow
with a flow veloeity vf. The shock front itself propagates with the shock velocity
vg>vy and dces also depend strongly on the compression amplitude (Baumgardt,1975).
Shock waves are non-linear phenomena - for large amplitudes p>>p, both vg and v¢
tend to the velocity of light (see Fig. 1), while for small perturbations p~ p,
they approach the linear limit of sound waves. Shock waves imply a large entropy
production: The matter flov through the shock front Is highly irreversible, it is
not only connected with strong compression, but also with large thermal excitation
(Hofmann, 1976; Stdcker,1977,1977a,1978).
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Fig. 1. shows the strong dependence of the
shock velocity vy and the flow ve-
locity of vy on the compression.

The shock calculations have to be viewed as an idealization assuming a zero width
of the shock front together with the discontinuous jump of the state variables(e.g.
0,T,e,p). However, the comparison of the nuclear shock wave calculations with the
result of the full Navier Stokes calculations (Sttcker,)979b) show that the result-
ing compression rates and temperatures are very similar, although in the Navier
Stokes calculations the compression front is smeared out over 1-2 fm due to the
viscosity, Such a width seems to be rather realistic, as the width of a shock
front is approximately given by 2-3 wean free path, which can be less than half a
fermi in high energy nuclear co)” sions. For a large nuclear transparency, the
shock front width may be uf the order of the nuclear radius. However, no indica-
tion for transparency has been found in the high energy experiments up to now.
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The relativistic shock equatiras (Baumgarde,}975) can be derived from the continu-
ity of the

particle flux density ljo] = Ip Ux} =0

\2

energy flux density [Tox]- [i uoux] - (n

. . 2
and momentum flux density [Txx] [i u +p) = 0

vhere [ ) denotes the jump of the vespective variable across the shock front, and
x gives the direction normal to the shock front as seen from the shock front's rest

frame.
Eliminating the velocities u, from the continuity equations yields the relativistic
shock equation

~N

io 32
—5-—2+(pp)(*-’—)'-‘\ (8
by p p e

o

which gives an unique connection between thz free enthalpy i, pressure p, and den-
sity p within the respective rest frame of the matter €¥subscript o stands for the
undisturbed matter in front of the shock wave, quantities without subscript refer
to matter in the compressed state). When we insert 1 = p Wep and i = p W
the equation [ oo

2 2 15 o
oW - L =
W Worp( 5 CR ) 0 (9

is obtained. Here W(p,T) is the energ: density frnctional, which chsracterizes the
nuclear equation of state. It will be discussed in the next section. Neglecting
pions and resonances and regarding the pure nucleon fluid only, the relation

pPT = OP E, obtained in the next section can be used to obtain a quadratic equation
in Ey, which can be solved in terms of the nucleon density o analytically. Ey is
the temperature-dependent part of W(P,T},

PP 2 . .
~ the non-relativistic case ¢ = 3 the temperature is easily calculated from
E
1 2 1/2
0?/3

2 E
T =(—F ) (10)

It is important to note that the thermal energy of the nucleon gas does not depend

on the gas ansatz for Er, but only on the relation pr = 2'3 ¢ ET_Thug this equa-
Tion 1s also valid for a classical 1deal gas, whereas the temperature in

the compressed matter depends drastically on the gas ansatz T = 3 ET for the cla.-
sical gas. (see Fig. 2)}.

The inclusion of pions and resonances demands for an nmumerical iterative solution
of the shock equation,as the pressure is now more complicated.

The shock velocities vg and v¢ can be determined ’y the continuity of the energy
and mowentum flux density. From the relative velocities of the matter witb re-
spect to the shock front, the relative matter flcw velocity v is obtained by co-
variant summation (see Figs. 1 and 3).

:E o 5 v o 1/2

© Tup - vp) (wpe, +p) (1
"_t' . _p_iou <Py V) /2

c ow (p + 05 ¥ )
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Fig. 2. The density dependence of the tempera-
ture T is shown for different equations
of state and compression constants K.
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Fig. 3. The dependence of the shock velocity on the compression
constant is hown.
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A one dimensional relativistic shock model

A simple illustration model can be constructed to calculate the shock compression
and ~temperature in the central collision of two heavy nuclei as a function of the
bombarding energy (Baumgardt,1975; Sticker,1978). This model assvmes thr compress-
ed fluid to be at rest in the center-of-momentum system (equal velocity frame).
Three-dimensional fluid dynamical calculations show that this requirement is ful-
filled fairly well for non-ps ipheral collisions of heavy nuclei near the collision
axis: A sort of stationary compression stage develops. That means, that practical-
ly all of the incident kinetic energy is transformed into internal energy (compres-
sion and excitatiom).

As vg¢ denotes the relative velocity from the laboratory to the shocked matter in
the c-M frame, the lab energy is given by

an -
- 0- (227 -l]lio 0D
c

2v
where vg = -——“'1——7 denotes the projectile velocity.
T+(v, )
flc
Though this model will, due to the lack of kinetic energy of the compressed matter
and due to the outflow of matter perpendicular to the collision axis (as compared
to three dimensional calculations), give too large values for compression and tem-
peratures as furction of the bombarding energy, it is sufficiently good to give a
rather quantitative overview about the expected cowpression and thermal excitation.
The influence of the beam energy and the nuclear equation of state (e.g. different
compressibility constants) and the importance of resonance and pion production on
the collision dynamics can be studied rather nicely at very low cost - the inte-
gration of the full three dimensional fluid model actually is not yet possible
vith the inclusion of resonances. The resulte of this model calculations are pre-

sented in section 7.

4, THE NUCLEAR EQUATION OF STATE

Ususlly one starts with the energy per nucleon W(p,T) for which we use the ansatz

WO, =¥ cC 4B () + EL(0,T) <P

for purely nucleonic fluid. Here M c2 is the nucleon's rest energy, E {p,T=0) phe-
nomenologically reflects the nuclear binding energy, the Fermi energy,cthe hard
(soft) core and the exchange parts of the nucleer forces. For Ec(o) one usually
uses a pcwer expansion in the density as obtained in nuclear matter calculations.

We will use a parabolic expansior known from the extended liquid drop model (Scheid,
1969)

(2)

l(o 2
EC(P) - TE_B;U- (p~ Do) + B

where Bo = - 16 MeV and Ko = 200 MeV is the nuclear coapression constant.

Secondary minima (density isomers) are representgd by a similar anzatz with differ~
ent Py, Ky, B,. For the thermal energy, the simplest ansatz is the classical

ideal gas' 'Ep's 3/2 T. (See Fig. 4).
We will also use the Fermigas expansion

g -2/3 2 o2 23 .
Ep(P,T) = 5 P T =z P E.(p,0) (3)
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vhere we used the standard thermudynamical relations

2
I LA s - &3 =
T=% . i 3, 08 e & “)
0 being tte nucleon's specific entropy.
{ Vin
10_Etip)lhe ] ;
7/
7/
L Y,
/ p
%
0 T
/
-0k
[ \\_,/ —i:in"w
nomol groundstote density rsomer
-204

Fig., & The compression energy with the varjous possibili-
ties for a density isomer is shown,

At high temperatures, the production of rescnances becomes important (Bofmann,1976).
The resonance excitation is treated thermodynamically, whe'e the following approx-
imations have been used. As practically nething is known about the nucleon - N®
and N* - K® interactions, ve assume that the N* interac.icen does also only depend
on the total baryon density. Therefsre the compression energy E.(P) is unchanged,
f being now the baryon number den<ic The first difference is the thermal excita-
tion energy of the isobars. Using che free Fermi gas expansion as above the ther~
mal energy of a resonance with mass micz is given by
i -2/3 .2
T, T zh % T (%)
2
m.c

/3 i
£c

and s is the density of the i-th resonance phase.

2
where Bi - (Ti/6ﬂ)

The resonances can be viewed as excited nucleons (resonance pair production is not
important at the above temperatures). A Boltzmann distribution for the excitation
probability of the i-th resonance has been assumed. Ensuring baryon number conser—
vation, one obtain- the partitions
E.
1. e ilT
A_ - 1 (6)
1 I T e Ex/T
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vhere Ti - = =~

§; (2 Spin (i) ¢ 1) *(2 Lsospin (5)+1)
&

is the statistical veight factor of the i-th rescnance, and - (-i-qo) cz 18 the
energy necessary for the resonance excitation.

The density of the i-th phase is then given by

o, - Ai 4 mn
and the total energy density e = pK is given as the sum over the energy densitiss
of all phases

e = L e = Ip W,. (8)
i ! i

As all baryons are assumed to interact only via EC(D). the energy per resonance i
is

\ 2
ki mi c + Ec + [Ti (9)
which corresponds to a mean energy per nucleon
2
w - .
(0,T) moc + Ec + i Al(t:,‘,i + Ei) 10)

where the mean thermal energy per baryon is

R T an
1 1
and
bMc? - I A E (12)
R

is the mean additional rest mass due to the occupation of the resonances with
mi> e, - The inclusion of a free pion gas (Stécker,1778) with energv

g, 4n g o de e e? - gl an
E, - 3 tme’ s —a———s v J T Ee-1
LT (he)~(2m) 2 T -1
e T -1 b b

is of little importance at lower temperatures because most of the pions stem from
the decay of the A resonance only. The direct production of pions due to thermal
nucleon-nucleon collisions has also been studied, but will be reported elsewhere

(Stocker, 197%a).
The pressure is evaluated from the relation

2 aw(g,rzl . (14)
1

- (2,
P = (av)- (4 )

Taking the pure nucleon gas only, we immediately obtain
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- + - 92 EEE + 02 QET(o.o) 1S
| 4 Pc PT dp 3 p c . (15)
For the compression energy we obtain the compression pressure
K
o 2 2
L TEE; (] (2 ) . (1e)

The thermal pressure of the Fermi gas is given by

1 -1 2 s/3 1 13,2
Pr 3 & o P =3tr T a7
which leads to the relation
2
Prot 30 Ep o (18)

This relation, hovever, is not only valid for the low remperature limit, but also
for the zero tenperature Fermi gas a.ad, non-relativisticelly, for any finite teo—
perature. This relation is, in fact, also valid for a classical ideal gas as can
be seen directly from p V= Nk Ty which is equivalent tc p = + T and with
Er = 3/2 T one has p = 2/3 p Et.
For an ultra-relativistic gas (e/m >> 1) the analogous relation pr = 1/3 ¢ Er
holds apain as vell for a classical as a Fermi gas (even for Tp = 6). Therefore
one hat in this case Ep = 3T.
Knoving the pres<ure and the energy density e = ( ¥ we can calculate the sound ve-
locity in nuclear matter
ep. 1/2
c ¢ (=3 (19)
s/ ge IU

which for groundstate nuclear matter (p = Foo T = 0) is connected directly to the
compression constant (see Fig. 3)

5 2 E
X = 9 p c [
[v] (o] a DZ .
° (20)
. 0O
via CS/C { 9w01~ 0.1 0.2

5. PHASE TRANSITION OF NUCLEAR MATTER IN HIGH ENERCY HEAVY ION COLLISIONS

One of the most intriguing motivations for investigating relativistic heavy ion
collisions is the possibility that phase transitions occur in highly dense nuclear
matter, which eventually can lead to stable, abnormally dense nuclei called den—
sity isomers. A lot of theoretical investigations on this subject have been under-
taken: Feenberg (1945) and Primakoff discussed the possibility of a transition

of normal nuclear matter into a superdense "collapsed" tightly bound nucleus,with
a total mass close to zero and therefore with enormous binding energies. They ar-
gued that this phase transition may occur due to strong nuclear tensor forces or
short-range attractive many-body forces. The collapsed state should be separated
from the normal ground state by a large potential barrier, which practically pre-
vents the transition into the new state of matter. They also mentioned at first
the possibility of collapsed transuranic (i.e. superheavy) nuc ‘ei, and briefly



-365-

discussed highly deformed states and very large spin states. 20 years later
Ne'eman (1974) considered s similar effect: The existence of an attractive inner
part in the hard-core nucleon—nucleon interaction may lead to the appearance of
strongly bound dense nuclei.

Independently of both former ideuas, Bodmer (1971) proposed to lock for collapsed
light nuclei with large baryon numbers, behaving like new elementary particles.He
suggested that these objects may consist of a dense system of tightly bound
quarks, so that s soft repulsive core might be responsible for their existence.

A series of publications were initiated by Migdal (1972) when he proposed the for-
mation of abnormal nuclear states due to pion condensation. Theoreticelly, the
onset of pion condensation is often described as he decay of the Hartree-Fock
ground state into ordered zero frequency (i.e. zer. energy) particle-hole states
carrying pionic quantum numbers. In the new phace at high density the grou.d
state nuclear matter consists of nucleons forming & spin-isospin lattice(lrvine,
1975). This phenomenon may also be interpreted ss & phase transition from the
nuclear liguid to & nuclear spin-iscspin crystal. Or in other words, the phase
transition to the abnormal state takes place as a strong collective pion mode ap-
pearing above a critical density pe 2 p, with the pion field acquiring a finite
ground state expectation value. The pion condensate leads to a8 lowerir- of the
total energy per nucleon with respect to normal nuclear matter. This .. due to
the strong, attractive p-wave pion-nucleon interaction. Later on it was found
that the inclusion of nuclear correlations and the effects of piun s-waves and
4(3/2,3/2) interactions shifts the critical density p., at which the normal ground
state of nuclear matter decays into the spin-isospin ordered system, to higher
densities [, 2 1.5 00.(Migdal,1972; Brown,1975,1976; Migdal,1978).

It is very essential to note that the perturbation expansion and therefore the RPA
approximation completely break down if the system undergoes a phase transition. We
therefore propose a method which allows the possibility of a phase transition and
which is capable of allowing calculations beyond the phase transition point.

(Mattuck,196B).
In the following we will ute the effective particle-hole interaction of Migdal
(Migdal, 1967):

(EE— ) U=f + ¢ 7 -?2 + g g0 + g 1. 1.3+ 0 (1,

In the momentum independent limit we use,this interaction corresponds to a zero
range force in ordinary space. The constants fg, £, 8o gs can be calculated
from elementary processes (T,p,w ..... exchange). (Anastasio,1977).

Furthermore we define the nucleon propagator as
-+ 1 o -+ -+ -+ -+ +
Gl,w) = 7 [ g(1,w) + 00 S(L,0) + T+ T(1,uw)
(2)
- = -+ =+ =+
+ (1 T(,w (o $(T,w)) 1

-+ -+ ~~

where g(l,w), S(i,w), T(?,w) are functions which have to be determined self-con-
sistently from the Dyson equation

¢l =L¢'- 15 17" 3

» o BF 3)
-1 : . . K’

wvhere G° - W - (Ek p) + i  is the free propagator with & "% and
the chemical potential p . EBF is the self-energy in Hartree-Fock approximation,
i.e.
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= 4+ (&)
The d.rect part is given by
1w + -iwe” )
L, =-if—— Sulicuwle
dir (2m) 2n
It has to be stressed at this point that denotes the full propagator which is

8 matrix in spin-isospin space; it has diagonal elements which do not change spin
or isospir but in addition has off-diagonsl elements which describe spin or iso-
spin flip. The off-diagonsl elements vanish in the normal phase and are non-zero
after the phase transition. This is the reason why the HF approximstion does not
break cown in the condensed phase in our method.

As the observables e.g. © (particle density) and i (spin density) are given by

J-. - _: -

P =i f—‘Lj % er [ Gli,w)l e ¥°
zr) (e
3-0 - - . -

i .-ifdk3 %:r[ac(k,w)]ewo
n)

and

. z - L

t =i/ 4k 3 -:T": tr [16(k,0}] = uo
(2m) n
3+ .

PR i 3 du * -ito
Pi i/ (—2“—)-5 o7 T ['tiUk G(k,w)] e

the total self-energy (direct and exchange) is

i . :
Im__- F1p+ on [i +r31 t, +}‘L1o Pik (B)
where )
- — - L - ]
FL =3 (3 £, - £ B, 8 ]
) o (9)
F2 =7 [s g, ~ fo - f' - 34
- i vog - '
F.’J 4 £5 fo f¢:0 go * go )
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As ve are mainly interested in the spin-isospin degree of freedom, we disregard
for the mwoment the spin-spin and isospin-isospin part in Igy. If we no insert Iyy
into the Dyson equation we can essily solve for the unknown functions

- 4F
R S DD ¢o
and
bFl‘
P(l,w) - (11)

F-T, G +F, )

wvhere p is the only non-vanishing component (after rotation in spin-isospin space)

of the tensor p;, and F = w- (eg -4) + i§ - Fy N. Withd =« 3f°—f;-gg'gé and

E - fo~£5-8,"380s g(T,w) and P(1,w) can Be integrated with respect to 1, yielding

after elimination of U by means of particle number vonservation the self-consistent
equation for the spin-isospin magnetization M = p/N

8 ) 2/3 273
-ZEF- - H [€14M) - (1M ] (12)
df
vith B« B (——L) so that the actual density dependence of the left side
dap D-Do
is
B P i P 1/3
52 -1 ) / (13)
F -]

where B is density independent.

Different magnetization curves are shown in Fig. 5. To decide whether the condens-
ed state M = 0 yields lower energy than the normal state M = O we calculate the
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Fig. 5. The density dependence of the spin-isospin magnetization for
different values of B is depicted.

energy per particle as
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To get lower energy we see that B8 > O is reguired. In Fig. 6 we show the actual
condensation energy for different values of 8 . As we neglect spin-spin and iso-
spin-isospin interactions B is essentially given by B = f, - 3g! . As for nor-
mal nuclei (¢ = p ) f,=1 and g ~ 0.7 there is certainly no phase transition.
Kevertheless the momentum dependence of the pion-nucleon interactiop induces & re-
normalization (Migdal,1978) of g} yielding values from 8.2 to £~4. This mo-
mentun dependence induces a periodic magnetization instead of a spatially constant
one, i.e. we recover the structure of the pion condensate as a spin-isospin lat-
tice. To decide whether there is really a second minimum in the energy per par-
ticle as function of p we need the E/A (p) curve for the normal nuclear state in
order to add the condensation energy. Several results are shown in Fig. 7, For

B0L € gng /A [MeV]

Fig. 6. The condensation energy as function of the density for
different values of B .

reasonable values of B ~(2-4) an extreme .u.tening of the equatir~) of state can be
observed. At least a van der Waals type of behaviour can be seen, yielding a mi-
nimum of the pressure as function of p. If the phase transition occurs at rather
low density (p/po~ !.5) a rather broad second minimum may occur allowing extremely
high compression of nuclear matter, At reasonable value of B~ 3 we observe a den-
sity isomer at about p/p, ~5-6 with absolute binding energy of E/A ~ =13 MeV
(Fig. 8). The phase transition actually starts at p/p° ~ 2.8 even lower than the
barrier maximum st about ~10 MeV. Finally we may summarize that a proper treat-
ment of the spin-isospin phase transition in the framework of the Landau-Migdal
Fermi-liquid theory yields a density isomeric state at moderate densities of

about 2 S G/po < 6 with an energy gain of 20-40 MeV per nucleon. ¢% this low
densities the phase transition region (from pey/p, to p(M=1)/p, (see Fig. 9))

is rather narrow, so that the condensation can be achieved in a time which is
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shozt compared to the collision time.

E/A }lﬂe\ll
2}
E/A% [MeV] L
o K100 Me s
L B.3
- + m=05m
S B0 St
| Be15 »
Rl 10~
-15F- 15+
r plp, [ plp
1 1 il 1 F IR BRSO W Mo L i i Il t ! ! I3 !
0 ? A b B 1] 2 4 b 8
Fig. 7. The nuclear equation of state Fig. B. The equation of state develops
with spin-isospin condensation a second minimm for an effec-
shows an extreme flattening at tive nucleon mass o* = 0.5 m.

higher densities.
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Fig. 9. Tbe critical density and the width of -
the phase transition are shown as function of 8.
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The only possibility to reach such high dansities in the lab seems to be violent
collisions of heavy ions. This raises the question, whether the high nuclear ex-
citations one expects for these collisions will destroy the ordering effect of
this pion condensate. This has bren invertigated by Ruck, Gyulassy and Greiner.
They found that finite size and short tim: scale are sufficient to allow for pion
conder.sation (Ruck,]976) Gyulussy and Greiner (1977) modified the p-wave part
of the pion polarization operator to include the nuclear temperature by & smeared
out Fermi distribution of the nucleons (see also the later treatment of Weise and
Hecking,1979). They find that the density dependent critical temperature T,
above which the thermal distributions destroy the orderel spin-isospin lattice
lies substantially above that expected from hydrodynamic caiculations (see Fig.10).
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Fig. 10. The critical temperature T,, above which pion-condensa-
tion does not cccur. Tg indicates the temperature oc-
curring in shock waves.

As the ccndensate occurs at finite momentum K.~ 2my, the critical distance Rc-kc]
~ ) fm. Thus a dense system of dimension ~ 2 fm could support a condensate. The
relaxaticn time of the pion condensate can be estimated from Tzénd = maxlz Ino wl,
where « is the corplex zero of the pion propagator fA. in nuclear matter. This
gives T.ong ~ 1/5 Teoll indicating that a condensate can develop during the
collision time. The occurrence of a pion ccndensate is also connected with the
critical scattering of nucleons at densities in the vicinity of the phase tran-
sition. In fact, the observed strong increase of the n-n scattering (see later

) may also be used as an experimental signal for the onset of
pion condensation.

Lee (1974) and Wick suggested within the O-model Lagrangian field theory that

the restoration of chiral symmetry can result in very small nucleon rest masses.
The practically massless nucleons forming strongly bound nuclei with binding ener-
gies of 140-500 MeV/n,i.e. an order of magnitude larger binding effects than in
normal nuclear matter. The ground state of this abnormal phase is expected at

p2 2-5 Po+ The total energy of the abnormal nucleus consists of the nucleon ki-
netic energy and a potential energy term arising from the O-meson field energy.

In central collisions of e.g. two Uranium nuclei even the formation of superheavy

superdense nuclei seems feasible.
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Such an abnormal nucleus can have completely different properties from a normal
nucleus: Duz to the probably totally different mass defect the atomic mass will
not be an integer number. Furthermore, a collapsed (superdense) superheavy nucleus
will have interesting atomic properties. Fig. 11 shows the electronic binding
energies of collapses superheavy nuclei as function of the nuclear density as cal-
zulated by J. Reinhardt. (Stdcker,1978a). One sees ~'at for large Z the binding
energ exceeds twice the electron rest mass - an empty clectron state will chen
be filled by an electron from the Dirac Sea, accompanied by the production of po-
sitrons without expenditure of energy. This process manifests the spontaneous de-
cay of the neutral vacuum into a charged vacuum. If in a fast nuclear collision
collapsed superheavy nuclei are formed, the exotic atomic properties may help in
the identification of long lived or even stable collapsed superheavy nuclei via
the emission of high energy characteristic X-rays or - better - by searching for
sharp resonances in the positron scattering cross section. These observations
would yield precise information on the nuclear charge density of an abmormal nuc-
leus.
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Fig. 11, The electronic binding enmergy ss func-
tion of the nuclear density is shown.

6. QUARK MATTER AS A SPECIAL PHASE OF HADRONIC MATTER

The strong compression available in nuclear eollisions at very high bombarding
znergies may serve as a tool to form a new form of matter: If the nuclear matter
is so dense that the nucleons overlap strongly it is possible and may be energeti-
cally more favourable that not only tbe nuclei, but also the nucleons desintegrate,

When the nucleons dissolve into their constituents, the partons, which are believ—
ed to be quarks, the formation of a multi-quark object is feasible (Collins,1975;

Baym, 1976; Keister,1976). We will investigate the possible quark phase wi:zhin the
pheonomenological MIT-quark bag model: (Chodos,1974).

One can show that the simpie model of a bag -~ which must be vieved as a volux in

space, in which massless quarks move quasi-free - can fit the mass spectrum of
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the lipht hadrons quantitatively quite convincingly, if the following conditions
arc fulfilled: a) The bag, i.e. the volume in which the quarks move, has a con-
stant positive energy density, which therefore increases infinitely with the bag
volume. This bap energy accounts for the quark confining potential, which does
not allow the separation of single quarks from each other. b) The zero point
motion has to be included for quarks which move within the small volume of a hadron.
¢) The energy of the guarks is included by solving the Dirac equation for a bound
quark state inside the bag. d) Low-order terms in the quark-gluons coupling con-
stant are additionally included to take into account the mutual interactions more
realistically.
For our test calculations on the formation of a "Giant Quark Bag" we assumed that
the bag energy density coastant remains unchanged if the hadronic matter "fuses"
into the Giant Quark Bag volume. We neglect the zero point motion, as the GQB is
supposed to be much larger than a hadron bag. For the kinetic energy of the
quarks we used the free, massless "ultra-relativistic" (p = 1/p p Ep) Fermigas
model which for zero temperature yields

3 6m 1/3
E = = (=) fc o . )
FQ 4 8q Q

From the quark Fermi energy, the Fermi pressure may easily ba calculated as

PE = p2 g% | which yields
2 1/3 473
S L te . (2)
Q 4 gq Q

Thus, the fermi energy and -pressure of the quark gas are related

E . 3

The latter relation does not only hold for T=D, but is actually valid for all tem-
peratures. The interaction of the quarks can be calculeted and leads to an effec-
tive £ 507 rise of the density-dependent Fermi energy (Stocker,1977).

The density-dependent ground state energy of the Giant Quark Bag is then given by

2 1/3
~ B 3 61 1/3
Epae = g \Ba- * 7 qi;ﬁ he (l+ac)pQ ). (4)

Epac is depicted in Fig. 12. 1t is shown, that near the normal ground state of
nucqear matter, with the pzrameters used by Chodos(1974) et al. the GQB energy is
approximately £ 300 MeV/n above the nuclear matter curvejhere we used B = 56 MeV
and o = 0.5. The statical factor gq for a quark gas with spin, flavour aad co-
lour ( = 12) was used. However, for smaller B and a., this difference is much
smaller and the Quark energy may be lower than that of nuclear matter, already at
rather moderate depsities, if a rather stiff, i.e. quadratic compression interac-
tion is used for the nucleons,

In our investigation we have up to now not taken into account the density depen-
dence of o (Freedman,1978).

127 ]
LA (5T o GIAD) .
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1f we replace k + kP we induce a density dependence

12w ]
33-2n 2 2/3 2
£ 6T the 2/3
1n{( R -Tz)' p-=7})

i.e. 0g+0 if p»= . Detailed calculations by Fre lman (1978) et al. show, that
@, ~0.5 at low baryon densities and a_~ 0.1 already at pp,;c.~6 p,. We therefore
*Xpect to be ou the a, = 0 curve at high densities. This density dependence of
0. lowers .uc phase transision point considerably.

a.lp) =

Elp)/R1GeV]

Fig. 12. The energy per nucleon for a quark gas
is shown for a bag constant B = 56 MeV
and different values of a.. The nuclear
equation of state is shown (dashed curve).

The juark matter equation of state can be put into the relativistic shock equa-
tion (3.8) to yield the thermodynamic variables for a dense quark gas when it is
formed in a relativistic heavy ion collision.

To solve the relativistic shock equations, the free enthalpy and pressure
1= pEp +B + p (5)

p= p -8B €6)

bhave to be inserted into equation (3.8), where remaining "undissolved" nucleons
sre neglected. Then the following equation is obtainsd:

E E P
2 2 F -] -] F F
Ep-Wo*+ pp (3 oo)*n(oo‘p"b’)'o - o



=374~
Here the last part gives the influence of the Bag itself. Using Pp -é Ep for
the quark gas, eq. {(7) can be solved analytically to yield

1 B
(z "o IPO

2 2_.. 12
_B =3w ((p/ )'-1))
Ecm - ID) o P (é)

N -

8 2
+ If" ( (‘ HO D/po

From thi:t cquation the quark density within the compression zone is obtained as
function of the bombarding energy (see Fig. 13). For BsD this equation reduces
to

E .
cm ] ] b 2
'ﬁ;— =3 ¢ 7 plpa + "3 * 8 (p/po) ) (9)

These results are also applicable for e.g. Lee-Wick matter and prescribe the upper
limit of the corpression in the ultra-relativistic regice.
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Fig. 13. The actual density achieved in a shock wave in quark
matter as function of the borbarding energy.

Due to the large Fermi pressure of the quark gas, its compression increases much
slower with the borbarding cnergy than in the case of nuclear matter. The large
ground state energy of the QB could be responsible for another effect: If at
high bowbarding energy the nucleons desintegrate and a GQB is formed, the excita-
tion energy of the system mostly has to go into the quark Fermi energy, which can
reduce the temperature of the system considerably. Also the distribution of the
residual thermal energy over three times as many degrees of freedom will lower the
temperature.

In a three-dimensional hydrodynamical test calculation we found that the quark mat-
ter is only transiently produced in the collisions of fast nuclei for & very short
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time. However, it is possible that part of the quark matter does not immediately
recondensate into hadronic matter, but stays within the quark phase for a longer
time., This piece of quark matter then expznds freely into the state of minimum
energy at p, . The expansion will approximately follow curves of constant entro-
PY, Q for which

p V3 o const and E - '/ (for an1 1) . (10)
Such a metastable GQB would hsve a ground state density different from the nuclear
equilibrium density. It can decay by the sudden release of a large amcunt of ener-
gy (~ 300 MeV¥/n) into & bulk of normal hadronic matter, hopefully a considerable
time after the collision: This may open s way of detecting GQR's. The resulting
"hadronic nucleus” may have a rather unique structure, e.g. consisting of many
resonances.

Furtheron it seems worthwhile to investigate the possibility of condenstion phe~
nomena due to the colour degrees of freedom of the quarks, whick mediate s colour
quark-quark intersction.

This colour intersction may be written as (Dalitz,1976)

8 5o
v-f(k)y I Al
i=)
1
where f(k) an ac(k) :2-
1
. 1271
. T
vith a (k) 33-In, (A0
which is the QCD fine-structure constant and ng = is the number of light flavours.

The definite structure of a.(k) as function of the momentum k is only v-gu-ly
known from renormalization group arguments: (Freedman,1978)for k +®™it is expected
tbat a.+ 0 (asymptotic freedom at high densities). At low densities a. should be-
come llrge (non-perturbative region of colour confinement).

The expression for a.( ) given above fits the large k region quite well. The cut-
off parameter bhas been determined from charmonium data to be of the order of

A ~ 300-500 MeV (Richardson,1979). As ve treat the quarks in Fermi gas approxima-
tion, we replace k by the Fermi momentum kp thus inducing # density dependent inter-
action. This corresponds to the assumption that the medium screens the long range
quark-quark interaction as in the case of an electron gas.

¥ith the quark propagator

Clsa) = § (80, + 312 0]

we calculate the Hartree-Fock self-energy

2 k
pogfP 3% 4 ¢
l_& 2
mglogf o 3E 4y,

- k ,,m
d;kj)(lfjin + djin) c .
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where f"k and dji; are the 5U.t3) structure constants and Ck(k-l.....l) is the
lnltbrated colour éensity

2. 4% d -iwo~

¢ =2isky Lp mae :
. 2% Tk Ot

ko3 (e
As the colour group 5U.(3) allows to select two diagonsl generators e.g. l3 and 18
(which we call in the follow:ng colour~isospin and colour-hypercharge) we investi-
gate e.g. colour condensation in the Ag-direction. Furthermore we assume the
quarks tc be massless and treat them as relativistic Fermi gas i.e.

6m.1/3  1/3
Ep = kT - O—E-) p
Applying now the method developed in the nuclear context we find the self-consi-
stent equation for the colour magnetization by solving the Dyson equation. For
the colour-hypercharge magnetization we find with ¥y - 1/6 - 3) f and

vhere g is the factor of statistical degeneracy g=12.

Fip 1 Mg 1/3 1/3
—_— (1 +59) -1 -M)
3% HB 2 8
ard the energy
M, 4/3 4/3 F.p
E 1 8 1§ 1 1 2
= e 220+ ~0My  )-g B-Z —w
:rN 4 2 8 9 € 6 °r
. L1/3 X P :
Expanding (] 2 M) we find the phase transition point as

L]
EP 2

As can be seen fron the energy, there is an energy gain through condensation only
if F >0, i.e.
179

}"(%'3)4Iuc(k}.)—;—>0 .

We therefore find that there is no net colour magnitization as long as
> .
uc(kF) o]

Our present knowledge (Freedman,]978) from QCD says that a.(k)>0 at all k. There-
fore there should be no phase transition at all. Nevertheless it is well known,
that the phase transition from a nucleon gas to a quark gas is very broad with the
coexistence of a nucleon and a quark phase. Therefore there may be many-body ef-
fects chang1ng ac{k) to an effective agf f(k) during this percolation phase.

This uEf (k) may have negative domains, thus accowplishing colour condensation.

As

Flo eff
—_— 4da (k)
Er c
] . s e
already ae£f =-3 is sufficient for the colour phase transition to take place.

This type of intermediate colour condensate Hlll enhance the nucleon-quark phase
transition due to the condensation energy gain, which is (in the condensed reagion)
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with G= 73 MeV for a:f'f' = -0,3. Therefore the nucleon-quark phase transition re-
gion at about £p, the actual condensation energy gain is of the order of 125 MeV.
We therefore conclude that a phase transition from nucleon to quark matter at den-
sities lower tban predicted by bag calculations may be a hint for condensation
pheneomena pointing out a deviation from standard QCD. At the phase transiticn
point ve expect the well known critical scattering phenomenon (Cyulassy,1977):

The scattering cross section is drastically enhanced. This point needs further
investigstion in the context of quark matter.

THE COMPRESS10N AND EXCITATION EXPECTED FROM NUCLEAR SHOCK WAVE
CALCULATIONS FOR HIGH ENERGY HEAVY ION COLLISIONS

Let us first look for the results of the one dimensional shock calculations of
head-on collisions of equal nuclei, which allow the study of the influence of va-
rious parameters of the nuclear equation of state on the reaction, mainly on the
compression rates and temperatures reached, but also the shock and flow velocities
and on the production of pions and nuclear resonances (Baumgarde,1975; Stécker,
1978)., The compression rate in the rest frame of the compressed matter iz shown
in Fig. 14. It is found that the compressibility constant is of importance for
the compression of the lower energies, where a stiffer equation of state (i.e. lar-
ger X-values) results in lower compression. For very high energies, ve can neg-
lect the compression energy completely and derive an analytic expression for the
asymptotic behaviour of (p/p,) ssymptotic (ELAB)' For an ideal gas p = 2/3 p Ep
the shock equations reduce to

Y, 13
1 L+1
0/00-5(5(2) +3) ¢))
p/p
0 °
Sk
[ K+300
k=150 nucleons only
nucleons only

ELGD /n [HeV ]
1 1 J 1 S P -
0 1 0’ 0

Fig. 14. The compression reached in the rest frame of thz coe
pressed matter is shown.
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E.
vhere YL = t‘a + )}, Therefore, in the relativistic doma:.n, the rest frame com
ression it not limited to p/p, = 4 (this was wrongly assumed by various authors
(Sobel,1975)) as in the non-relativistic limit (Y1 31), but increaess with the
square root of the bombarding energy. D/Do = 4 is reached at Ejap= 1 GeV/n, i.e.
just where relativistic phenomena become important.

In the ultra~relativistic limity>>1, p = %-pET one obtains

Yy ¢+ 1
. L 1/2 -
plo, = & (———2 ) 4 Yoy (2)

At the very high energies, the influence of the nucleon resonances dominates. Owing
to the increased number of degrees of freedom, the equation of state is softer and
therefore higher compression is possible.

Like the compression, the temperature achievable aiso depends strongly on the nu-
clear equation of state used. (See Fig. 2). A lower compression constant increases
the temperature, as less energy is needed for compression. On the other hand, the
inclusion of nucleon isobars decreases the temperature considerably,as the internal
excitation goes into the formation of heavy resonances, which means the transfor-
mation of thermal energy into additional rest mass. This ccoling pheonomenon is
vhat leads to a maximal temperature T in connection with an exponentially in-
creaging hadronic msss spectrum (see later). However, the resonances become im-
portant only at densities P/Py=3 , reached only at relatively high energies.There-
fore, the inclusion of resonances is important in the relativistic repime, but may
be neglected for moderate energies Ej,p<400 MeV/n. At such energies, the feed-
back of the N* formation on the system is small and one may consider the A(3/2,3/2)
resonance only. In this case the temperature way be calculated for the simple one-
junase nucleon gas and from there the resonance excitation can be obtained as in a
perturbational treatment. NA/N is then given by the simple formula

. 29
Np/E s 1, e BT L,e T . 3

We find that thermal pion production is very small for E;,,S400 MeV/n. This means
that copious pion production at low bombarding erergies will strongly indicate an
exotic phenomenon (see later) . The importance of the equation of state for the
temperatures attained is seen in Fig. 2, where the temperature obtained in a Fermi
gas model is compared to that of & classical ideal gas Er = 3/2 T at higher den-
sity, the deviations are very large. However, in a relativistic treatment, the
Fermion temperature approaches the ideal gas limit for very high temperatures
T2200 MeV, as then the Pauli principle can be neglected. Fig. 3 shows the in-
fluence of the compression constant on the shock velocity in nuclear matter as a
function of the shock amplitude p/po in the matter's rest frame: The shock veloci-
ty increases with density and with the compression constant. For small amplitudes,
the shock velocities tend to the sound velocity Cs/c, of the ground state, which

of course is different for different values of K:

1/2 1/2
3p K
cle = (o= = ) for p = p . 4)
s ae g=const 9 ¥ °

For large amplitudes c_ tends to the velocity of light and the influence of K vani-
shes. 1f for the thermal pressure an equation of state {or the gas law) different
fron an ideal gas is used, i.e. for example O=] instead of o= 2/3-PT'°ET results.
The higher internal pressure leads to & much faster increase of vg(p).
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Pion Production

To calculate the total pion production rate, one sums over all pions emitted in
the decay of the excited resonances and includes the production of the .ree pion
gas. For the strongly compressed state, which is calculated in our model, the for-
mation of temperature-free pions was negligibly small (an order of magnitude down)
compared to the A-resonance. A comparison with several different model calcu-
lations (see Fig. 15) (e.g. pion bremsstrahlung calculation (Vasak,1979), indepen-
dent nucleon-nucleon collsions (Bertsch,1977), thermal models (Chapline,1973;Heinz,
1978) ) does,however, show qualitatively good agreement with the data (Fung,1978).
Therefore more refined calculations will be called for interpreting more exclusive
experiments, The emission of the pions from the initial, strongly compressed

stage during the whole expansion stage, will also increase the number of free pions
in the system which is proportional to the volume of the hot matter.
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Fig.15. Thbe number of pions produced in a heavy ion
collision in different models (see text).
Existing experimental results are indicated
by points with error bars.

Dependence of the Particle Production on the Nuclear Equation of State.

Within the one-dimensional relativistic shock model, the dependence of the forma-
tion of isobars and pions on the nuclesr binding energy functional may be investi-
gated by iterative solution of eq.(4.16). In analogy to the influence on the tem
perature, also the pion production rate strongly reflects the properties density
dependence of the compressional energy E.(Pp, T=0). A soft nuclear equation of
state, i.e. small K values, leads to an increasing number of produced particles,as
a larger fraction of the internal energy is available for thermal particle produc-
tion. Thus, the measurement of the rate of increase of the particle production
with the bombarding energy may be usad to investigate the compression energy E.(p)
and the compression constant

%
- 2 [ : i/2
K, 90, 5% |p -0, and sound velocity c_ /¢ -(KIBHD) 5)
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experimentally. One can also learn about the thermal properties of the nuclear
fluid at high temperatures: Using the ansatz = 3/2 T for an ideal classical
gas yields a much faster increase of the shock temperature with the bombarding
energy (see also the next sections).

Influence of the Formation of Abnormal Ruclear Matter on Shock Waves.

In the case that a phase transition into a secondary minimum would occur, these
results are drastically changed (Rofmann,1979): Above a critical bombarding ener-
EY» the matter is compressed to the critical density P, at which the pressure
does no longer increase with the density. If the pressure p~3E./3p decreases
with increasing density, the matter becomes unstable and collapses with no addi-
tional need for external compression into the abnormal superdense state. In the
region of decreasing pressure no shock waves can be formed, (vg~ p), i.e. the
shock phencmena vanish for this region. This can be used as a signal to detect
phase transitions experimentally, namely through the disappearance of Mach shock
phenomena. It should be noted that this can be used also to detect inflection
points in E.(p), where p_(p) decreases, while no secondary minimum is formed! It
was shown by Eofmann(|979$ that also an equilibrium coexistence of the normal and
abnormal phases, which we excluded because of the short collision times we are con-
sidering, does not allow for a stable shock front in the phase transition region

-~ nor for a double-shock as postulated by Galitski (1978).

Another effect of the phase transition is also very important: The collapse of

the matter into the abnormal state leads to a sudden release of the condensation
energy as additional excitation energy. Thus, a phase transition into a density
isomeric state will be accompanied by a strong additional heating of the syster,
which can be used to observe density isomers in heavy ion collisions independent

of the disappearance of Mach shock phenomena, namely by strong threshold increase
in the excitation function of the particle production rate (pions, resonances,
strange particles - tee Fig. 16) and of the high energy tezils of the particle spec-
tra, which also reflect the temperature of the emitting source.
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Fig. 16. The influence of a density isomer on the thermal pion
production rate is shown.
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Expansion and Explosion of the Hiphly Compressed Matter

The abeve increase should be observable also when the subsequent expansion of the
natter is taken into account. Particles will be emitted during all stages of the
reaction from the dense, hot piece of nuclear matter, and mainly from its surface.
Two competing processes will lead to the decay of the compressed shock zone: First,
the compressed matter will expand isentropically, i.e. with constant entropy.This
will result in a collective flow of matter outwards, with the thermal energy per
nucleon
a?
23 6

ET = 38 [

and the temperature
o 23

T = B [ (7)
dirminishing with decreasinﬁ_density, and the kinetic energy per nucleca increasing
because of the expansion EX0 = Ecy ~ (Er + E;) (see Fig. 17). This process con-
tinues until the mean distance between the nucleons is too large to ensure thermal
contact and equilibrium: The matter breaks then up into pieces. Possibly these
break-up densities are reached at densities where the pressure has & mirimum
{p/to~ 0.5) which corresponds to a hydrodynamically unstable situation, where the
dilute matter ccndensates into separate fragments.

In the case that abnormal superdense matter is formed, the system retsins at lar~
ger temperature as compared to the normal matter case (see Fig. 18). As the isen-
tropic curves show the barrier to the secondary minimum even at large temperatures,
a trapping of the matter within the abnormal state is possible for a considerably
long time. This is discussed in greater datail in the next rections. Secondly,
#lso the possibility of a rapid explosion of the highly excited shock zone has to
be taken intc account. Since a considerable fraction of highly energsatic partic-
les moves faster tha:r the collective outflow described by isotropic expansion,

they can quickly esczpe from the surface of the shock zone.
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Fig. 17. The reaction kinematics for a heavy ion collision is
shown as described in the text.
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Fig. 18, The energy .'ependence of the temperature for a) normal
nuclear matter, b) density isomer with By = 0 ,
€) By = =~ 140 MeV,

The vaporization of the surface of the compressed matter (shock zone) will lead to
the emission of fast particles, which carry information about the - most interest-
ing- state of highest comprescion and excitation. Therefore, special emphasis
must be given to rhe observation of the highly energetic radiation components,
rmainly light, sidewards emitted fragments to learn about the initial compression
stage of the reaction. The compressed 2zone is cooled down via particle radia-
tion, thus slowing down the expansion of the system. The cooling effect, of
strong enough, may stabilize an eventually formed abnormal nucleus.

We calculate the expansion of the highly excited matter assuming isentropic ex—
pansion of the whole system - the vaporization of the surface of the hot object
is presently neglected. Let us, for the sake of simplicity, consider now & pure
nucleon Fermigas. Then the thermal energy (6)
2/3

B = %P
icr an isentropic expansion (0= const. t) from the state of highest compression in
the shock zone to the lower density can be easily calculated: Because of the ex-
pension, the matter cools down as T, ET ~ P 3 ., The internal energy EX=E +Ep -
cowpression energy and random thermal motion - is transferred into kinztic ener-
gy, namely the directed collective outward flow of the system. Fig.17 shows Ep,
E., and Egin = Ecy — (ET + E.) as functions of the density for two different bom-
barding energies E{zp = 0.4 and 1.07 Gev/n. The state of highest compression is
approached along the shock adiabate, the thermal energy increasing rapidly with
the density. In the expansion stage, however, Ep decreases rather slowly with the
density, while the kinetic energy of the collective outflow increases very fast,

approximately as
Epin = Een O0- pip ) (8)

where Po is the shock compression. The kinetic energy of the collective outflow
15 considerably larger than the internal random motion.

Let us now study the time development of the expansion of a homogeneous density
dig:ribution in the non-relativistic one-dimensional case, which can be solved
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analytically: One can estimate the time de endence of the density which is in our
case { = N/R from equation (8)

. AR. 1/2
-W) %
wviere R_ is the radius of the system in the highly compressed state. Separation
of variables and integration yields

R(D) = Vg, O

o [RVER +x 1 (R +FR) -8 W)= «. (10)

cn

Fig. 19 shows the compression- and expansion phase for various cases. One notices
that a much lower compression than calculated in the shock model does end up in
quite a similar final expansion as the shock calculation, only the initial stages
are different (dashed line).
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Fig. 19. shows the compression and expansion phase in non-relati-

vistic one-dimensional model.

Another result is the much slower decrease of the density, when a lower bombarding
energy is investigated. ¥Finally, the decrease of the density proceeds much faster
vhen collisions of small nuclei are investigated. Therefore, most interesting are
central ccllisions of heavy nuclei, as here the system stays for the longest time
in the highly compressed stagep > 2p,» namcly 47 and 36 fm/c for U-U collisions at
0.4 and 1.07 GeV/n. During such a long time, particles (e.g. pions) with vz0.5 ¢
can travel 24 and 18 fm respectively, much longer distances than they need to leave
the highly compressed zone with R = 8 fm. This means that one may even obtain in-
formation about the compressed center, when the high energy tails of the particle
spectra are studied under 90° in the CM-frame: Here the central compression re-
gion can be seen without a rhadowing effect from the residual projectile- and tar
get nucleus.

Recently, such an experiment was performed by S. Nagamiya (1979) and collaborators
in the bombardment of Na F with Ne-projectiles at various energies.
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© They measutred the spectra of the particles (protons and pions) emitted at #° in
the CM f-ame. They find an exponential decrease of tbe particle spuctra, from
wvhich ti. temperature of the highly compressed cone can be deduced. Fig. 20 shows
the recults of their measurements (dots). The solid line represents tbe shock
temperature as obtained (witbout any f£itr) from the relativistic shock caiculations.
A remarkable agreement betwesn tbe data and ice theory is found; thus the experi-
ment seems to indicate that tbe shock wave model implying strong compression and
high excitation may be valid for the description of study theoretically central
collisions of fast heavy nuclei., Turthermore, the experiment shows that it is
necessary to use a Fermigas ansatz for Er (P,0) - a calculation using a classicel
ideal nucleon gas with Ex = 3/2 T yields a linear increase of T(E), which stroig-
1y contradicts the experiment.
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Fig. 20. The proton(full dots) and pion tem
paratures (open dots) ad deduced from
the experiment of Nagamiya et al. com~
pared to the shock calculations for
pure nucleon gas (full curve) and in-
cluding the resonance cooling (dashed curve).

However, the absolute value of the deduced temperaturs is surprisingly high - ore
would expect that the matter is cooler due to the resonance - and pion creatica.
If the curves of Nagamiya (1979) et al. are extrapolated to higher bombarding ener-
gies, the limiging temperature (Eagedorn,1965) S mpc = 140 MeV may be
achieved already for Ej,p~3 GeV/n, i.e. at hesvy ion energies,vhich are presently
only available at tbe synchro-phiasotron in Dubna. The possibility of finding tem-
peratures T >TM8X g gn exciting ask for further experiments. According to
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recent papers (Fowler and Weiner,1979; Kapusta,)979) the axistence cf quarh matter
would not allow for an exponentisl mass spectrum of elementary particles and thus
a limiting temperature would mot exist. Another importent festure of the data of
Kagamiya is the result that the temperatuie of the pions is systemantically lower
than that of the protons. The proton spectra may show up higher energies due to
the bydrodynamical outflow of nucleons resulting in an apparently higher tenpera-
ture, One may alsc speculate that they arise from a stage cooled because of
higher compression energies or finite resonance production, or that the pions are
not in a complete thermal equilibrium vith the nucleons. Sandoval (1979),
Stock, Schroeder and collaborators determined in a streaZer chamber experirent the
pion production rate in central collisions of Ar on KCl. They measured very large
charged particle multiplicitics (approximately the sim of the proton nucbers of
projectile and target) for Ej,p = 1~2 GeV/n. They find that the pion mwiltiplicity
<mp> is of the order of 10~20 per cent of the nucleon multiplicity <mp> increasing
appro-imately linearly with the bombarding enc-gy. TUsing the temperatures calcu-
lated on the basis of the relativistic shock equation, vhich coincide well wvith
the temperatures measured by Nagamiys, ve esticated the number of pions created
considering l-resonance fcrmation via
ot “Fam
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where Tp= 4 is the statistical factor of the A(3/2, 3/2) resonance. 1In Fig. 21
the data are compared to the calculations. The experirenta) data are again si-
milar tc “he results of the shock calculations.
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Fig. 21. The pion production rate <my>/<my> as obtained in the
experiment of Sandoval et al. (dots) compared to the
shock calculation without resonance cooling (full curve)
and including the resonance cooling {(dashed curve)

However, again we would expect that the cooling influence of the resonance - and
pion formation lowvers the temperature, thus leading to a smaller pion production
rete than experizmentzlly observed, and to a lower increase of <n,>l<l?> with the
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bombarding energy (dashed curve). A full relstivistic treatment of the resonance
production can increass the pion multiplicity obtained in the shock calculation.
However, the data point at 1.6 GeV/n is slightly above the straight line. If this
result is not due to a statistical error, which cannot be excluded st the moment,
an increase of <o;> and a change of the slope <my> seems to appear at E; ,p~1.6 GeV/
n. This would be a very exciting result, as it would be interpreted as evidence
for phase transition in dense nuclear matter at p/p,=4p,. From the apparent jump
in the temperature one may deduce the condensation energy of the density isoneric
state (i.e.,the depth of the secondary minimum in E. as messured from the barrier
at E¢ (p.)). However, as long as this effect has not been definitely proven by
more extended and refined experiments with better statistics and beasuring at the
lower energies and in smaller energy bins, this remains speculation ~ which, never-
theless, may be stimulating alsc for the forthcoming experiments. In conclusion,
already from these simple one-dimensional shock calculations it appears that one
can learn rbout the reaction dynamics and the properties of the nuclear equation

of state from high energy heavy ion collisions, if the relevent windows, uniqu-

ly reflecting the occurrence of interesting or exotic phenomena, are searched care-
fully.

The Importance of Nuclear Viscosity and Thermal Conductivity

Let us now turn away from the more schematic one-dimensional shock model to more
refined nuclear fluid dynamical calculations: Though the solution of the reiativi~
stic shock equationc allows for an overview of the phenomena and reasonably enab-
les us to obtain values for the various variables considered, it is highly idealis~
ed and does not give an answer to the questions concerning the details of a nuclear
reaction at high energies. This is only poussible by solving the equations of
motion fcr a non-ideal nuclear fluid numerically. The most important feature of

& non-ideal fluid is the occurrence of viscous effects and thermal conductivity -
therefore at least equations of the Navier-Stokes type have to be solved. A twe
and three-dimensional relativistic fluid dynamical model is presently under pre-
paration by G. Buchwald, but not yet available. Thezrefore we concentrate on the
influence of the viscosity in a2 one-dimensional fluid dynamical model. Within

this model we can look somewhat deeper into the details of a heavy ion collision,
e.g. studv the time dependence of the compression and thermas! excitstion as well

as the possibility of formation abnormal superdense states.

To solve the equations of motion - the non-relativistic Navier-Stokes equations

in one dimension ~ we had to incorporate the nuclear potential and the friction
tensor into the Euler equations. The Yukawa potential allows for a realistic
treatment of the nuclear surface in that a smooth decrease of the density is ob-
tained. For the friction tensor & a one dimensional Newtonian form We-n(¥.v)?
is used. The friction constant is adjusted to M= 10 % fm™?, which ensures numeric-
al energy conservation to E/EKIN~102. The most important advantage of the viscosi-
ty is to smooth the otherwise sharp shock fronts obtained in fast collisions to
reasonable width. The formation of resonances and pions was not taken into account
in these first calculations.

The integration of the equastions of motion was done for various bombarding ener-
gies. Dencity isomeric states with different dcpths and critical densities were
also investigated. For normal nuclear matter we first found a rapid increase of
the compression rate in the center of wass, followed by a rather stationary stage
of constant compression (corresponding to the shock wave model) - and subsequent
expansion stage (see Fig. 22a,b). Withia that model we can also look for fusion
event, (see later). The mean thermal energy increases much more slowly - since
for hypersonic projectile and target velocities matter not yet reached by the
shock stays practically undisturbed in its ground state (see Fig. 22¢)

On the other hand, the compression rates and temperatures obtained in the “station-
ary stage’ are °r quite good agreement with the result of the shock caleulations
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(see Fig. 23a,b) The inclusion of thermal conductivity has the consequence that
heat energy is transported sway from the wost strongly cowmpressed regions - this
is of great importance for the formation and stabilization of metastable super-
dense nuclei.

[ 1T

] x X !

Fig. 22. (2) The density distribution of various stages of a
central collision of two equal nuclei Eyzp=75 MeV/a. The
left-hané shows p(z) for a normal equation of state
K =300 MeV/): the second central region quickly expands
again. The right-hand side shows the strong density in-
crease in the case of a density isomeric state: a 'large
part of the system stays rather lone within the abnormal
phase (density isomer at 0. *= 205.P1 = 2.5 pps By = 0).

(b) The central cowpression £/py(t) increases strong-
1y above the critical density for the production of an
isomeric state: compared to the normal nuclea: matter
(lower curve), the presence of a density isomer leads to
the collapse of the nuclear mitter into the abnormal su-
perdense phase (upper curve). Thus the matter remains
much longer within the strongly compressed state.

(¢) The gain of condensation energy leads to a strong
increase cf the mean thermal energy Zy(t) in the presence
of a density isomer (upper curve). Lower curve: normal
nuclear matter,

Effectively the thermal conductivity also takes into sccount particle emisgion -
i.e., for example cooling due to pion - and nucleon evaporation. These investi-
gations are being pursued presently by G. Buchwald (1979) in two- and three-di~
wmensional calculations.
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Fig. 21. (a)The central compression p/P, increases smoothly with the
bombarding energy up to the critical point for the production
of a densitvy isomer,Then the system collapses into the ab >rmal
superdense state:the density increases suddenly.Curve a,normal
nuclear matter,dashed curve: result of relativistic rhock cal-
culation[4,5]); b,density iscaer with be/p=2,0,/0p=2.5,E1=0;
c,density isomer with £ /po=3,2,/0p=4,B)- 2. (b)Sircilar to Fig.
(a) a threshold increase of the excitation function of the mean
temperature T{E ) reflects the presence of a density isomer.
This may be used to detect density isomeric states experimental-
ly(see text).Curve a,normal nuclear matter; b,density isomer
with pc/po=2,03/Pp=2.5,Bg=0;c,density isomer with pc/Pp=3,0)/Pp
=4, By=0; d,dens ty isomer with Dc/po-Z,Olfoo-Z.S,B]--lo MeV.
The rate of incrcase of T may be used to determine the depth B)
of the secondary minimum. (c)The expansion of the compressed nu-
clear system approximately fnllows the curves EX(p)«E_(p) +
E7(p,T)g of constant entropyo (=olid lines).These curves still
exhibit the secondary minimum for rather high excitstions.

The shaded area indicates the region for which "fusion” in-
to metastable abnormal states may be possible (see text).
The dot-dashed line gives the position of the respective mi-
nima os the isentropic curves. The dots mark the state of
strongest compression and excitation obtained numerically
for the indicated bombarding energies (in MeV/n). The dots
within the shaded area actually represent the "numerical
fusion events.

Formation of Abnormal Superdense States

Again we find an important effect of a density isomeric state on the thermodynami-

cal variables like 0 and T. When the critical density p, is reached, only a
slightly stronger compression results in the collaps of the central compression re-
gion into the abnormal state. This also means that the density now becomes
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considerably larger than that calculated with an equation of state without density
isomcr (Fig. 22a, 23a), As the collision time 1.517510722 sec is very small com—
pnred to the tunnel time Ttunpel NECESSATY to form the equllxbrxum phase composz-
tion, a Maxwell construction ?or the van der Walls-type equation of state is mean-
ingless during the fast collision process. As a function of the bombarding ener-
gy, the compression increases drastically at the threshold for the production of
the density isomer (see Fig. 23). Qualitatively the same effects hold for the
thermal excitation energy: When the system collapses into the abnormal superdense
state, the temperature increases immediately due to the gain of condensation ener-
gy (sea Fig. 23b). Contrary to the incresse of the density, which experimentally
is not directly observable, the increase of the tezperature may be used to detect
th: abnormal state: Analogously to the density (see Fig. 23a), the temperature

of the system as a function of the bombarding energy shows a drastic increase at
the threshold for the formation of the density isomer (see Fig. 23b). As 2 con-
sequence of the higher temperature, a threshold increase of the high energy parts
of the energy spectra of the emitted fragments as well as the pion production rate
will reflect the formation of abnorwal superdense nuclear wmatter. On the other
hand, fast emission of highly energetic particles can serve as a coolxng mechanist
for the abnormal nuclear matter. Such mechanisms are not yet included in our mo-
del. Thus the formation of metastsble, fused superdense nuclei seems feasible
for a range of bombarding energies (see Fig,.23c).

During the compression stage, the system becomes therzally excited, i.e. a lot of
entropy is produced, However, the system starts to expand frox the state of
highest compression along curves of constant entropy . Thesk curves will exhibit
the potent1a] barrier at ., although the barrier height and density of the second-
ary minimur become lower for increasing entropy. Therefore, if the energy of the
final compression state is smaller than the corresponding isentropic barrier (ana-
logous to the centrifugal barrier), the system can be trapped within a metastatle
state, from which it may deexcite into the cold density isomeric state via emis-
sion of particles from the nuclear surface. Thus, e.g. for U-U collisions, even
the production of (meta) stable collapsed superheavy nuclei, which also have very
interesting atomic properties, may be feasible. But also at bombarding energies
ebove the fusion region, where the excessive kinetic and thermal energies lead tc
the decay of the system, it may still remain rather long within the abnormal phase.
We find such & behaviour in our model calculations (see Fig. 23c): For the three
bombarding energies EiaB = 75, 117, 169 MeV/n, the state of preatest compressior
lies within the fusion region. Acutally, we could not find a subsequent decay cf
the formed abnormal system during the time of the calculation {which was consider-
8bly longer than the ceollision time). On the other hand, for energies at 61 MeV/n
(which is stil]l undercritical), and 300 MeV/n respectively, we find that the sy-
ster dissolves apain relatively quickly. This apparent energy window for producing
"stable" abnormal matter depends, of course, on the location and shape of the bar-
rier between normal and abnermal nuclear matter. Hence our schematic calculatiens
should only be taker as illustration of the physics to be exprcted, if the equa-
tion of state contains exotic features,

In the next paragraph the collisions of two heavy nuclei are studied in & three-
dimensional model. This model does not include viscosity and thermal conductivity,
but it allows for the theoretical investigation of the modifications due to the
three-dimensional case compared to the schematic results obtained here. 1t espec-
ially leads to a decrease of the achievable compression p/ ;’ as the matter

will strongly be pushed to the sides.

8. THREE DIMENSIONAL CALCULATIONS OF HIGH ENERGY COLLISIONS OF
EQUAL NUCLEI

To compare the results of the three-dimensional NFD calculations directly to the
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relativistic shock celculations and to the one-dimersional non-relativistic Navier-
Stokes results, let us go back to the Euler equatiorns (Stécker,1979). 1In the pre-
sently discussed hydrodynamical calculation, local heating is neglected. This is
reasonable approximacion, because one can easily estimate the heat emergy produced
by the strong shocks from the apparent energy loss in the calculations. Comparing
the three-dimensional calculations with earlier one-dimensional calculations with
the ”avier-SEokes equations, we find that this omission has only & minor influence
on " reaction, but in the decompression phase, the internal pressure is too

sm. .(the thermal pressure is missing) to ensure the correct expansion velocity.
This is not so irportant for mediur energies with moderate thermal excitation but
for the higher energies it should be taken into account. The collision of two
Zr-n9c1ei at E; ,p=200 and 400 MeV/n was ured to investigate the influence of the
details of the density isomeric state, wh zh is represented by a parabolic expan-
sion of Ec(p) around the secondary minimur. (see Fig.4):

2 .
(o - pl) for D>Dc - zp .

E (p) N
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The influence of the density isomer on the reaction is analogous to the results ot~
tained sbove.

Let us now investipate the dependence of the formation of density isomers and of
the conpression rate on the mass of the reacting nuclei and on the parameters of
the density isomeric state, respectively. To do this we have calculated the reac-
tion Uraniur on Uranium at b = O fo and 200 MeV/n with the above equation of state.
We find only a slight increase of the maximal compression, but generally rue same
characteristics as in the Zr case. On the other hand, the dependence of the cor~
pression on the nuclear equation of state is significant. Lowering the isomeric
compressicn constant Ky = 9 0123%E./3%|p  from 3000 MeV to 300 MeV is sufficient
to increase the compression from 2.88 ' to 3.4) st Elag = 200 MeV/n. Using a
density isomer with p. = 3 PosP) = 4pgs Ec(oc) = 46 MeV, E. = (p])= -26 MeV results
an even much stronger compression,namely p/p_. = 4.8 for EL = 400 MeV/n., We

find that the threshold bombarding energy for the formation of a density isomer as
characterized in Fig. &4 is located somewhat below 100 MeV/n. This value is con-
siderably higher than the 60 MeV/n obtained in the one-dimensional Navier-Stokes
calculations. This is due to the ocutflow of matter perpendicular te the collision
axis. At 200 MeV/n, the critical impact parameter is b = 7¢1 fm, corresponding

to ait isomer formation cross section of
450

o DI = 1540% 100
To compare the nuclear density distributions, as obtained with and without density
directly to the one-dimensional results, Fig. 24 shows «cuts through the
density distribution along the collision axis (0(z), left-hand side) and perpen-
dicular to the collision axis (p(y), right-hand side) for a head-on collision of
two Zr-nuclei at Epap = 200 MeV/n. The dashed curves show the density distribu-
tions at various times obtained with a normal nuclear equation of state {i.e.,mo
secondary minima in Ec(P) ). The full curves show the analogous results (i.e.,the
same reaction at the same time) calculated with a density isomeric minimm in
Ec(p) with a barrier of Ec(p.) = - 8 MeV at a critical density p. = zoc, and the
density ux the abnormal state at p) « 2.5 Py with Ec(p]) = -16 MeV (gee Fig. 24).

m .

iscrer,

The upper curves show various stages during the compression phase of the reaction.
It is clearly seen that the matter approaching the center of momentum along the
z-axis during the reaction is pushed out perpendicular to the collision axis, i.e,
along the y-axis. The incident longitudinal momentum is transferred into trans-
verse momentum. This will result in the predominant outflow of matter at center
of mass angles of sbout 90°. This prediction of the hydrodynamical model can be

tested experimentally (see below).



-391-

h-lr, g+ 200M¥/n | baDim
E (p}IMevin)
0 P y flimg] PR ply)
K .Z& doaneda
2
B7
2
we
z
2104
2
f nn,
L 2
{
| normal groundstate gensily 15omer
'207 455
z 0
Fip.24 a, The nuclear equation of state Fig.24 b. The density distributions
used in the three-dirensional p(z) (left) and p(y) (right)
calculations shown in Fig.24b. of a Zr+Zr head~on collision

at Epap=200 MeV/n resulting
from a8 normal (dashed curves)
and densit, isomeric equation
of state (full curves) are
shown (see text).The curves
are to be reflected around
the center of mass(y,z=0) re-
spectively.
The perpendicular outflow is stronger in the case of & normal equation of state,
while for the density isomeric case the matter is sucked into the isomer, there-
fore the internal pressure is smaller, resulting in a less pronounced sidewards
flow. This may serve as another possibility to detect abnormal nuclear matter ex-
perimentally. In amnalogy to the previously obtained result, the central compres-
sion is larger in the presence of the density isomeric state (see Fig. 24). Yet
again the most important difference is the following fusion-like "trapping’' of the
nuclear matter within the abnormal state. While the formation of the superdense
matter seems to be rather similar ip the two different cases, the decompressed pro-
cess differs drarmatically (lowest curves): TFor a normal equation of state there
only remains a completely dissolved system with very low nucleon density (p/py<0.4
at t = 40 fm/c, wvhereas in the isomeric case at the same time a strongly compressed
"fused' density isomer surrounded by a dilute atmosphere can be seen. From the
low density regimes mainly small reaction fragments will be emitted, i.e. one can
expect tbat central violent collisions result in events with high multiplicities
of the emitted fragments. The density iscmer msy be viewed as a highly excited
object moving with the center of mass velocity. The trapping occurs also when
the Isomeric ground state is energetically less favourable than the normal ground
state. This is due to the isentropic expansion of the matter.

We have mentioned already that the occurrence of shock waves in fast central col-
lisions of equal mass nuclei implies a predominant outflow of matter perpendicular
to the collision axis. This effect has been predicted very early (Scheid,1968;
1974;1974a; Baumgardt,1976) and constituted one of the earliest predictions in
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nuclear shock waves. A recent experiment of the GSI-Marburg-Berkeley collabora-
tion (Wolf and co-workers,1979; Meyer,1979) seems to present evidence for this
sidewards splash in the reaction Ar Ce st 1.05 GeV/n.

They dctected T4 in nearly central collisions and measured the pions transverse
momenta and rapidity, which is essentially the forward momentum (see Fig., 25).

The pion production itself can be viewed as a trigger for centrality. They pre-
dominantly find pions emitted with a forvard momentum corresponding to the center
of mass velocity of the equal mass nuclei, and a rather large sidevards momenturc
P /y* 0.5. The maxioum in the contour plots is interpreted as a pion emitting
source, moving with vgoyrce~ 0.5¢ to 90° in the CM-frame. This is just what we
expect from our calculations., When the compressed, hot matter flows to 90° in the
CM-frame. This is just what we expect from our calculations: When the compressed,
Lot rmatter flows to 90° in the CM-frame, during the whole expansion stage fast
particles will be emitted, Due to the collective flow of the emitting matter the
transverse momentum versus rapidity distribution will show up & maximum at the cm
rapidity but at finite py. This effect will be even more pronounced, as the pions
from the initial compressed stage can also escape only under $0° in the CM-frame,
because of the shadowing effects of the residual projectile and target nuclei, iu
the forvard-backwzrds hemisphere. As the velocity and temperature of the pion
emitting source are time-dependent, no narrov peak but a broad sidewards bump is

expected.
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Fig. 25. The rapidity-perpendicular momentum plot
of T* obtained experimentally in heavy
ion collisions shows clearly the side-
vards emission of m* in contrast to the
results for proton~proton collisions
where forward-backward emission of 1+
is observed.

From our one-dimensional calculation (see Fig. 19) we can estimate the outflow ve-
locity. During the stage of bigh compression, the thermal energy is largest -
therefore we expect that the thermal pion production occurs mainly in thatr stage.
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For 1 GeV/n and P/py>2, the outflow kinetic energy incresses from Epjp= 0-100 MeV/n,
rorresponding to flow velocities v/c£0.5. To obtain some more detailed information
on this subject, we performed a set of three-dimensional calculations for the case
studied experimentally. For these high energy collisions the shock heating has
been taken into account properly, as it is most important for the expansion stage.
This (accounting for convective heet flow) can be done only by working in the
center-of-momentuz frame, where the energy per nucleon’is the same for all nucleons,
Then the the thermal pressure and -energy as well as the temperature can be calcu-
lated at each point in space from the discrepancy between the initial and instan-
taneous energy. Howvever, we remark that the energy density and internal energy
vary over all space. The use of a non-relativistic model at bombarding energies
Ep4g~! GeV/n is not too bad when working in the center of momentum system: Here

the kinetic energy per nucleon is only 1/4 of that in the lab, i.e. E. ~250 MeV/n
and Yeu~1.25, Therefore, the deviations from a relativistic treatment will be on
the order of 25%. This seems to be not too bad for these exploratory investiga-
tions, The resulting density contour plots for the reaction Ar Ca are depicted

in Fig. 26 for varicus impact parameters at Ej,p = 400 MeV/n. Again it is found
that for the central collisions a complete desintegration of the projectile and
target appears (normal equation of state). The hot compressed matter is squeezed
out into 90¢ in the center of momentum frame.
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Fig. 2€. The density contour plots Ar*Ca are shown at various
impact parameters (numbers at the right-hand side)
and at various times (indicated on top).

For the more grazing impact parameters the target and projectile are also excited,
but they stay rather compact. Therefore we expect that grazing collisions lead

to particle evaporation from the target and projectile, which practically maintain
their initial velocities. If the impact parameter is lowered, a collective trans-
verse momentum transfer to the whole target and projectile is observed. The nuclei
are also much stronger excited - they may not survive the reaction but decay into
smaller fragments. For the nearly central collision b = 2 fm, the picture looks
like a central collision with a finite rotation energy. One sees that the matter
is smashed sidewards with s slight forward-backward asymmetry around 90° ip the
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center of mass.  Also the calculated transverse momentum versus rapidity shows up
maxima in the hcart-form as is seen in the experiment (Fig. 25). However, as ex-
pected, the velocity of the matter (i.e. the pion emitting scurce) varies con-
tinuously in time. For the high temperature stage, where pion productiop is most
probable,then a bump in the trassverse momentum distribution appears at

Py/y = 0.1 - 0.4 and p“/M = —%§ 20.2 for E, ,p = 400 MeV/n.
For 1 GeV/n, qualitatively the same phenomena are found, however, the momentum
transfer is larger. The bump is also broader due to the higher excitation emergy.
For b = 0 coliisions we find Pj/y® 0.3 - 0.7, but a rather narrov P /y distri-
bution. If the corrections due to relativistic kinematics are accounted for pro-
perly - they lower the velocities by ~20Z ~ we find that the velocity of the
sidewards squeezed matter is clese to the zxperimentally determined velocity of
the pion emitting source.

In conclusion, the recent measurement of a pion emitting source moving with large
traasverse momentum to 90° in the center of mass system can be viewed as a further
indication for a quasi~hydrodynamic behaviour of nuclear matter in high energy
heavy ion collisions. However, the model has to be improved in the future to in-
corporate consistantly the pion emission process in the calculations.

9. MACH SHOCK PHENOMENA AND THE HIGHLY INELASTIC BOUNCE~OFF EFFECT
IN COLLTSIONS OF SMALL PROJECTILES WITH HEAVY TARGETS

Irn the violent reactions of srall projectile nuclei with heavy targets, the com
pression effects reflect in somewhat different phenomena than in the collision of
equal mass nuclei. For central collisions, the projectile nucleus penetrating inte
the target 1s surrounded by target matter ~ thus We expect to observe the strong-
1y compressed proiectile - which is called the head shock - pot directly(Stécker,
1977a). However, compression—- and heat waves (the Mach shock) will travel tbrough
the target matter, which allows to study the transport phenomena . nuclear matter
(see Fig. 27). This was first predicted by Baumgardt (1975) and Hofmann(1974).
When the projectile enters the target with hypersonic velocity (the diving phase),
strong local corpression and heating of the matter near the contact point occurs.
When this head shock continues to interpenetrate the target as & projectile-like
object with hypersonic velocity, it pushes matter to the side. This initiates a

diving stage penetralion stage final singe

Fig. 27. Various stages of central collision of a light nucleus
into & heavier one witb the sidewards travelling Mach
shock wave are shown schematically.
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compression wave which has been called Mach shock wave travelling sidewards through
the target matter. This phenomenon allows to study the transport of compressed mat-
ter through a region of ground state nuclear matter, namely the residual tarpet
nucleus. The nuclear Mach shock wave can be detected experimentally by observing
the aziouthally symmetric sidswards emission of matter (predoumivantly light nuclei)
with medium kinetic energy (i.e. significantly higher in energy), much lower than
the kinetic energy of the projectile, but different from the evaporation particles.
This is discussed below in greater detail. For intermediate impact parameters,
the Mach shoct phenomenon becomes less pronounced. Here the highly inelastic
bounce-off (HIBO) of the projectile from the target is expected to occur; in this
process the projectile due to the compression is scattered to the side and is de-
stroyed, transferring a considerable transverse momentum to the residual target
nucleus (see the next paragraph).

Recently a series of measurements have been performed at Berkeley and at Dubna
(Meyer,1979; Antonenko,1979). They seem to confirm the pioneering experiments of
E.Schopper and collaborators (Baumgardt,1975), which have been interpreted earlier
as indication for Mach shock waves in relativistic nucleus-nucleus collisions

(see later) where this is discussed in detail).

let us now first discuss the more recent experiments from the G5I-Marburg-Berkeley
collaboeration (Stor%,Gutbrod,Sandoval, Poskanzer et al.,1979). They observe in
central collisions of Neon on Uranium a strong sideward emission of nuclear matter,
wvhen high multiplicity events with a rather azimuthally symmetric fragment distri-
bution are selected. This is just what has been predicted theoretically if the
Mach shock phenomenon appears and strongly supports the earlier measurements of
Schopper (Baumgardt,1975; Bofmann,1976). Secondly, in tbe same reaction strongly
¢-asymetric events with a large momentum transfer on a target-like fragwent, ac-
companied by the 180° correlated explosion of a deflected projectile-like object
have been detected (Wolf,1979). This obviously must be inte.preted as & highly
inelastic bounce-off (HIBO) of the projectile from the target. Our modei calcula-
tions indicate that these phenomena can be used to detect experimentally the ir—
pact parameter in these collisions and to deduce the compression rate in such col-
lisions. This bounce-off is quite analogous to what is seen in Fig. 26 for reac-
tions of equal mass nuclei. We will study theoretically collisions of Neon pro-
jectiles with Uraniur targets., For the non-relativistic cases let us again use
the three~dimensional fluid dynamical model where the same nuclear equation of
state and potentials as in the last chapter have been used. Again we work in the
equal velocity frame, because of twe reasons: First, the local shock heating can
most easily be computed in all space within this system. Secondly, the computing
time is only half of that when working within the lab frame, because tbe integra=~
tion time steps can be doubled.

Results for Central Collisions

First let us investigate theoretically with a normal equation of state the colli-
sion of the Ne-projectile with an Uranium target at b = 0 (head-on collision) for
EpAB=400 MeV/n. Fig. 28 shows a cut through the scattering plane. Snapshots of

the collision are depicted in the form of contour plots of the density in the
scattering plane. The density increases by 0.04 fo~3 from line to line. The outer
line represents 0,02 fm™3, i.e. approximately a tenth of the ground state density
P, =0.17 for3. The collision time in fm/c is indicated by the numbers within
each plot. The length scale in fm is depicted at the left. Remember that our cal~
culations proceed in the equal velocity frame, therefore the target moves to the
left. As the tsrget hits the projectile with hypersonic velocity V %0.46 ¢

(while cz®0.15 ¢), a head shock zone is formed during the diving phase of the re-
action (t~5-8). This strongly compressed and highly excited projectile-like ob-
ject continues to interpenetrate the target with supersonic velocity, pushing the
matter to the side, thus initiating the formation of a sidewvards travelling Mach
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sheck wave within the target nucleus (t-11-20). The density of the matter within
the Mach shock decreases with the distance from the head shock, being slways con-
siderably smaller than the head shock density. Due to this effect and due to the
d-celeration of the projectiles, the Mach shock is curved (mot a clear cone as

in a Mach sound wave). Becauze of the additional high temperature within the mat-
ter, one expects that the emitted matter (mainly light fragments because of the
high thermal excitation) will peak strongly, but not too sharply, to the sides.
This peak should be narrower, when only a particles or other larger nuclei are
investigated, becavse they carry most clearly the "collective direction" of the
Mach-shock wave: They would be destroyed, if they make a temperature collision.
Observing them thus means, that they are not temperature-scattered. There are al-
so other reasons for observing the Mach shock in the a-particle window: The pion
condensate - a spin-isospin lattice - is expected to be formed in the Mach shock
wave and to break up substantially into o-particles. Also, a-particles are expect-
ed to be concentrated within the atmosphere of normal nuclei. Because a shock wave
would eject mostly the surface particles, again an a-particle window would be pre-
dicted.This narrowing of the sidewards Mach shock peak has been first repcrted ex-
perimentally by selecting mainly a-particles in 47 particle track detectors by
Schopper and co-workers(Baumgardt,1975). Indeed, also in the above mentioned ex-
periment of the GSI-Marburg-Berkeley collaboration, the predicted sidewards emis-
sion of matter has been observed in an electronic experiment measuring the proton
angular distribution. However, the sidewards peak of the emitted protons can be
seen only, vhen "central" events are seclected, which are identified with high
charged-particle multiplicities and azimuthally symmetric charge distributions.For
Ne*U at 400 MeV/n the peak position was found at 60° for Epeso MeV and at 50° for
F,~100 MeV. We calculated the angular distribution of the emitted matter averag-
ing over impact parameters b<4 fm and - because of better statistics = over the
calculated currents during the last 25% of the reaction, where the matter expands

ZUI'- %’—r lou) Ne-U
| E,gp=400Me¥/n
! A
Y
fupenimerit
i — ——— Theory
10r
W 0 U 1 1 T S YR S GRS AP I H b gmn
.U beOim  E DMVA g° 30° b0° 90°  12p°  150°
Fig.2B8. The density contour plots {or Fig.29. The experimental angular distri-
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and {lows apart. Without fitting anything we find peaks in the angular distribu-
tion, which are centered at 60° for Ey;j,=50:20 MeV/n and at 50° for Ep;,=100t10
MeV(see Fig. 29). These are just the same peak positions as found experimentally.
In our calculation, for smaller angular bins (*5° instead of *10°) the peak posi-
tions do not change. However, the peaks become rather narrow. The peak is broaden-
ed due to the additional thermal smearing, cawsed by an isotropic Maxwellian di-
stribution of the interral nucleonic velocities. Moreover, not only the peak po~
sitions are in good agreement with experiment,but also the relative height of the
peaks agree reasonably well., A complete angular distribution for various energies
of the observed emission particles in high multiplicity events is shown in Fig.30,
It is due to Meyer, Gutbrod, Stock, Sandoval, Poskanzer et al.{Meyer,1979). One can
clearly recognize the Mach-shock particles with energies between 10 MeV/n and 2000
MeV/n all peaking around 500-60° and also the backward directed "diving splash"
which is seen for particles with energies avound 5-10 MeV/n. The latter is alsc
predicted by fluid dynamics (see Fig. 27) and was already predicted in the very
early work by Schopper and co-workers (Baumgardt,]975).
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Fig. 30. The experimentally obtained double dif-
ferential cross section d°;/d0E for
Ne+Au at 400 MeV/n triggering for the
tigh multiplicities as obtained by Meyer
et al. (1979).

The comparison of our theory to the experimental data seems to support the interpre-
tation that compression takes place in high energy heavy ion reaction and that Mach
shock waves are formed in central collisions, which can allow for the search of ab-

normal nuclear matter (see section 10).

Results for Non-Central Collisions

While the central collisions seem to be associated with a total desintegration of
target and projectile, in non-central collisions large target- and projectile-like
fragments can be observed. We would like to discuss here a new effect occurring in
the intermediate impact parameter region, which can be viewed as a highbly inelastic
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bounce-off (HIBO) of the projectile from the target (Stdcker,)979¢). In this pro-
cess, the projectile is scattered by a compression potential to the side, as is

the strongly hit target matter, whkile s rather large part of the target stays
bound. To this heavy target fragment a large transverse momentum is transferred,
showing a _collective response of the whole fragment to the interaction. This high-
ly inelastic bounce-off can be detected experimentally by measureing a large ter-
get fragment with rather large perpendicular momentum i: coincidence with many
small fragments going into the forward hemisphere, correlated to the target frag-
ment in 180° in the azimuthal angle, The large amount of small, higher energy
particles stem from the explosion (nearly complete fastruction) of the projectile-
like fragment. Fig. 31 shows this bounce-off effect in the Ne U collision at
EpLAp=400 MeV/n as calculated within our model for three different impact parame-
ters: b = 4,6, and 8 fm, Again, snapshots st various timesteps are taken. One no-
tices that initially, when the -srget is just hit by the projectile, for the more
central b=4 fm collision again a head shock is formed, which additionally also ini-
tiates a Mach shock wave in the target. However, as the upper part of projectile
and target appear to each other as if they were generally colliding equal nuclei,
elso a splashing out of matter nerpendicular to the collisien axis occur: just in
analogy to what is seen in the case of a head-r. collision of equal nuclei. The
boonce-off effect can be viewed as fellows: I'ne strong compression potential de-
flects a considerable part of the projectile to the vacuum. Thus the first group
of particles which should experimentally be detected are those deflected fast light
fragments (heavy fragments will not survive the high excitation energy). The se-
cond group of particles will ster from the compressed direct -eaction Zone, which
will also explode. Thirdly, a rather larze residual target fragment, which was
not centrally hit, and therefore is not strongly enough disturbed for total des-
integration, can survive the reaction. It can get rid off its internal excita-
ticn by evaporating off particles. However, during the reaction a considerable
aoount of transverse momentum is transferred to the whole target-like fragment,
while most of the longitudinal momentum is transferred to the exploding direcr re-
action -(compression) zone, and partly is also carried awa, by the sidewards de-
flecred residual projectile~like fragment.
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Fig. 31. The density contour plot of the reaction Ne»U at 400 MeV/n
for intermediate impact parameters.
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For b=6 and 8 fm qualitatively the same picture holds, hovever, the direct inter-
action region becomes less compressed with increasing impact parameters, and thkere-
fare the interaction between projectile and target is less pronounced (see also
Table 1).

The head- and Mach shock become les:s intense at b=6 fm and can no longer be seen
clearly at b=8 {w. A very inportant feature of the more grazing collision is the
change of the scattering angle of the projectile-like fragment to more forward ang
les with increasing impact parameter (see Fig. 31). It can be viewed as the less
pronounced repulsion from a smaller compression potential. We now will show thar
the dependence of the scattecring angle on the impact parameter is of great import-
ance for further analysis of high energy nuclear reaction data, ss it can serve as
an unique tool to determine the impact parameter of each collision experirentally.

TABLE 1
blim] ) ] 2 r3 ]
E . >30 MeV) . 37 az 27 21 16
a) > K )
[
) (/o )7 (b) : 2.06 2.02 1.90 1.7z 1.34
) T7¥[Mev] (b) : a6 44 44 42 40

The dependence of the mean mu]tlpllc:ty <H > of high energetic particles,
the maximum codpression and the maxim.- temperatura on the impact para-
meter in Ne*U collisions at 400 MeV/n as obtained in th. three-dimensic-
nal calculations.

£s the rate of compression in a reactic.. does alsc depend strongly on tha icract
parameter, the above proposed experiment may be used to determine indirectly the
rate of compression achieved in fast nuclear reactions. Thercfore, similarly to
the Coulomb deflection trajectory used to measure the impact parameter in low ener-
gy nucleus ccllision the measurement of the bounce-off effect can be used for ir—
pact parameter measurements in high energy nuclear collisions. To make our dis-
cussion more quantative, we define the characteristic variables of the "projectile-
like fragment" and "target-like fragment" as the varisbles at the respective re-
gion of maximal density and determine the momenta, enerpy loss and deflection

angle in a late stage of the collision, when the uuclear fragments have split again
and thus the investipated variables stay constant in time. The results are plot:ed
in Fig. 32 for the different impact parameters: Fig. 32a shows the dependence of
the deflection angle of the preiectile-like fragmené on  he impact parameter b.

One notices the increase of the deflection angle ® £€ with increasing centrali-~
ty. However, it does not look at all as like elastic scattering of hara spheres,
but must be viewed as a highly inelastic reac.ion with strong rutual interpenetra-
tion of projectile and target connected with strong compression and thermalization
effects. The diving depth of the projectile into the target can be evaluated ap-
proximately from the scattering ange by calculating the effective scattering

radius

b
Reeg = 7 gdefT (10)
) 5148
SIn—z

of the scattering of a particle by a hard sphere from the scattering angle 8y A"
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Fig.32. For the collision Ne U at 400 MeV/n ve show (a) the dependence
of the deflection angle Gpap of the projectile-like fragment on
the icpact parameter b. (c) The forvard momentum loss (dashed
curve) and sidewards momentum gain (full curve) of the projec-
tile-like fragment (open dots) with decreasing impact parameter
and the transverse momentum transfer to the target (full dots).
(¢) The theoretically obtained deflection function 8,5 (E ;p)
is shown.

The numbers in Fig.32a give the effective scattering radius R.gs and show that the
diving depth d(b) is approximately given by

da(b) = (R.‘. -b) . (1)

By measuring O defl one may therefore also deduce the interpenetration dejth for
distinct reactiofic. The measurement of the deilection angle of the projectile-
like fragment, however, can not simply be detected, as the highly excited fragment
explodes. Thus one has to measure in coincidence :he angles and momenta of all ex—
plosion products of thes projectile-like fragment to determine its center-of-mass
values., The longitudinal momentum p of the projectile-like fragment is another
quantity of interest (see Fig. 32b)): p decreases stroogly with increasing cen-
trality and for rather central collision it is only of the order of I0X of the
initial momentum. The forward momentum is distributed over many particles and is
carried away by the explosion products also of the compressed zome, in which the
projectile- and target matter are mixed up and strongly excited. The transverse
momentum of the projectile is increasing strongly when b goes from 8 to 6 and 4 fm.
It decreases again for b = 2 fm - this is due to the practically complete energy
transfer ("sticking") to the dense and hot compression zone (head shock) in the
case of nearly central collisions. Actually, the transverse momentum p /,, of the
residual target-like fragment is considerably smaller than p /y of the projectile,
as the residual target still hae & rather large mass compsred to the rest of the
projectile As the dilute nuclear matter of the direct reaction region expands

and still connects the projectile- and target—-like fragments, ve cannot determine
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the mass of the residual target, the only conclusion possible in the moment is
that the mass decreases with increasing centrality and is always much smaller than
the original target mass, For a more detailed information also the evaporation of
particles has to be included in the calculation. It is important to point out
that the large morentum transfer on the whole heavy fragment implies a collective
response of the whole fragment to the compression potential,which acts between

the bounce-off projectile and the target. Therefore, the irpact parameter depend-
ence of the transverse momentvr transfer is an important information on the com-
pression phenomena, Our theoretically obtained values 0.03 £ p /Hs 0.1 are in
good agreement with the recent data of the GSI-Marburg-Berkeley collaboration
(Mever,1979). They measured strongly asymmetric events with 180° azimuthal corre-
lation in the scattering plane; for various systems they observe on one side many
fast (Eyjn> 30 MeV/n) light particles and, on the other side, a heavy target (e.g.
Z=26) at 90° in the lab (i.e. with small forward momentum) with transverse womenta
P /Ml (e.g. they found values of p M= 0.036, which are in the same regicn as our
results).

In our calculations we obrain practically no longitudinal mcmentum transfer to the
target-like fragment - the sace as is observed experimentally. The calculated
multiplicities of charges with Egin>3C MeV/n depend on the impact parameter (see
Table 1). In these experiments it is found that the production of such tarpet-
like fragments is predominantly seen for rather high charged particle multiplici-
ties <M¢> ~10-2C within E j,>30 MeV/rn. This inour model corresponds to icpact parameter
b.6-8 fr,, wher one takes into account the formation of composite particle

which we did not discririnate in our <M > cetermination from single nucleon.

Fig., 32c shows the deflection function of the Keon-like fragment at 400 MeV/n.

The kinetic energy loss is larper than 90% of Ejap for ¢ < 60°, which correspends
to a rather central collision (b<2 fm), but already for Op,p~30° the kinetic ener-
gy loss of the projectile-like fragment Is of the order of 25Z. Contrary to the
elastic Coulomb scattering in low energy heavy ion collisions, all scattering pro-
cesses in the high energy region with impact parameters b<Rt lead to highly inela-
stic events, By detailed coincidence measurements of these highly inelastic
bounce-cf{ effects it will be possible ir the future to measure the impact paras
meter alsc for collisions at relativistic erergies. The various variables, whick
have to be determined experimentally to deduce the impact parameter, are:

(a) The charged particle multiplicity ef fast particles Which increases with the
centrality. (b) The azimtbal symmetry of the events - symmetry should only ap~
pear for very srall impact parameters bS2 fr. (c) The azimuthal asymmetry with
180° correlation in the intermediate impact parameter region. The correlatior bet-
weer. the target-like fragment o.S the exploding projectile-like fragment going
hand in hand vith the collective response (large perpendicular momentur trans er)
of the fragoents, the longitudinal momentur loss and the total kinetic energy loss
of the projectile-like fregment and the deflection angle of the center of cass of
the fast, sidewards pushed particles. Frot thc peasuremen of these quantities we
can deduce the degree of violence and the diving depth in the reactions, fror
which not only the icpact parameter, but also the compression rates and shock heat-
ing can be estimated by comparison with the theory (see our Table 1).

The compression rates obtained are low compared to one—dimensional shock calcula-
tions, which at 400 MeV/n yield p/cl%3*= 3.4. This is largely due to our three-
dimensional tratment; the matter pushed to the side can freely expand into the
vacuum. To a certain extent this also cowes from the smallness of the projectile,
wvhich dissolves before the stage of largest compression is reached. For example
in U-U collisions, one can reach a rather stationaly stage of constant compression
in our calculations. The width of the shock fronts we obtain is of the order 1.5-
2 fm, but it depends on the reaction considered. This is more realistic than the
infinitely sharp shock fronts used in the simpler model calculations and in a dif-
ferent fluid dynamical approach.
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Conclusions

One can split violent collisions of light nuclei with heavy targets into two types,
namely nearly central collisions, Which exhibit the strong cowpression phenowena
most clearly by th- sidewards moving Mach shock wave and very high azimuthally
asymmetric fragment distribution with strong sidewards peaks, and the intermediate
ispact parameter collisions leading to the highly inelastic bounce-off, where the
compressed matter acts in analogy to a repulgive spring which releases strong col-
lective transverse momentum transfer. In these 180° correlated events one can
lesrn from the deflection angle and womentum transfer and ~loss about the impact
paraneter and therefore sbout the compression phenowens in non-central collisions
of fast heavy ions. We finally mention, that the results on the deflection func-
tion and impact parameter do not depend very sensitively on the equation of state
(i.e. compression constant K) used, as long as the nuclear equation of state is
normal. If it contains exotic features like density isomers, we expect modifi-
cations of the above resulty and even signatures for isomers in the deflection
function, Such calculations are presently carried out.

High Density Nuclear Mach Shock Waves and the Search for Density Isomers in Re-
lativistic Collisions

As the Mach shock experiments have not only been carried out st the nonrelativi-
stic energies, but experimental data have been obtained at Ejap = 4.2 GeV/n as
available in Dubna, we now have to use a relativistic model for interpreting the
fast nuclear collisions. We will here investigate the dynamics of a relativistic
heavy jon collision in terms of a simplified hydrodynamical model, using a para-
metrization of the Mach shock geometry similar to the results found in the nonre-
lativistic calculation, Thic model allows to study the influence of the nucleasr
equation of state using the relstivistic shock equations. The geometric,thermo-
dynamic~ and kinermatic variables and their time evolution as obtained in the more
schematic calculations are used to yield the mean values of the mentioned variab-
les and of the angular- and energy distribution of the resction fraguments.

Ir Fig. 33 the typical time evolution as resulting from the calculation is shown.
It looks quite similar to those obtained from the full non-relativistic calcula-
tions., The calculations are carried out in the lab frame. Mainl, three different
phases of evolutior during the collision can be seen (Baumgardt,1975).

Fig. 33. The geomatry of the relativistic Mach shock model is shown
for various time steps.

The diving phar-: The kinematically contracted projectile enters the target, be-

comes highly compressed and excited. 1In the diving process a splashing wave
should lead to backward emission of matter.
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The_penetrating stape: The projectile interpenetrates the target, pushing matter
to the side; thus initiating the sidewsrds travelling strongly compressed Mach
shock wave.

The evaporating phase: The projectile- and Mach shock matter leaves the residual
target, which now evaporates, while projectile and Mach shock explode because of
their very high excitation energies, which correspond to temperatures from 20-60
MeV.

The explosion of the head shock wave which contains at the end of the collision
more than double the nucleons of the incoming projectile, is what has been named
recently the explosion of the "nuclear fireball" which has been used to explain
angular- and energy distributions in non—central high energy heavy ton collisions.
It may be possible, that the strongly compressed and highly excited projectile ex-
plodes inside the target during the interpenetrating state. This will lead to
superstars with enormous multiplicities. In this case the Mack angle will be wash-
ed out and cannot be seen. This will be taken into account in a further calcula-
tion. As mentioned earlier, the nucleus-nucleus encounters are quantum mechani-
cal processes with corresponding probability distributions. A classical hydro-
dynarical calculation can therefore be viewed at best as a calculation of the mean
values of the quantur mechanical syster in the sense of Ehrenfest's theorem. Super-
imposed to that are always the quantum fluctuations. They lead under the same
initial concditions to events with sticking of the projectile and its explosion
(superstars), to events with a penetrating superstar and a creation of a Mach shock
wave and alsc to events where the projectile is practically little disturbed by
the target (semi-transparency). It is a formidable experimental task to discrimi-
nate between these events by making e.p. the proper star-selections.

To restrict the nucber of degrees of freedor, we parametrize the compression zcne
by two paraboleids, z = ajr‘ + z;, =z = azr‘ + z, which describe the shock front
and the backside of the compression zone respectively. The undisturbed part of
the target nucleus is described by the part of a spheroid of radius R up to the
shock front {paraboloid 1), while the residual nucleus is described by a spheroid
up to the backside of the compressivn zone (paraboloid 2) with a drilleZ hole of
radius Fp it it. The residual nucleus has not yet been incorporated in the pre-
sent calculaticns. The projectile (head shock wave) 1s divided from the Mach
shock zone by 2 third parabolcid 2z = -agjr‘ - 2z (see Fig. 33 ). Thus the geo-
petry of the syster is determined by four variables: aj, 22, 2z}, 2. The
dynamical variables (energy density, morentum, pressure, temperature, density)

are obtained by assuming hcmogeneous density-, velocity-, and temperature fields
in each compression region. Thus for the sake of simplicity we concentrate on the
wear values of the physical observables in the different vregions as a function of
time. The shock equations yield an unique relation between energy, pressure,
temperature, velocities, and the rest density in the compression zone. Using these,
we car describe the stage of the syster by the four geometrical variables and the
density in the Mach- and head shock regicn. Tc describe the evolution of the
system in time, we need six differential equations for these six variables. These
equations are cbtained by the conditions that the surface points on the paraboloid
have to fulfill the shock equations and that total baryon number A and total ener-
gv E are conserv=d. One has to take into account the correct Lorentz-transforba-
tions for the various quantities (density,energy,...) in the different regions.The
time evolution of the physical quantities is obtained by simultaneous numeirical
integration of the rix differentisl equations in time-steps of At=0.1 fm/c,which
is sufficiently exact to ensure energy- and taryon number conservation better than

one percent.
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Results of the Schematic Mach-Shock Calculations

The head- and the Mach-shock densities p) and p; as a function of time arc shown
in Fig. 34 for various energies: In the beginning, the projectile is strongly
compressed, but this compression is substantially decreased later on. The Mach
shock density P; is sbout 2f, below the Mach shock density p). The mean cowpres-
sion in the head- and Mach shock (each at t=5 fm/c) is shown in Fig. 35a as func-
tion of the bombarding energy. The mean kinetic energy Epjn =((1-vf)~1/2-1) ¥,

of the emitted particles (Fig. 35b) after the collision is smaller than 200 MeV/n
for Mach shock particles up to bombarding energies of S GeV/n, while it is larger
than this experimentally important threshold for the projectile (head shock) at
high energies. The temperature in head- and Mach shock jus: afier the collisicn
is shown in Fig. 35c. The fragments from projectile, Mach shock wave and the eva-
poration residues fall within angular domains relative to the beam axis as shown
in Fig. 36.
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Fig. 35. The density a)kinetic energy
of fragments b) and tempera-
ture c) of the various cor-
Pression zones as a function
of the incident energy.

As the mean head shock densities are
approximately equal to those calculated
within the one-dimensional model, we

can make use of the latter model to yield
the pion production rate, wben we take
cere of the result, that tbe number of head shock particles is about 2Ap. The
Mach shock angle ¢ is depicted as & function of lab-energy in Fig. 37. It smootn-
ly decreases froo about 60 degrees at 0.} GeV/n to 35 Jdegrees at 4 GeV/n for a nor-
mal equation of state. It is smeared out very much because of the temperature in
the Mach shock and because of the curvature of the “"Mach-''cone". The explosion of
the highly excited bead shock causes strong emission of fast particles into forwsrd
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Fig. 3¢. The fragments of the bead- and Macb shock fall into
the indicated angular domaine. The angular distri-
bution of the evaporation residues is also shown.
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Fig. 37. The Mach-angle ¢ in dependence of the projectile ener-
gy for a normal equation of state (---) and for an
equation of state with a density isomer (; ).

directions, which may hinder the visibility of the Mach shock peak at small bow-
barding energies. The energy spectra of the exploding projectiles (head shock)
drawn in Fig. 38 were calculated by relativistic addition of the flow velocity
and the mean thermal velocity in the head shock after the collision, tsking into
account the isotropic decay cross section in the rest system of the projectile.
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Fig. 38. Energy spectra of exploding projectiles for two dif-
ferent incident energies.

The Influence of a Density lsomer on Mach Shock Waves

1f we schematically assume a density isomer at p/p %3, the above picture applies
only below Ej2p*0.2 GeV/n, as then the projectile densitv reaches the phase tran-
sition region, i.e. the region of negative pressure (p<05. (See Figs. 39,40).

The projectile collapses into the density isomeric state. Thus the'quasi-stable
nuclear crystal”" can move with rather swall dispersion through the surrounding
norzal nuclear fluid. One may thing of a piece of "nuclear ice" which moves
through "nuclear vater” - this is important for the appearance of the Mach shock
wave, gince a water droplet dumping into water produces too high friction and
therefore soon damps out the collective motion. This, in fact, can to some extent
be seen in the full hydrodympacic calculation (see last section ).

As during the phase transitior the head shock velocity becomes small, the Mach
shock angle ¢ substantially decreases in this energy region, since the Mach shock
moves faster than the collapsing head shock during this time period. The cry-
stallization of the projectile causes & much more pronounced Mach shock peak at
higher energy, because the projectile moves with much less friction through the
target. At bombarding energies of about 1.5 GeV/n the Mach shock density appraches
the critical region: Now the Mach shock matter zollapses into the density iso-
meric state and the Mach shock velocity becomes small, so thzt the Mach angle now
will be substantially increased (see Figs. 37 and 39). It will also be broadened
out due to the rapid change in Mach shock velocity within a small density regime.
At even higher bombarding energies, the Mach angle shall decrease again as both
vys &nd vyug tend to the light velocity ¢ at very high densities, so that ¢+0 for
very high energies. One also may think that higher phase transitions do occur,
which may again produce such a characteristic dependence of the Mach angle ¢ on

the bombarding energy.

Comparison of the Calculations with the Experimental Observations

High Density Nuclear Mach Shock Waves (HDNMSW) should be observable in central
high energy collisions of light projectilés with heavy targets. The pioneering
experiments of Schopper et al. (Baumgardt,1975) supplemented by the theory, have
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set the stage for the criteria to discriminate the Mach shock events from others:
1) In azimuthally symmetric central collisions, which can be identified by very
high multiplicities and aziwuthally symmetric distributions of the reszction frag-
ments, e.g. by many prong steivs in AgCl-detectors or emulsions, & preferential
emission angle must be observed. 2) The kinetic energy of these particles will
be smaller than 200 MeV/n. It may be decreased to even lower values, if the
Mach shock density is in the secondary minimum. 3) The Mach shock peak and the
decay of the head shock should predeminantly be seen in the o-particle (or other
complex nuclei) channel for three reasons: (a) A pion condensate with a struc-
ture of a spin-isospin lattice preferentislly decays into nucleons and a-particles
as smallest lattice cells. The former can hardly be distinguished from evapora-

tion particles, but the complex fragments can. (b) When the Mach shock wave
approaches the nuclear surface, it kicks out the a-particles contained enhanced
in the nuclear surface. (c) During the individual collisions of the constitu-

ent particles in the high temperature zone of the Mach shock, mainly those a~
particles (and heavier clusters) sdrvive, which have not undergone a temperature
scattering. Thus the mach angle is conserved by those clusters, while scattered
and unscattered nucleons cannot be distinguished. 4) One should find fast
pions emitted by highly excited nuclear matter. The occurrence of pion condensa~
tion should also lead toc & large enhancement of the pion production cross section.
5) Simultaneously to the medium energy sidswards Mach shock peak, a broad high
energetic forward peak at ©.40°, stemming from the exploding head shock, will be
seen. It may consist of protons and pions mainly because of the extremely high
temperatures in the head shock. (see Fig. 38). The head shock particles are -~ in
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the mean - of energy and can thus be (partly) discriminsted from the Mach shock
particles. 6) A nearly isotropic distribution in the lab frame may stem from
the residusl nucleus with small temparatures and kinetic energies.

In the presence of a dengity isomer the Mach shock pesk should be more clearly
pronounced and also should have the above predicted dependence on energy. The ex-
perimental data of Schopper et sl. (Schoppar,1979) which fulfill the above cri--
teria on centrality, energy- and a-particle vindows, show a peak in the angular
distributions of the reaction fragments. The systematic shift of the preferential
angle vith energy can be interpreted in comparisen vith our cslculations as indi-
cation for & phase transition in dense nuclear matter st p/p,=3-5 (see Figs.37 and
4} and figure caption).
Deviations in the prong-anguler distribution of multiprong stars have also been
seen by the Heckman-group (see Fig. 42). These deviations agree with the peaks
seen by Schopper et al. and thus supplement the Mack-shock picture. Also the pre-
viously discussed angular distributions obtained by Gutbrod, Stock, Poskanzer et
al. (see Figs. 29 and 43) show the peak in the same poaition as those of Schop-
per.
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Fig. 41. Angular distribution of prongs for large stars
st various energies (after Schopper et al.,1979).
The evaporation background had been subtracted.
The systematic variation of the paaks can be recognized.
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Recently, both Heckman and Schopper have measured the angular distributions of
only a-particles coming out of multiple prong stars in emulsion. As was theoreti-
cally expected, the a-particle distribution shows the Mach-shock peak much clearer.
Also the rapidity plots of the Gutbrod-Stock-Poskanzer-group for various clusters
(see Fig. 44) seem to indicate that the heavier particles (e.g. the a-particles)
stem from a source of intermediate velocity (the collective Mach shock wave). It

is this completion of the picture as well as the additional observation of Schopper
(1979) and Baumgardt (private comrunication) that the velocity of the Mach-shock
particles is significantly faster than the velocity of the background particles,
which strengthens our confidence in the validity of the Macb-shock model. We pre-
dict, that the observation of angular distributions of big clust=rs out of azimu-
thally symmetric high multriplicity events will yield well recoguizable peaks

(Mach shock emission) whose dependence on energy will give us most valuable infor-
mation about the gross features of the nuclear equation of state.
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Fig.44, Rapiditv plot of the heavier
fragments measured by the GSI-
LBL-collaboraticn show ermission
from medium veloeity source.

10. STRONG BOUND PION STATES

In this section we shortly mention a purely speculative phenomenological idea:
From the usual description of the pion nucleon interaction hy a pseudo-scalar

ling

.o bd
L "-ievy, 1 %o

where the pion field couples to the pseudo current

vz
Yoi VY T, ¥

coup-
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one wight expeet that for high nucleay denwitios fyoy this interaction becomes
very strong. because of the very non-linear interaction betwsen pions and nuclear
matter, one does at present know very little sbout quantitative aspects at high
nuclear density. For the low nuclear densities one knows that the pion-nucleon
interaction is rather well described by the Kisslinger (Kisslinger,1955) potential.
Ericson and Myrer (Ericson,1978) and others have shown that indeed for heavy nuclei
(A>200) the Kisslinger potential may lead to bound pion states in the nucleus,the
binding energy of the pion increasing with the nuclear density. This is shown
qualitatively in Fig. . However, the Kisslinger potential looses its validity
at such high densities. Therefore it cannot be definitely concluded that the gap
between the m¥- and T -states will actually approach zero for some critical densi-
ty Fc» a5 suggested by the figure., For instance a strong repulsive interaction at
high pion density (e.g. a ¢4 term in the 7-Lagrangian) may prevent the two states
shown in the figure from approaching each other. Though very little is known
about strongly bound pionic states in high density nuclear matter. Such states,
eventually leading to "spontaneous" m*-n"-production i.e. without loss of energy
should indeed by an exciting phenomenon if they exist.

Let us - phenomenologically ~ assume that strongly bound pion states exist in nu-
clear matter and ask how such states would reveal themselves in relativistic heavy
ion collisions. In some test calculations we assumed that the strong collective
nuclear force in highly dense nuclear matter leads to a strongly bound pion state
vith a small effective pionic mass (my®tf<<m;), which is supposed to arise froo
the repulsive - interaction. We found that, owing to the strongly bound picnic
state the temperature in high energy heavy ion collisions will be reduced substan-
tially at high densities p/pozz (see Fig. 45). A lot of pions are created in this
strongly bound state of rather small energy, thus using up a large amount of the
thermal energy of the system. This can lead to a drastic strong cooling even at
rather small bombarding energies: These luw energetic pionic states can be popu-
lated very massively already at relatively low temperature. The sudden reduction
of the temperature above the critical bombarding energy necessary for the forma-
tion of such a strongly bound state may be detected experimentally ss the

cooing ettecl o' a strongly
bound pionic stote

Eyqy/nMeV]
1 1 1 N -
T T 20 300 i) 500

Fig. 45. The presence of a strongly bound pionic state would strong-
ly cool the reaction zone in high energy heavy ion colli-
sions above the critical energy.
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evaporation specira of the reaction products end the mean pion multiplicity strong-
1y depend on the temperature of the compression zone. The pion production rate
will be changed additionally because of the following processes: There will be
less direct production of free pions as calculated above. However, two step pro-
cesses, e.g. the excitation of pions from the bound state into the continuum, be-
come important. Also the expansion of the compression zone after the reaction
makes the production of free pions, vhich were originally created iv a bound state,
feasible.This is so, because of the "adiabatic” extraction of the pions (similar
to electron-hole production in intermediate superheavy qussi-molccules) when ap-
proaching the upper continuum for smaller densities. Such a process may also lead
to a decrease of the limiting temperature in central high energy nuclear colli-

sions,

THE LIMITING TEMPERATURE - THE HADRONIC MASS SPECTRUM

Another important question, which can be raised in connection with high energy nu-
clear collisions is the search for a "limiting" temperature, as suggested by
Hagedorn (1965) to occur in a single n-n collision, and suggested for nucleus-nu-
cleus collisions by us (Scheid,1974; Greiner,1975). In the experimentalily deter-
mined hadronic mass spectrum one notices a fast (actuslly nearly exponential) in-
crease of the number of particles (resonances, mesons) with the mass of the par-
ticles. Presently, because of the limited accelerator capacities, the particle
spectrum is practically only known for masses m<3 GeV. However, if the hadronic
mass spectrum is assumed to increase exponentially for all masses(which is a con~
sequence of the bootstrap equations) there should exist an upper bound to the tem—
perature which can be reached in high energy particle collisions. This so-called
"limiting temperature” T'¥¥ originates physically from the fact that hadronic mat-
ter with rising thermal excitation prefers to create particles of increasing mass
(see Fig. 46)., So, instead of increasing the temperature, higher excitation energy

P,

K= 200 MeV

108 -
0 1

Fig. 46. The probability A; for the excitation of
various resonances as calculated in the shock
model is shown as function of the bombarding emergy.
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is transfurmed into mass of heavy particles. This can be seen clearly for the
case of nuclear collisions in Fig. 2 ,where the lowering of the temperature due
to the excitation of resonances is shown (Hofmann,1976). If the number of resonan-
ces taken into account is increased, the temperature is substantially decreased
compared te the calculation with a lower resonance number. This fact may also be
viewed as the distribution of the internal erergy over more degrees of freedon,
which leads to a lower temperature. With the presently known experimental exponen-
tial increase of the hadronic mass spectrum, Hagedorn derived a limiting tempera-
ture for hadron-hadron colljsions which is of the order of the pion rest mass

e - mﬂcz - 140 MeV . )

However, according to fluid dynamical calculations one may read such a large teoc-
perature only for rather high borbarding energies, Ej,p>1C GeVin. The best way to
test whether a limiting temperature exists should be in a colliding beax experiment,
with the much larger CM-energies available., One can convince oneself that e pre-
sent CM-energies of the order of 1 Gevlnﬁii may be difficult to decide experimen-
tally whether the limiting tempersture T is reached, becavse of variouvs concur-
ting processes. One indication of a limiting temperature is that the pion produc-
tion rate no longer increases, as the limiting temperature is reached. However,the
decay of the known heavy resonances mainly prodvces pions, $o ¢n,> should neverthe-
less still increase.

Let us now ccnsider another phenomenon, which may lead to a strong cooiing of the
nuclear systew: According to Huber and DPilling(1979), the excitation energies of
the isobaric resonances can be lowered coherently in a nuclear density, the so-
called "Giant lsobaric Resonances", where

”
eCIR _ zif“' 5" > 50- 80 Hev .

Such an effect, if it exists, may become even stronger in Leavy ion reactions at

1 [MeV]

Fig.47. Shows the influence of the lowering of the resonance
masses by 140 MeV each (dashed curve c)on the tempera-
ture. Cvive % was obtained assuming a density isomer
of depth - 140 MeV.



~414-
high densities, and thus would lead to enhanced transformation of excitation energy
into resonance masses,thus lowering the tempizrature of the system drastically (see
Fig. 47). For an exponentially increasing hadronic mass spectrum a coherent lower-
ing of the hadronic masses in the strongly interacting medium should lead to » col-
lective limiting temperature X, considerably lower (ngi <<THaX) than for the
free hadronic masses. Recently, however, it has been shown b d1iferent authors
(Kapusta, 1978; Weiner,1979) that the existence of a quark phise excludes an expo-
nential raise of the hadrou mass spectrum and therefore a limiting temperature.
In fact there are experimental indications (Friedliinder,1979) that there is no li-

miting temperature.

12, SPECULATIONS ON THE FORMATION OF EXOTIC NUCLEI

The high excitation energy per nucleon achievable in relativistic nuclear colli-
sions may also serve as & tool for the production of exotic pieces of matter like
e.g. A" puclei, i.e. nuclei which include several nuclear resonances at once of
even consist exclusively of nuclear resonances. This would allow the study of the
many-particle interaction of N*® with each other. In close anslogy, the formation
of strange nuclei and even nuclei consisting of strange particles only may be fea-
sible. A number of interesting problems concerning the mutual strange particle in-
teraction have still to be solved. For very large energies, anti-nucleon produc-
tion becomes feasible, where the total energy for baryon pair production as a col-
lective process is large enough, while the energy per nucleon'is still too small
("sub-threshold production”). These opportunities seem very speculative for the
moment, however, some preliminary evidence for & strongly enhanced strange particle
production process was recently discovered by Sandoval, Stock, Schroeder and co-
workers (Sandoval,!979) in a streamer chamber experiment at Berkeley, where they
found an order of magnitude increase of the A’ production in RHI-collisions com-
pared to pp-reactions. They measured the proportion ‘nh°>/<uh‘> for the systeo
Ar+k at 1,8 GeV/n and found

<m A > /< LI > - 1.7z, (1)

which is nearly an order of magnitude increase of the strange particle production
compared to nucleon-nucleon collisions, This enhanced strange par:icle production
is wvery exciting, as it points further to a collective production mechanism for
heavy baryons. We can estimate the strange particle formation within the one-di-
mensional shock calculations &s oresented in section . The thermal excitation
probability for a A® in this model is given by the product of the probability of

Kaon production and A" production

- A sx
n > A°+k° @
<Lyp> _ EA° _ chz _ 674 Mev
: x <L . z T
@ e T e T e Te . (3)

The excitaticn function for A'-production then looks similar to the T-production
shown in Fiyg. 21 , however, with & much smaller value. Inserting the temperature
T_ as obtained in the simple shock calculation into eaquation (3), we find

< m o >_/ <m > = 0.0033. (%)
Thus, from this rough estimate we obtain

< e /<> = 2.2 (5)
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in reasonable agreement with the preliminary experimental result of Sandoval,Stock,
Schroeder and co-wvorkers (Sandoval,1979) and in fact an order of magnitude larger

than vhat has been measured in pp-reactions.

13. SUMMARY AND OUTLOOK

We attempted to demonstrate that Relativistic Heavy Ion physics can open new
fields in fundamental research. Very important is the unique opportunity to study
the properties of nuclear (hadronic) matter under extreme conditions in fast nu-
clear collisions: We gave - in our view convincingly - circumstantial evidence
for the existence of shock waves, i.e. various high compression and temperature
effects in relativistic heavy ion collisions. The once promoted general transpa-
rency of nuclear matter at high energies does - a5 a general effect - not exist.
It might only have validity as a quantum-fluctuatien, which can, however, be separ-
ated experimentall from the strongly interacting nucleus-nucleus encounters.

The high densities which may be achieved in relativistic collisions enable us to
search for phase transitions (like pion condensation, density isomers) in nuclear
matter and in particular for a transition of baryon into quark matter. These
phase transitions themselves amplify because of critical scattering the validity
of hydrodynamical and thermodynamical concepts. Therefore we can expect high coo~
pression effects to occur even up to borbarding energies of 10 GeV/n and higher.
Also the experimental determination of the nuclear compression constant and sound
velocity seems feasible. The high thermal excitations allow to study the succes-
sive transfermation of nuclear matter into highly excited hadronic matter and the
search for a limiting temperature. The collective formation of very heavy partic-
les, bulks of strange matter and antimatter are further intriguing possibilities.

There are indications in the Mach-shock experiments of Schopper end Baumgardt
(1979) that a phase transition of some kind (perheps into a density isomeric confi-
guration) might occur between 1.2 and 1.8 GeV/n. To check this out convincingly
more refined experiments (excitation functions of« ~particle angular distributions
from nultiplying events, pion production excitation functions) are necessary. Most
important in this ceonnection is also the further continuation of these experiments
tc higher energy up to e.g. 10 GeV/n and even higher energies.
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NUCLEAR PHENOMENA AND THE SHORT DISTANCE STRUCTURE OF HADRONS

Stanley J. Brodsky
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ABSTRACT

In certain cases, nuclear corrections to hadronic phenomena depend
in detail on the nature of quark and gluon interactions, as well as the
effects of jet development within the nuclear medium. In this talk I
review applications of quantum chromodynamics to fast particle produc-
tion in nuclear collisions, nuclear form factors, and shadowing in deep
inelastic lepton processes. 1 also discuss a new approach to particle
production in hadror-nucleus, nucleus~nucleus and deep-inelastic nuclear

reactions from the standpoint of a color-neutralization model.

* Work supported by the Department of Energy under contract number
DE~ACQ3-76SF00515.
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I. Introduction

A basic premise of this workshop is that there are aspects of
hadronic physics which can only be studied in nuclear collisions. The
most dramatic possibility is that novel collective hadronic degrees of
freedom or a new phase of hadronic matter will be initlated in central,
high-energy heavy-ion collisiona.1 Even if this turns sut not to be the
case, one can argue that the nucleus 1s an essential tool for the study
of fundamental hadronic mechanisms at distances where the quark and
gluon deprees of freedom are relevant.2

In this talk I will discuss several topice involving nuclear colli-
sions where one can possibly test and study interesting aspects of quantum
chromodynamics (QCD). These include
(A) Hadronic production in hadron-nucleus, lepton-nucleus and nucleus-

nucleus collisions.

(B) The question of shadowing in deep inelastic nuclear reactioms.
(C) The structure of the nuclear wave function at very short distances
and nuclear form factors.

Of course, the advantage of being able to study hadronic mechanisms
in close proximity to other quarks and gluons in nuclel has to be counter-
balanced by the complexity of the nucleus. By turning to nucleus-nucleus
colliisions we exactly reverse Feynman's famous analog,3 in which he
compares proton-proton collisions to the smashing together of two delicate
watches; it is obviously much simpler to study elementary ''gear—gear"
interactions, as in e+e_ collisions. The nucleus-nucleus collision seems

to be the analog of the collision of two grandfather clocks, or perhaps
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even whole jewelry stores! Deapite this, there are fascinating, contro-
versial questions concerning the physics of nuclear collisions which
appear to depend in detail on basic mechanisms at the quark and gluon
level. This talk touches on only a fraction of these problems, but I
hope it will serve to stimulate further experimental and theoretical

studies.
IXI. Hadron Production in Nuclear Collisions

There is now extensive data on hadron production in nuclei from
meson, baryon, and lepton beams at laboratory energies up to 200 GeV.A
The subject is fascinating to theorists, but there is little concensus
on the basic particle production mechanisms within the nucleus. This is
understandable, since it is not clear we even understand particle produc-
tion in ordinary nucleon-nucleon collisions! The simplest parcicle
production model consistent with the framework of QCD is the gluon-
exchange model of Low5 and Nusainov.6

Let us suppose that two protons interact by the exchange of a single
soft gluon (a color octet). This leaves the spectator quarks in each
nucleon excited as color octets [see Fig. 1(a)]. The subsequent color
neutralization of these two "jets" and the recombination of the gluons
and quarks into hadrons is evidentally similar to the particle production
mechanism which occurs 1in e+e- + qq + hadtons.7 This picture is obviously
oversimplified, however in analogy with ED it predicts7 (a) a uniform
central rapidity distribution ~— expanding as log s (due to the spin-one
nature of the gluon) [see Fig. 1(b)], (b) a transverse momentum cutoff

idue to hadronic wave function fall-off), (c) a multiplicity distribution
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which rises faster than log s (similar to analogous effects in soft
photon radiation in QED), and (d) a nearly constant total cross section
which depends on the color dipole moment, and hence the size and quark
content of the interacting hadrons.

In effect this color-neutralization model leads to final states not
so different from the standard multiperipheral model productions, but the
underlying mechanisms and time sequence are quite different.

Let us now consider the implications of this picture for a hadron-
nuclear collision. Figure 2 illustrates an event where a gluon is
exchanged between an incident hadron H and a nucleon Nl in nucleus A. The
quarks and gluons produced in the color-neutralization can subsequently
interact and color-excite further nucreons; the figures represents an
event where v =3 nucleons in A are "wounded." For the average number of

wounded nucleons we can use the standard gecmetrical estimate v =

inellginel
HN HA

quark of H (and its neutralization cloud) interacts; multiquark inter-

Ao . For simplicity we will first consider the case where one
actions will be taken into account later.

The expected multiplicity distribution corresponding to the v=3
event of Fig, 2 is shown in Fig. 3(a). We plot the ratio RHA(y) =
[dN/dy]HA/[dN/dy]HN (the multiplicity distribution normalized to nucleon-
target data) in order to isolate the nuclear effects. The multiplicity
distribution ratio for y < Ya reflects the wounding of v=3 quarks:

RHA(y) = v. The multiplicity for y > yp In the projectile region in the
simple model is RHA(y) = 1; a more detailed model which allows for multi-
quark interactions would give RHA(y) < 1, reflecting energy-momentum loss.

Our analysis here will closely follow the formulation of Ref. (8).
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Let us now assume that the rapidity of any of the secondary quarks
or gluons which excite NZ and N3 in Fig. 2 occur — on the average —
uniformly in rapidity in the central region. (This simple assumption
is in fact controversial since it can be argued that the fast constituents
produced in the first neutralization tend to be produced outside the
nuclear volume, This would bias the secondary interactions toward target
rapidities.g) Averaging over events then gives the "ramp"-like distri-

bution ratio Ry, ({y} shown in Fig. 3(b). Analytically, one finds for

8
YA<Y<YH,
Y-y .v-.vG
= A H
= 1- - .
R, () v[ ( Ve )] +[1 ( Y )] 2.1)

where Yo =Yg~ Yy ™ log s is the length of the central region. The first

term in (2.1) represents the hadrons produced from the v nuclear excita-
tions. The second term represents the multiplicity produced by the
repeated excitation of H and its products. Integrating over the central
reglon gives the ratio,

N

_ _HA
AT Wy

+

Nt

2.2
e Ayl

(The second term v/{(v+1) gives the mean fraction of the central region

populated by H and its products.) Including the fragmentation regions

Roy - (§ v )<nCENTRAL>HN + 3 “Tprac’N + $Pprac’H
2 541 por’mn Moor’my <ProTHN
(2.3)
where <nTOT>HN = <nCENTRAL>HN + <nFRAG>N + <nFRAG>N' Thus
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nfer

(

where the upper limit is reached for s + «. Note that RHA only depends

on the projectile cross section through v = AuﬂinelloH;“EI

+%) < RHA < (-g+_; ) (2.4)

v+1

A comparison
of this simple prediction with the data of W. Busza gg_gl.lo is shown in
Fig. 4(a). The prediction given in Eq. (2.1) also gives a good repre-
sentation of the 200 GeV p-A (pseudo-rapidity) data of Azimov g&_ﬂl.ll
in the central region [see Pig. 4(b)]. For y > Yy» the data shows that
RHA< 1, indicating energy-momentum losses for the fast fragments of H;
for y < Ya there are indications of cascading in the nuclear target
fragmentation region, at least for heavy nuclei.

Let us now turn to nucleus-nucleus collisions B+ A -+ X, and consider

the multiplicity ratio (normalized to nucleon-nucleor. collisions)

Ry, (v} = %%%%%—%{}E{}{E—%} (2.5
In virtually all models one expects the ratio in the fragmentation regions
(y 2 Yo ¥ 2 yB) to equal the number of wounded constituents (nucleons),
"A ~ AGNB/OAB’ and "B - BUNA/GAB in A and B respectively. The interesting
question is what RBA(Y) looks like in the central region. Several very
different possiblilities are implies by models In the literature [see
Fig. 5(b)]. 1In the Reggeon-calculus multiple-cut model of Ref. 12, inde-
pendent (multiperipheral model) chains contained within the projectile
wave function are excited and produce multiplicity throughout the central
region (subject to overall energy conservation). In the early parton-
model approach of Ref. 13, the multiplicity produced due to nuclear

excitation occurs only locally in the nuclear target fragmentation region.
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The quark-constituent model of Ref. 14 leads to a "3-step" picture since
only flat plateau regions are allowed. In the color-neutralization model
discussed here, there 1s no such constraint and the central region
smoothly interpolates between the two fragmentation regions.

The calculation of the multiplicity ratio in the color-neutraliza-
tion model for nucleus-nucleus collisions A+B + X is only slightly more
complicated than the nucleus-nucleus case. Notice that each nucleon of
A can potentially break-up any nucleon of nucleus B. The average number
inel /oinel
NN BN

of times each nucleon in A interacts in B is GB = Ba . We then

f£ind:3

Y
. dv/dy (B+A) _ (YA \B {Pz-7\®
Bal) = /@y (ne® Ya [1 ( Ve + gl Yo

(2.6)
and the integrated ratio in the central region is
<n» P
Ry = oot = W f1- | e 2.7
N+N vgt1 vyt 1

There ia very little data for nuclear-nuclear collisions. One example
is By, ¥ 3.8 for a+A, A > 100 from Eq. (2.7) compared to a ratio of

order ~4 from cosmic x.'a)'s.l5 A comparison of Eq. (2.7) with the model
of Bialas, Czyz and Fumanskiu is shown in Fig, 6. We also note that

for ycm=0, Eq. (2.6) predicts

WA+HB

T 5 Ry (=00 s Wy 4wy (2.8)

the ratio i1s maximal at ycm-O if A=B.
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Having worked out the nucleus—nucleus case, it is simple to
generalize the model and allow any or all of the quarks of each nucleon
to interact; we simply count "wounded" and interacting quarks rather than
nucleons. For example, we can apply Eqs. (2.6) and (2.7) to N-N colii-

gions, tzlking each nucleon as a "nucleus" with 3 quarks; then

W o= 3°qN/°N'N 2 1 (2.9)

v, o= 2.
g 3°qq/°qN 2 1 (2.10)

giving the ratio

r y-y vq Y. -qu
dN/dy (p+p) _ “N[l'(_y'_A) +1_(‘; ) ] (2.11)
C

dN/dy (q+q) c
An amusing feature of this result is that dN/dy(p+p) has a bowed dis-

tribution, maximal at ycm=0 even 1f dN/dy(q+q) is flat. This also
predicts that dN/dy(m-N) is less bowed but is slightly asymmetrical
about ycm=0. The previous results for R'H.A(y) and RAB(y) are unchanged

(since they are normalized to N-N collisions);

if o =1 o 6 =30
gN = 3 NN’ "gq 3 qN
thus one only expects minor changes for the multiplicity ratios for nuclei
even if the quark cross sections are screened.
In order to justify the simple counting of quarks as constituents
in inelastic reactions, let us consider a meson-nucleus collision where
both the quark and antiquark each exchange a color gluon with the target
[see Fig. 7]. After two soft gluon-exchanges, the qq system can be in
either a color octet or color singlet state. If we assume that the
resulting hadronic multiplicity is proportional to the color charge

(Casimir operators 9/4 and O respectively), then the statistical average
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over events gives

;‘% « (g) y (%)+(—é~)x 0 = 2 (2.12)
i.,e., the same result as an fncrherent sum. Nevertheiess, color coherence
implies that the multiplicity distribution vill have Iarge rluctuations
about the mean.

It is interesting co apply the color neutralizaticn model to deep
inelastic lepton scezttering on a nuclear target [see Fig. 8]. For large
Qz, the incteraction begins with the scattering of a quark fn the target
along the virtual y (o. W) direction. The particles produced in the
color-neutralization of *. e separated q and qq then can interact and
excite additional nucleons in the nucleus.16 Thas, even though the
observed crczcs section is linear in the nucleon number A, several nucleons
can be "wounded” in the deep inelastic process. These expectatioms can
be compared with the inelastic Piap = 150 GeV/c muon-emulsion data shown
in Fig. 9(a) from the Cornell, FNAL, Cracow COllabora:ion.17 The shape
of the multiplicity distribution (in pseudo-rapidity n) for incident
150 Gev u+ is not very dissimilar from corresponding 60 GeV/c pion-
emulsion data! The magnitude of the produced multiplicity in the central
region is not quite as large as the pion induced multiplicity, but the
data in Fig. 9(b) shows that mean cotal multiplicity in deep inelastic
muon-emulsion collisions is much larger than the corresponding u-p
multiplicity, independent of the value of w = 2q'p/Q2. These results
glve strong evidence that the energy associated with "quark jet” produc-
tion is effective in producing hadrons in its passage through the nucleus.

The similar shapes for dN/dy for up and mp gives support to the idea that



~428~

the same color-neutralization mechavisms are effective in both processes.
Further study of particles produced in deep inelastic processes in heavy
nuclei, especially the Drell-Yan reaction, H+A + u+h-x, 1s clearly very
inportant for understanding the basic interactions of q and qq jets in
the nuclear medium.

The color-neutralization model presented here, though simple, is
based on QCD and should give a reasonable guess on what happens in
nucleus-nucleus collisions if such mechanisms are relevant. Although
I have done a complete analysis, I believe that this color approach is
consistent with generalized Glauber theory; the hadronic multiplicity
can be computed from unitarity cuts of the forward scattering amplitude.

In principle, there could be mechanisms operating in kigh energy
nucleus-nucleus collisions which would not occur in hadron-nucleus
collisions. For example, the color neutralization of many jets in a
single collision could lead to some type of anomalous phenomena, such as
an overall excitation or "heating" of the nuclear system. The observables
include dN/dy(Ali-Az), the #/K ratio, charm production, leading particle
production, the associated multiplicity in massive lepton pair (on and
off resonance), and the rate of n or P production or direct photon18
production, as a hint of anomalous gluon production. I should emphasize
that the analysis presented here is only semi-qualitative. However, the
basic formulation and results are so simple that they may well be useful

as a puide and parametrization of the data.
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ITI. Shadowing in Deep Inelastic Lepton Scattering on Nuclel

It is well known that the photoabsorption cross section for on-shell
photons on nuclei at SLAC19 and Cornell20 energies 1is not additive in the
nuclear number; empirically DYA ~ AeffoyN where Aeff/A ~ .85 + .05.

For virtual photons with Q2 21 GeVz, Aeff/A ~ 1. The central question is
what variable controls this "shadowing" phenomena. Two very different
points of view have been discussed in the literature.

(A) One can argue that fixed Qz, w = va/Q2 + = electroproduction
data connects smoothly to 02 =0 photoabsorption physics.21 This “corre-
spondence principle” argument22 is reinforced by the fact that for large
w, the photon converts to hadronic matter well before the interaction
with the nucleus. Thus one predicts that the cross section is shadowed
[vwgl Avwg < l] for sufficiently large w, independent of the valu: of
Q”. However, there is a momentum sum rule for the area under VHZA
(assuming a conventional gluon-quark momentum fraction balance). Thus
as noted by Nicolaev and Zakharov,13 there must be an "anti-shadowing"
region probably at x = w_l = m"/mN where vwg > Avwg {see Fig. 10(a)i.
Such a phenomenon would imply to a new type of dynamical interaction
between wee partons within the nucleus.

(B) The alternative view,8 which I favor, 1is that for Q2 > Qg ~
1 GeVZ, vw;(x) = Auwg(x) for all x < 1. (In addition for 1 > x > A,
there is the standard high momentum tail.) [see Fig. 10(b)] Thus for
sufficiently large QZ, the pointlike interactions of virtual photons in

the nucleus are essentially incoherent and additive.
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More formally, one can write the total photoabsorption cross section

in the spectral form23

WA o

2 2
o 0@ = cf SA A . .
v 7957 s A 0 D G

where .# 1s the mass of virtual hadronic state which couple to the photon.
The spectrum is computed from the e+e- annihilation cross section
ce+é_¢Aﬂz). In order to obtain Bjorken scaling at large w [modulo
logarithmic scale-breaking] the meson-nucleon cross section must behave
as f‘(z(.l(,Qz) ~ (‘,{(2+Q2)-l for large v. Notice that only .,4/2 2 O(Qz)
contributes to the ayN ~ (Qz)-l scaling region. But in this region ?sz
is numerically small, and in the case of nuclei, shadowing of the large
Qz cross gsection cannot occur!8 The quark-partons of the nucleus at low

X thus act independently and incoherently. Further tests of this idca

can also be made using the Drell-Yan process pA -+ u+u-x.

IV. Short-Distance Processes in Nuclei

One of the most interesting questions which can be analyzed using
ordinary nucleil is the study of hadromic matter at high density. Here
we will be interested in processes such as nuclear form factors at very
large momentum transfer, and fast particle production in nuclear colli-
sions (beyond the usual nucleon kinematic limit) each of which probe
the high momentum tail of the nuclear wave function. These reactions

are gensirive to the behavior of the quark fields in regions of strong

overlap.

24
There is now extensive data (primarily from H. Steiner et al.  at

LBL) available for the reactions A14-A2 + H+ X for the collisions of
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AHe, at Elab < 2 GeV/nucleon and the production

of systems such as H=1n, p, 2H, 3H, AHe at longitudinal momentum kL well

nuclel such as 12C and

beyond the nucleon-nucleon kinematic limit. In principle the produced
hadron H could have nearly all of the momentum of the beam nucleus, but
this is clearly exceedingly rare. The question is how rare? Instead of
using standard variables such as k.L/kLmax or E/Emax’ it is most convenient

to use the "light-cone" Eraction25

. = Stk .1
Po* Py
where k0 and k3 are the energy and longitudinal momenta of H and P0+P3
are the energy and momentum of Al. Notice that x is invariant under
boosts along P3. The 1invariant phase space is d3k/k0 = dzkldx/x where
EL is the transverse momentum of H.
The nuclear momentum space wave function [see Fig. 11(a)] can be
1 k here b ton Tk =0
written as \FA(xa R la), where by momentum conservation et =0,
*2 .
z;:xa=l. Since kO = k3+(k1+m)/(k0+k3) for each constituent, the

standard energy denominator 1is

- .a
AE = P0 - E kﬂ
a
2 2
E + m
_ 2 1a a
AE(P, + P3) = M, Ea ———Xa (4.2)

In the adiabatic limit where the binding energy € vanishes, we have

+2
k' » 0, X, * ma/MA and AE + 0. Thus X, ~ ma/HA corresponds to the quasi-

1

elastic peak. For example, for the deuteron
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.+7 +2
ME(R, + ) = M- H’z';h‘ - g

T (4.3)

ulz)-l.nﬁ-l.if~o(ube) 1f x ~ 1/2
). %o 2

HD 08032 -2.25 Gev™ if x ~ 0.8

Thus, by examining the deuteron wave fuaction in a configuration where
one nucleon has 80%F of the maximum momentum, the state is probed far
off-shell where, in fact, asymptotic freedom perturbative quantum chromo-
dynamic (QCP) calculations should be valid. In this far off-shell regime,
the analysis of the high momentum tail of the nuclear wave function
clearly involves the synthesis of quark and nuclear physics.

At high energies where cross sections become nearly energy-independ-
ent, the reaction Ali-A + H+X can be thought of as the materialization

2
of the off-shell wave funct:lon26 [as 1in Fig. 16]. Thus we expect

3
?(A1+A2+H+X) = 1 f;—c’ dzkl
x %inel d k/k0

.12
- l_lehh():,kl” n[dzkla] r[[d.xa] 4.4)

where the integration is over all unobserved momenta, consistent with

momentum conservation. (The inverse factor of 1-x arigses from the
spectators' phase space.) If we use perturbative QCD then the off-shell
kinematics for x + 1 requires the repeated iteration of the QCD scale-
invariant kernel in order to "stop" each quark spectator in wAl. Each
iteration ylelds an additiomeal (l—x)2 fall-off, and one readily obtains

the "spectator quark counting tule",26’27'28
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Zns- 1 6Ns- 1

L @m ~ c-» - C(l-x) (4.5)

where ng is the number of quark spectators (originally bound in A) left
behind after forming H. For nuclear problems o, = 3Ns, where Ns is the
number of spectator nucleons. The constant C 18 proportional to the wave
function at the origin, i.e., the probability amplitude to find all the
quarks at the same point. The spectator counting rule can be derived in
QCD, with calculable logarithmic modifications arising from the anomalous
dimensions of the hadronic wave function. [In additior one finds thatz9
(a) the helicity of A and H tend to match as x + 1, (b} additional spin
suppression factors of (l-x) can occur in the case of electromapgnetic or

29,30 and (¢) gluon bremsstrahlung in QCD increase

weak interaction probes,
the exponent of {l1-x) by a loglogs term31 which 1s proportional to the
color charge32 (Casimir operator) of H. This latter correction does not
occur when H is a hadron.] The simple spectator tule26 gives dN/dx ~
(l—x)3 for q/p, (l—x)1 for q/M, (l-x)5 for p/D, (l-x)9 for q/D for the
leading power of the distribution as x + 1. Notice that the prediction
(l—x)65 for p/C can also be obtained via the sequential fragmentation
(l—x)l'7 for a/C convoluted with (l—x)17 for p/a. A comperison of the
a/C and p/C predictions with the data of Steiner et 51.24 shown in Fig.
12. A systematic comparison of theory and experiment has been given by
Blankenbecler and Schmidt.28 An effective nucleon-constituent model28
can also be devised to reproduce (4.5).

The recent forward angle dataZA [see Fig. 13] for p/a apparently
indicates two components to the fragmentation distribution, possibily
reflecting an intermediate regime from dN/dx (p/d) ~ (0.5- x)s. The

region beyond x > 0.4 is fit to (l-x)ls and 1s not inconsistent with
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the (l-x)17 prediztion. Such comparisons could be more definitive 1if
the light-cone variable x were used.

Although the application of quark-gluon dynamics to such relatively
low-energy nuclear data may seen radical, I emphasize that it is justified
by the fact that quite far off-shell kinematics are really imvolved.

Perhaps the most dramatic application of short-distance physics to

nuclear targets concerns nuclear form factors at large momentum transfer.

The elastic form factor F(t) [with t = q2 = -Q2 < 0] is the probability
amplitude that the target system stays intact and unexcited upon deflec-
tion from p ro p+q in the electromagnetic collision eA +~ eA. The

dimensional counting rule for the (helicity-conserving) form Factor

F(e) ~ n]—l (ltl >> MZ‘) (4.6)
t

(where n 1s the minimum number of elementary constituents) reflects the
fact that the more complex the target, the faster the power-law fall off.
From this formula one predicts tF"(t), tZG:(t), and tSFD(t) are each
asymptotically constant. The comparison34’35 with experiment is shown
in Fig. 14. The dimensional counting rule can be rigorously derived in
QCD, modulo logarithmic modifications (suppression) from the anomalous

dimensions of the hadron wave function; e.g., for the nucleon form

factor36 QCD predicts

2

2 2
ag(t) Y 2 2
Gylt) = A g a, log T -t/A%) [1 + a(m /t, us(t))] (4.7)

where the v are known positive numbers (amonalous dimensions) and

2
us(t) ~ C/log(-t/A") is the QCD running coupling constant. In general,
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the power law reflects the fact that at large t one must pay a penalty
of us(t)/t to move a constituent from p to p+q. The usual identifica-
tion of the form factor with the Fourler transform of the static charge
distribution is inapplicable to the relativistic regime.

Is it possible that these quark-gluon results can be applied to
systems as complex as nuclel? The answer is certainly yes, although the
fact that the momentum transfer must be partitioned among the constituent
nucleons implies that the momentum transfer required to reach the truly
asymptotic regime increases with A.35

Nevertheless, the quark concept 1s useful in the subasymptotic domain
where the nucleus can still be regarded as a bound state of nucleons.

For example, the deuteron form factor FD(t) must clearly fall at least
as fast as Fp(t/A)-Fn(t/A) since each nucleon must change momentum from
~p/2 to ~(p ~q)/2 and stay intact. Thus we should consider the "reduced"

form factor fD(t) defined via35’37

Fp(e) = Fp(t/4) F (t/4) (1) (6.8)

Note that fD(t) must decrease at large t since it can be identified the
probability amplitude for the final state n-p system to remain a ground

state deuteron. In fact, the dimensional counting formula (4.6)
. . 35,37
implies

1
fD(t) ~ T (4.9)

In general, we can define the reduced nuclear form factor

FA(c)

fA(t) S (4.10)

2
] | F.(t/A7)
i= N
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which has the effect of the nucleon form factors removed. By dimensional
counting fA(t) ~ 1/1:1\-1 (as 1f the nucleons were elementary!), and one
expects this result to hold even for moderate values of |t|. In contrast,

1-3A
requires very large momentum

the complete scaling of FA(t) ~t
transfer.35

A comparison of the data for fD(t) with the prediction t fD(t) >
const. is shown in Fig. 15. The asymptotic regime seems to hold for
jel 21 Gev®. Recent data>® on inelastic electron scattering on deutercns
also indicate that the inelastic transfer form factors y+D + X where
mi is below the pilon threshold have a similar behavior. Although, the

3He and 4

comparisons with experiment are less declsive, the He high
momentum transfer form factors measured at SLAC by Chertok et 51.39 also
appear to be consistent with the scaling behavior predicted by Eq. (4.10)
[see Fig. 161].

The types of diagram one encounters when computing the deuteron form
factor are shown in Fig. 17. Diagram (a) corresponds to a simple
"democratic” chain model.35 Because a single gluon cannot couple to a
color singlet, this contribution only is relevant for the part of the
nuclear state which contains "mixed color”, i.e., does not correspond to
a state which can be separated into two color singlet 3 quark systems.
Thé asymptotic form factor for such diagrams behaves as Fn(t) ~
c/(t] +rnr21)“_l where m: ~ nmf and n=3A for nuclei. For the deuteron
state with an ordinary two-nucleon color singlet wave function, the quark
interchange diagram of Fig. 17(b) contributes, and gives a contribution

of the form of Eq. (4.8) with fD(t) ~ C/(|t|1—mg). This contribution

can also be identified with the standard amplitude of Fig. 17(c) where
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T « 1/¢%

(<]
ap > np is the off-shell np scattering amplitude at ch 90",

Exchange current (meson-exchange) contributions can also be identified
with this amplitude.

In general, one expects that the deuteron ground state consists of
a linear combination of a standard color singlet Inp) wave function plus
a "mixed color" |6q> amplitude. The latter component has a high energy
(~270 MeV) 1in the MIT Bag Model, but it in fact may dominate the high
momentum components of the wave function since the np state is suppressed

by short range repulsion of the n-p interaction at small distances.40

Dubokov and Kobushkin41 have argued that the |6q) mixed color component
can account for the anomalous photon polarization seen in np - dy. The
|6q> mixed color gtate 1s the prototype of new quark matter which, 1f

QCD is correct, must exist within the nuclear wave function. It clearly

deserves much more study.
V. Conclusion

As I have outlined in this talk, there now is substantial evidence
that the quark and gluon degrees of freedom play a role in phenomena
involving ordinary nuclear matter. This evidence 1s based on the
successful predictions based on QCD from

(a) Elastic form factors of nucleil at large momentum transfer,

(b) the tail of the momentum distribution in nuclel observed

in fast particle production in nuclear collisions, and,
possibly,

(c) the multiplicity distribution observed in nucleon-nucleus

and lepton-nucleus scattering.
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It is important to explore these phenomena more thoroughly, both by use
of higher energy and higher momentum transfer experiments, as well as
more theoretical analysis. 1 should emphasize that the processes (a)
and (b) probe amplitudes where quarks are in close proximity, and mixed
color states may be playing an important role.

Studies of the final state in deep inelastic processes, especially
the Drell-Yan reaction A+ B + EEX, inelastic lepton scattering RA + 2'X,
and the production of hadrons and jets at large transverse momentum are
especially interesting since In such reactions one can study the evolu-
tion of colored matter through the nuclear medium.42 The energy loss
patterns of leading particles are particularly inceresting.43 It is also
important to determine what are the essential parameters (02 or w?)
which control shadowing of the structure functions and photoatsorption
cross sectiomn.

Elastic scattering large momentum transfer experiments on nuclei,
although difficult, are also of considerable interest. For example,
large angle Ki—nucleus scattering can test whether guark interchange
mechanisms are dominant.44 The momentum transfer dependence of such
reactions can be predicted using the reduced form factor analysis of
Section IV and Ref. 27.

The analysis of nucleus-nucleus collisions which I have presented
here is conventional in the sense that I have used only standard features
of quark and gluon physics. On the other hand, there could be further
surprises as one approaches & new regime of high-energy heavy ior colli-
sions where nuclear matter is forced into new configurations. In any
event, we are clearly only at the beginning of the study of high energy

processes within the nuclear environment.
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FIGURE CAPTIONS

(a) Simplified representation of particle production in a simple
color-gluon exchaiige model.

(b) Rapidity distributior of particles produced in a simplified
model where hadron production is proportional to the soft
gluon distribution [see Ref. 71.

2. Schematic representation of hadron-nucleus interactions in a color

excitation/neutralization model. An event where 3 nucleons are

"wounded” 1s shown.

(a) Schematic representation of the rapidity distribution of hadrons
produced in hadron-nucleus collisions for the "event" of Fig. 2.
The distribution is normalized to hadron~nucleon collisions.

(b

~

Rapidity distribution ratio obtained after averaging over events
of the type of Fig. 2, assuming interactions occur uniformly in
rapidity in the nucleus.
(a) Comparison of the prediction of Eq. (2.4) with the data of
Ref. 10 for the A-dependence of particle production in nuclei.
(b) Comparison of the prediction of Eq. (2.1) with data for particle
production in proton-emulsion collisions (normalized to pp-
collisions). The value v = 3 is used. The predictions for
the fragmentation regions must be modified to take into account
nuclear fragment cascading for y < Ya and energy-momentum
loss of fast particle for y > YR* The data are from Ref. 11.
. Idealized predictions of various models for the rapidity distribution

of hadron production in nucleus-nucleus A+ i ~+ X collisions, normalized

to nucleon-nucleon collisions (see text).
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Theoretical predictions for particle production in nucleaus-nucleus
collisions A+B + X normalized to nucleon~nucleon collisions. The
color-neutralization model discussed in Section II (and also in
Ref. 8) 1is compared with the quark-constituent model of Bialas

et al., Ref. 14,

Schematic representation of sequential gluon exchange for meson

collisions. The statistical average over events gives the same

result as an lacoherent sum of single-gluon exchange events.

Schematic representation of particle production in nuclei for deep

inelastic lepton scattering.

(a) Comparison of particle production for u+ emulsion inelastic
scattering at p, , = 150 GeV/c with hadron-emulsion data (with
incident hadron momenta chosen to roughly match the effective
virtual photon energy).

(b) The ratio of mucn-nucleus to muon-nucleon multiparticles as a
function of - = —q-pN/qz. The data are from Ref. 1..

Schematic representation of the ratio of the deep inelastic lepton

scattering structure functions vHé/Avwg 11lustrating (a) the

possibility of shadowing and anti-shadowing region, or (b) the
possibility that there 1s no shadowing for sufficiently large Qz.

Here x = -q2/2q~pN, 0 <x <A,

(a) Illustration of the momentum-space wave function for a nuclear
bound state using the light-cone/infinite momentum frame variables.

(b) Mechanism for the production of hadrons or sets of quarks or

gluons via Pomeron or gluon exchange.
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Comparison of the spectator counting rule Eq. (4.5) with a and p

production in 12C—C collisions at Piap ™ 1.05 GeV/nucleon. The

data for the inclusive cross sections are from Ref. 24. A

systematic comparison of theory and experiment is given in Ref. 28.

Inclusive cross section for a+C + p+X, compared with the p/a

and p/d predictions of the spectator counting rule. The data are

from Ref. 24.

Comparison of the dimensional counting rule tn_lF(t) -+ const.

(Jt] >> M%) with data. The compilation is from Ref. 34 and

references therein.

The reduced form factor of the deuteron, divided by a monopole form

factor. Dimensional counting predicts this ratio should approach a

constant at large t. The data are from Ref. 38.

Form factor data from Ref. 39 for ZH, 3He and QHe compared to the

quark interchange model predictions of Ref. 35.

{(a) Example of a simple gluon exchange mechanism for the deuteron
form factor at large t.

(b) Quark-interchange contribution to the deuteron form factor.

{c) Relationship of the deuteron form factor to off-shell n-p

scattering.
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CRITICAL ANALYSIS OF MODELS FOR HIGH-ENERGY HADRON-NUCLEUS INTERACTIONS
S. A. Azimov, K. G. Gulamov*
and

G. M. Chernov, U. G. Gulyumov+

ABSTRACT

Models of high energy hadron-nucleus interactions proposed recently
are critically reviewed and compared with experimental data. An attempt
is made to clarify what characteristics and what regions of the phase
space are most crucial for different models. Some interesting points

where further theoretical and experimental investigations are of importance

are discussed.

*Physical Technical Institute, Tashkent 700084, USSR,

tinstitute of Nuclear Phyaics, Ulugbek, Tashkent, USSR.
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INTRODUCTION

During the last fe. years, as a result of increasing interest in
the physics of nuclear production, considerable experimental material
has been accumulated on inelastic hadron-nucleus (hA) interactions in
the range from a few to hundreds of GeV. Although this material is
by no means sufficient for answering all the questions of importance,
in our opinion, it allows one to draw certain conclusions about the
degree of adequacy of some of the numerous model approaches to the
subject. Just such an attempt constitutes the main purpose of the
present talu.

Theore.ical approaches to the problem are such that some of them
describe production on nuclei by making use of characteristics of
elementary hN collisions a' posteriori, while the othere pretend to
explain all types of multiparticle processes. Needless to say, the
second class of models is preferablej among them approaches based
upon the notions of composite quark-parton structure of elementary
particles are of most interest sin:e they allow one to understand
the underlying mechanisms of multiple production. As regards phenomen-—
ological approaches, it is hard to expect that they would describe
the totality of experimental information on nuclear production. Thase
models, as a rule, are far enough from each other in their axiomatics,
although they nevertheless have some common general ideas. Below,
when considering concrete models and discussing their physical motivations
and consequencess for the observables, we chall mainly be interested
in the range of their applicability and in the ability to systematize

the existing experimental material.
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Due to time limitation, preference shall be given to models that
are developed enough in the quantitative respect and to experimental
data that is, ir our opinion, crucial enough for distinguishing between
different models. We shall bear in mind that some of the model predictions
are of agymptotic nature while the existing data belong to the region
of intermediate energies. More complete description of theoretical
concepts together with references to many original works of importance
not reflected in our talk can be found in earlier reviews. -13

It should be noted that we shall discuss only normal (small Pl)
processes of incoherent production on nuclei constituting the larger
part of the production cross gection since the coherent reactione
and large p, processes will be covered in other talks a: this workshop.

The talk is organized as follows. In Section 2 we shall give a
brief outline of the ideas that arise when studying ultra-relativistic
nuclear collisions and their realization in a few concrete models. 1In
Section 3 the experimental data on one-particle distributions, the
leading particle spectra, the nuclear response, and correlation phenomena
will be presented and compared to the predictions of models under
consideration. Finally, in Section 4 we shall present our main conclusions
and suggestions.
MODELS OF MULTIPARTICLE PRODUCTLON ON NUCLEI

The Cascade-Evaporation Model

The main assumptions of the model are: 1) the time of realization
of intranuclear hN colligion is much less than the time interval between
two such collisions. This requirement (instantaneous production)

is necessary in order to reduce an interaction of a hadron with a
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nucleus to a sequence of separate statistically independent intranuclear
collisions; and 2) the De Broglie wavelength of particles participating
in intranuclear collisions is much less than intranucl ovaic distanzes.
Only in such a case would the picture have quasi-classical features and
one might Le able to say something about trajectories of particles
and two-particle interactions inside the nucleus. In this case an hN
interaction is considered to be a superposition of elementary collisions
of primary and produced particles with nucleons--the bresnchy cascade——
(see Fig. la). In accordance with the model, the procesas has two stages,
During the fast stage, produced particles and recoil nucleons appear as
a result of intranuclear collisions, then the slowest particles appear,
which are nuclear fragments resulting from the decay of the excited
residual nucleus through evaporation. A lot of papers are devoted to
concrete calculations with this model; a generalizing monograph2 is
of special interest.

Difficulties that arose when describing cosmic ray datal® (too
fact rise of the multiplicity with Eo, and A) necessitated modification
of the model. The purpose was to decrease the total number of intranuclear
collisgions with the following taken into account::2 a) absorption
of low energy pions within the nucleus; b) the Pauli exclusion principle;
c) the existence of leading particles and the related trailing effect,
i.e., the decrease of nuclear density after the pessage of the fastest
leading particles; and d) multiparticle interactions. From a thesretical
viewpoint, inclusion of multiparticle interactions, i.e., a lengthy
virtual phase, contradicts asumption (1) above and means nothing more

than leaving the frameworks of the traditional cascade model. 1Im
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regard to the trailing effect thére exist two opinions about its
significance. In the cascade model this effect plays an essential
role.? In accordance witi: the other viewpoint the displacements of
recoil nucleons cannot lead to a noticeable decrease of nuclear demsity
during the fast stage of the procesa for the overwhelming wajority of
produced particles since velocities of recoils are considerably smaller
than those for particles produced. This contrcversy can probably be
resolved by studying nucleus—nucleus (AB) interactions where the trail-
ing effect, if it exists, should manifest itgelf stronger and not
only in the target but in the projectile as well, facilitacing its
investigation.

Nevertheless, evea when accounting for all the above factors,
the model cannot describe the stability of the multiplicity of slow
particles (particularly, receil protons) with the primary energy,
though it reproduces the multiplicity of relativistic particles (see
Fig. 1b). Discrepancies are observed alsc for a number cf other nbserv-—
ables in hA interactions. So, if the cascade is forbidden, at least
in high energies, it means that assumption (1} above is not fulfilled
gsince assumption (2) works better as the energy increases.

The question arises at what energies and in wha: regions of phase
space does the cascade model work? In order to answer this question
it is very attractive to use AB interactions at, say, pp 2 10 GeV/c per
nucleon. The advantage of AB collisions is that the cascade there
should manifest itself stronger than in hA collisions and the choice of
Po is related to the fact that at lower energies the cascade m'tiplication

of particles produced can effectively be damped due to simple energetic
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reasons. The importance of the problem is related to the fact that

we don't know which psrameter with dimension of length in the theory

of strong interactions can be identified with the radius of strong
interactions. It is is clear, of course, that its value is comparable

in order of magnitude with intranucleonic distances in nuclei. Therefore,
disregarding a'priori the off-mass-shell virtual effects is by no

means justified even at a few GeV.

The Growth of Longitudinal Distances Essential for Production

The postulate of the cascade model about “instantaneous" production
is open to criticism: the decrease of longitudinal momentum transfer
(qL) a8 Eg increases leads to spatial sizes of the interactiocn volume
considerably larger than the intranucleonic distances in the nucleus.
Also, the Lorentz delay of time at Eo +o would lead to unlimited growth
of realization time of elementary interaction (if the proper time in
the c.m.s. tol‘ 0).

Therefore at sufficiently high energies the notion about the
hA interaction as a totality of elementary collisions of free particles
should become incorrect ~nd the charcteristics of the interaction must

depend on properties of lengthy virtual phase.

These ideas have been discussed already in classic works by Landau
and Pometanchuck17 who showed that if multiple scatterings during the
bremsstrahlung of & relativistic electron in amorphous medium destroy
the coherence of the particle field at distances 1 < lf, then the brems-
strahlung is damped and deviations from the Bethe-Heitler formula
should be observed. The length lf proportional to the photon energy

plays the important role in processes of emission of fast particles
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and is referred to as the coherence or foraition length of the photon
(and/or regeneration length of an electron). The meaning of Landau-
Pomeranchuk phenomenon (confirmed experinentnllyls) is that if fast
electrons, when emitting photons due to multiple scatterings in the
medium, could undergo more than one collision on the length 1 < 1gy
the emission would be damped.

The growth of longitudinal distances is of importance also in
deep-inelastic lepton-hadron lcattering.w There large distances
play an essential role at high po; the scaling behavior of electro-
production cross sections corresponds to the version with linear increase
in the laboratory frame lg: lf ~vi?.

An example of a hadronic process vhere this notion is of primary
significance is coherent diffractive production.zo Here the longitudinal

momentum tranafer decreases with P,,

a, = @ialle, , %)

so that at high p, production occurs at distances lg 2 l/qL (considerably
larger than hadronic sizes) and at the same distances the coherence
of amplitudes will be conserved. It is seen from Fig. 3 that at
energies presently available the contribution of coherent production
increases with enetgy.zl

Due to the absence of a rigorous theory of strong interactions
it is impossible to perform a model-independent analysis of the character
of the growth of formation lengths (and related formation times - tg)

for incoherent production. Most of the models considered below consider
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that, for a secondary particle having the energy E and the mass m,

one has

g ! 2
°

E,
e

-
L}
Il'—

o

vhere m, is some characteristic hadronic s: ‘s. Due to the rapid decrease
of hadronic emplitudes on off-mass-shell, assumption (2) means that
secondary particles do not participate in intranuclear collisions at
distances 1 < 1g. Only if we have 1f < 1 can one use the usual classical
considerations. 2

The majority of nuclear production models can be sepsrated, crudely
speaking, into two groups. In the first group scattering on a nucleus
is interpreted as a series of approximately independent (in many important
cases this independence is destroyed by the energy-momentum conservation)
collisions with single nucleons. In order to elucidate how the presence
of a virtual phase is accounted for in such wodels it is useful to
clarify the following points for each concrete model: &) what dosv
interact with intrsnuclear nucleons, b) what is the cross-section
for intranuclear collision, and c) how are we to relate intranuclear
interactions with free hN collisions, i.e. what are the characteristics
of the final state after the single intranuclear collision.

In the second group of models, the projectile collides with the
"tube" of nuclear mater, which is usually considered to be structureless
and to behave as an "elementary" particle. In order to come to the
point of such models it is necessary to clarify: a) what parameters

depend on the characteristics of the final state, b) how are we to
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relate the characteristics of hadron-tube interaction to.those of

hN collision, and ¢) what sre the characteristics of the tube itself.

Landau Hydrodynamic Model (LHM)

24 is based upon

Description of multiparticle processes in the LEM
the following assumptions: 1) as a result of high energy interactions
a considerable amount of energy is released into the Lorentz-contracted
disc, the volume of which, Vip, is considerably ssaller than that nec-
essary for the observed multiplicity of produced hadrons; 2) since the
interaction is strong, the relaxation time is small and it is supposed
that the formed hadronic blob is under local statistical equilibrium.
The system is considered to be a relativistic fluid characterized
by density of energy, pressure, and by distribution of four-velacities
of fluid elements; its collective motion is described by equations
of relativistic hydrodynamics. The hadronic cluster thus produced
undergoes later hydrodynsmic expansion; 3) the dynamice of the process
is conditioned by both the choice of the equation of stace of hadronic
matter, p = £(Z), (p and I are macroscopic pressure and energy density,
respectively) and the boundary conditions impoaed on the hydrodynamic
equations.

The most remarkab.e feature of the LHM is the very long time
between the moment of formation of the excited hadronic matter and
its "materialization” into free particles.

The model was generalized to hA collisions (see, for denil-g’mi
by introducing an additional assumption that in this case the projectile
interacts collectively with all the nucleons contained in a tube along

its path., The radius of cross-section of a tube is OhN. Since the
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realization time for interaction is large, real hadrons of the finsl
state are produced well outside the nucleus. Characteristics of the
final state crucially depend on the concrete physical content of

three stages of the interaction process—production of excited hadronic
matter, its hydrodynamic expansion, and its decay into real particles.
So, the choice of the initial volume Vip strongly affects the A and

Eo dependencies of the average multiplicity, the hydrodynamic expansion
determines rapidity distributions of particles produced, transverse
momentum distribution depends on the finsl stage, and so on. It should
be noted that the one~dimensional versions of the model usually considered
do not take into account the expansion in the transverse direction

and lead to factorized inclusive distributions

3
do _ 3
By ap3 = E(ppopy o) = £ (71936 (py25),
so that transverse ta of daries are conditioned only by the

thermal motion during the final stage of the process. It is quite
clear from the above that, strictly speaking, no simple relation exists
between the characteristics of hN and hA interactions at the same
projectile energy.
The weak ponts of the model are: 1) the classical consideration
of the initial stage of the proceas contradicts the uncertainty relationzs’z6
(see also dizcussion in Refs. 9 and 21); and 2) the model does not
take into account the existence of leading particles.
There are two approaches to the leading particles in modern

calculations in the frameworks of the LAM. In one, leading particles

are produced from the hydrodynamic system (see, e.g., Ref. 28). Such
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an approach has some difficulties, for instance, the problem with
quantum number conservation. In the second approach leading particles
are not included in the composite system, in accordance with the laws
of relativistic hydrodynamics, and charscteristics of leading particles
are adjustable parameters of the theory.lo It is usually supposed that
the hadronic system produced tskea the energy kxo, where k is the
inelasticity coefficient.

It should be noted that the region of applicability of the model
begins at high emough energies, at least at E, of an order of -ngniEude
or larger than hundreds of GeV. Therefore it is attractive to extend
it to the region of intermediate energies where most of the experimental
results have been obtsined. Following this ideuz9 a model has
been proposed (the model of effective target). Iu such a wodel a
projectile interacts not with the whole tube but with its forward
part. The model can be used at energies 5-300 GeV, at lower energies
it turns into the cascade model, at higher energies it coincides with
the LHM. The main idea is that, in the range 5-300 GeV, a hadromn

collides in a nucleus with the effective target having the mass

Heff = mn UinL, )

where n is the nuclear density, 0j, is the inelastic hN cross-section,
and the value of the quantity L is the smallest one among two quantities:

a) the formation length averaged over the produced particles spectrum

=C 3”2 (5)

Lf 170
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(Cy is the parameter of the model taken to be 2.4 £6ev™1/2) gna
b) the geometrical length of the tube
1g = 2% - 152, )

(b is the impact parsmeter). So, at the energies considered, there
exist three regions in the nucleus (Fig. 3). Region I corresponds
to the diffuse edge of the nucleus, region II is where the length
of tube is shorter than the formation length and, finally, region
III is where l.s > Lg is.

Hadron-effective target interaction is considered in the model

in full accordance with hydrodynamical estimates

(M gey E)) = (np (E)) CTFT o ¢
2
dn _ {(n) exp |- (-7, My gg) (8)
dy
o(Heff)fz"n 202(Heff)

where o ~0.65-0.75. As noted by inventors of the model, its predictions
pertain to characteristics of produced particles outside the fragmentation

regions, i.e., the leading particles are not taken into consideration.

The Coherent Tube Model (CTM)

The CTM is presently being developed most actively by three groups
(Refs. 7,30,31 and references therein). It should be noted, of course,
that actually there exist several versions of the model and sometimes
calculations performed even by CTM inventors do not agree with each
7,30

other. The first version of the model, the most simple and attrac-

tive, has been criticized in many papers and as a result significant
modernizations and complications of the model were introduced in

papers of the inventors themselves (see, e.g., Ref. 41, 42). In a
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recent puper,31 although the term CTM is used, the phenomenological
model considered is much more complicated and multiparameter than
earlier versions and is very close in spirit to the statistical-
hydrodynamical approach.

Here we briefly discuss the original formulation of the model,
its new versions shall be discussed below when considering experimental
data. The model is based upon two nuv.-ptionl:7 1) the projectile
interacts collectively with all the intranuclear nucleons contained
in a tube along the direction of its motion, the tube is considered
as a structureless "elementary" particle. For a tube containing i

nucleons, the squared total energy in the c.m.s. is

8(i) = 2imyEq = is, (9)
where 8 is the corresponding quantity for hN collision; 2) quantities
not depending on the precise quantum numbers of colliding particles
in hN interactions are supposed to be independent of them in h-tube
collisions as well. It is assumed for such quantities that an h-tube
collision looks like a hN interaction at the same c.m. energy, i.e.,
at the energy Vi times larger than the c.m. energy of the hN collision
for the given projectile momentum. Such quantities, as noted in Ref. 7,
include the average multiplicity, multiplicity distributions, and
inclusive cross-sections for production of particles with mormal p,.

7,30 that for fixed A

It has been supposed in the model
(iy= A3 (10
independent of the type of projectile. Assuming that in hR collisions

the multiplicity

{(n} ~ 8y (11)



=478~

vhere a & C.25, and by making use of assumption 2) and Eq. (10) the

authors of Ref. 7 obtained for particles produced in hA collisions
~((3 - @/3
Cmp b ~U8 = (md A2/ (12)

The most attractive feature of the model in comparisom, for instance,

with the LaM2?

is the claimed possibility of using, for universal
characteristics nf hA interactions, the same characteristics from
BN collisions at energies Vi times larger, i.e., the simplicity in

calculating of wultiplicities and inclusive distributionms.

Cluster Type Models

As discussed above, the time of formation of free hadrons in
high energy collisiozms could be very large and one can consider that
not the usual hadrons but aome hadronic complexes (clusters and fireballs)
would propagate through the nucleus after the first intranuclear collision
of a projectile. Such consideration constitutes the basis of cluster
models. One can note that such an idea had been proposed many years
ago in Ref, 33,

In Gottfried's lodela’y' the cascade ¢z energy flux is developed
inside the nucleus, the flux being analogous to one-dimensional shock
waves in the LHM. In hA collisions under certain postulated conditions
this cascade results in production of v+l hadronic blobs (Gottfried's
hadrous): one fast cluster occupying 2/3 of the full available interval
of rapidity and V slow clusters. Here v is the number of inelastic

intranuclear collisions defined as

T = ag
v Acr:l.nello)‘;odl:otl ‘ (13
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Fast Gottfried hadrons take away the main smount of the primary energy
decays outside the target, whereas slow parts of the energy flux,

which could decay inside the target, do unot produce additional particles
within the nucleus for emergetic reasona. Since the space-time dimensions
of the fast hadron on intranucleonic diatances are of the same order

of magnitude as for usual free hadrons, the cross asection for repeated
interactions of the fast part of the energy flux with downstream nucleons
is taken to be equal to the cross—section of the projectile. Character-
istics of the final state in the model are conditioned by decay properties
of fast and slow hadrons, which, in turn, are taken from hN interactions.
S0 for the multiplicity the energy flux cascade (EFC) model gives,

at presently available energies,

- 1 - 1
R = (n)m/(n)hN =1+ 3«\;) 1)+ o(ln.Eo)’ (14)

i.e., the contribution from a slow hadron is twice as small as the
wmultiplicity from a fast Gottfried hadron

(n) = (/2)nd = (173} k-

slow

Another type of cluster model is based on the diffractive picture
of hN collisions (the hypothesis of limiting fragmenta:ion).35'36 In
these modela the first intranuclear collision of a projectile results
in production of two fragmentation clusters, ine fast cluster being
related to the projectile and the slow one related with the recoil
nucleon. The fast cluster then undergoes repeated interactions with
all downstream nucleons with the sam: crose—section aa a projectile and
decays outside the target. In each intranuclear collision the system

is reproduced and characteristices of the final state are conditioned
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by decay characteristics of clusters, which, in turn, are supposed
to be taken from experimental data on hN interactions.

It should be noted that all cluster models suggested so far seem
to be rather crude and do not take into account some important effects
arising during the passage of hadronic complexes through nuclesr m cter
(see, e.g., Ref. 76).

Models of Multiple Rescatterings

The Fan Diagram Dominance Model. FDDM is most developed in papers

by Nikolaev and co-workers (see review, Ref. 11) and is based on the

following parton interpretation of the multiperipheral model. A fast

hadron before reaching a target produces parton fluctusticns with

approximately uniform distribution of partons in the rapidity space

(rig. 4). As partons are pointlike objects with cross-—section -.‘n‘kz, x

being their wavelength, only the slowest, wee partons are capable

of interaction with a target, whereas for fast partons it is transparent.

So, one can speak about the parton wave function of a fast hadron

and the latter can be considered as a multiperipheral ladder of partons

having a wee parton. As regards the number of such ladders (or wee

partons) the FIDM assumes that as long as we are considering the oy,

to be & pole-dominated contribution, wultiladder states can be peglected.
When considering an hA collision, there would arise, in contrast

to hN collsions, in accordance with the model, multiple rescatterings

related with comparatively slow part:ms. The first interaction with

a nucleon of the target can only be induced by the wee parton of the

initial ladder of partons. Due to the interaction the coherence of

the initial ladder becomes destroyed and it is possible that some
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relatively slow partons from the first ladder emitted near the bottom
would turn into hadrons inside the nucleus (as 1l¢ ~ E), which, in turn,
would produce wee partons of the "second” generation. If such a
transition takes place inside the target, one would have secondary
interactions with intranuclear pucleons. Therefore one can expect

that some low-energy cascading would develop for large nuclear targets.
As regards fast partons, they traverse the real pucleus without interactions
and the spectra of fast particles would coincide with those from hN
collisions. Of course, if one takes into account the energy-momentum
conservation at existing moderate energies, then there would be some
depletion of spectra of fast pariicles in nuclear production. Since

in Reggeon calculus such a process is described by the so-called fan
diagram of Fig. 5, the model is referred to as the fan diagras dominsnce
model. One of the immediate properties of the model is that due to

the short-zange character of correlations, characteristice of nmuclear
response would not depend on projectile identity and the crass-section
on nuclei should factorize. The data do not show such a behavior

and therefore it is necessary to consider other ways of introducing
wultiple reccatterings inside the nuclear targets.

The Leading Particle Cascade Model. This phenomenologicsl mod

(LPCM) is based on the assumption that within the nucleus only the
leading particle interacts succeasively with all the nucleons in its

path, vhereas for produced particles the target is completely transparent.
No rigorous arguments exist justifying such a picture except for the
rather intuitive guess that nuclear matter is anisotropic for a high

energy plrticle.37 The reasons may be related with a very strong
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trailing erffect, (discussed above in the section on the cascade evaporation
mcdel) and with very strong angular collimation of secondaries in high
energy interactions. Then the fastest leading particle would interact
with downstream nucleons, whereas the particles produced would traverse

a target in the region cf small densities. This model has a straight-
forward relation with the Glauber model and corresponds to consideration
of diagrams shown in Fig. 6.

There exist theoretical objections to this Iode138 related to
disregarding inelastic intermzdiate states. Of course, one can note
that recently the Glauber model, including some types of such inelastic
screeningr and supplemented by the AGK cutting rules, has b