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Jet Quenching in Dense Matter
Miklos Gyulassy and Michael Pliimer!

Nuclear Science Division
Lawrence Berkeley Laboratory

Berkeley, CA 94720 USA
February 22, 1990

Abstract: The quenching of hard jets in ultrarelativistic nuclear collisions is
estimated emphasizing its sensitivity to possible changes in the energy loss
mechanism in a quark gluon plasma.

We calculate the attenuation of hard jet production in ultra-relativistic nuclear
collisions and consider its sensitivity to changes in the energy loss mechanisms,
dE/dz, in dense matter. In particular, we consider the consequences of a possible
sudden decrease of dE/dz near the quark-gluon plasma phase transition tempera-
ture. We find that such a change decreases the rate of quenching with increasing
A and may under favorable conditions lead to one of the signatures of that tran-
sition. In any case, hard jets provide a powerful “external” probe of the transient
dense matter produced in such reactions because their production rates are calcu-
lable with perturbative QCD[1] up to a slowly varying correction factor K ~ 2.
The main difficulty is that those rates are very small and large soft and mini-jet
background fluctuations(2,3] may complicate their detection.

Previous jet calculations[4,5,6] for nuclear collisions considered enhanced acopla-
narity of jets as a probe of multiple scattering in dense matter. Unfortunately, as
emphasized in [5,6], increased acoplanarity is expected to occur in both confined
and deconfined phases of dense matter. A reduction of dE/dz with increasing
density would, on the other hand, be a novel effect that could only occur if there
were a dramatic change in the nature of quark interactions at very high densities.
While we cannot prove that such a decrease is necessarily associated with the QCD
deconfinement transition, we motivate that possibility by reviewing recent lattice
“data” and by showing that radiative energy loss is suppressed for high energy jets.
The jet attenuation factor is then calculated varying generously dE/dz and tak-
ing into account large uncertainties in the time-evolution of ultrarelativistic nuclear
collisions.

IWork supported by the U.S. Department of Energy under Contract DE-AC03-76SF00098 and a
Deutsche Forschungsgemeinshaft fellowship



The sensitivity of jet cross sections to dE/dz in a quark gluon plasma was first
pointed out by Bjorken[7]. The collisional energy loss of a quark of energy E due to
elastic interactions with partons in an ideal quark gluon plasma at a temperature
T was calculated to be

(dE/dz). =~ 6a*T?log(4ET/M*)eM/T(1 + M/T) , (1)

where M is an infrared cutoff on the order of the Debye mass. The energy loss
for gluons is expected to be 9/4 larger. The magnitude of the energy loss (1) is
clearly very sensitive to the effective coupling strength, «;, of fast quarks to low
(~ M) momentum transfer gluons. Near the deconfinement temperature, T, ~ 200
MeV, one would expect that a, could be quite large. However, recent QCD lattice
studies[10,9] of the static heavy ¢g potential indicate that at least the coupling
strength of heavy quarks may be surprisingly small just above T¢.. In pure glue SU(3)
on 24% x (4 — 16) lattices the potential, fit[9] by a Debye screened form, V(r) =
aexp(—Mr)/r, was found to be characterized by M ~ 2T and a =~ 0.15 + 0.05
in the range 1.05 & T/T, ~ 1.2. Full QCD, calculations[10] on smaller lattices
123 x 4 also indicate that @ < 0.2 may be surprisingly small. In addition present
numerical evidence on the static string tension[9] below T, indicates a possible
reduction of the string tension as the critical temperature is approached from below.
While these results all refer to static interactions in dense matter, they suggest the

possibility that the dynamical coupling involved in eq.(1) may also be smaller than

first expected in the plasma phase.

For E ~ 20 GeV jets in a plasma at temperature T ~ 0.25 GeV, a value of
a; ~ 0.2 and M = 0.5 GeV, as used in [7] and consistent with the lattice data,
would imply that (dE/dz). ~ 0.1 GeV/fm! This energy loss is remarkably smaller
than the conventional static and dynamic string tensions in the confined phase. The
static sting tension ko &~ 1 GeV/fm, as determined by heavy quark spectroscopy,
Regge trajectories, and lattice QCD. The dynamic string tension is the energy loss
per unit length of a fragmenting high energy quark , kg = 1/70dE, /dy ~ ko [11,12].
Here dE; /dy ~ 1 GeV is the empirical transverse energy radiated per unit rapidity
and 79 ~ 1 fm is the characteristic proper formation time of hadrons. Deep inelastic
lepton nucleus data[13,14] have in fact revealed evidence for large dE/dz ~ &4 of
jets in nuclear matter. The observed uniform (~ factor 2) suppression of produced
hadrons with 0.1 < z < 0.8 from E ~ 10 GeV jets could not be explained as due
to secondary inelastic cascading even in the limit of vanishing formation length. In
[13] we showed that additional energy loss ~ x4 was required to account for the
suppression of the low = secondaries. The mechanism of jet energy loss in that case
was postulated to be string flip interactions in the nucleus that splice the jet string
into many short segments that fragment independently and leave the leading jet
string with energy ~ FE — koR [13]. Because the energy loss of the leading string
is limited to ~ 10 GeV by the finite size of nuclei, that mechanism also accounts
naturally for the observed rapid reduction of quenching of higher energy E X 30
GeV jets in nuclei.
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The change in the energy loss mechanism at the deconfinement transition to
one dominated by elastic collisions with partons could lead to a smaller energy loss
than observed in nuclear matter if the effective coupling is as small as indicated by
lattice studies. Eventually at very high temperatures the collisional energy loss in
the plasma certainly exceeds the string tension in the confined phase due to the
T? growth, but the possibility remains that in the vicinity of T, there may be a
reduction of dE/dz. We note that this would also imply a reduced thermalization
rate and increased viscocity coeflicients near T. _

We consider next the role of radiative energy loss in the plasma. Could the
radiative energy loss induced by soft scattering processes be important for hard jets?
We show next that the Landau-Pomeranchuck effect[8] strongly suppresses such
radiation in the ultra-relativistic limit. This is most readily seen by considering the
abelian problem of the radiation induced by one soft elastic rescattering following

~an initial hard scattering in a medium. Let the hard scattering occur at space-time

point o, whereby an electron at rest (py = (m,0,0,0)) and charge e is suddenly
accelerated to very high energy (p1 = (ym,yBm,0,0) with E = ym > m). Assume
that at position z; it suffers a soft elastic rescattering leading to p, = p; + ¢ with
q =~ (0,0,41). The invariant radiation distribution is then given by

«a
472

where af = p!/(kp;) and |j#|* = j.j* < O for the space-like current above. The
integrated radiative energy loss can be decomposed into a hard and soft part as
AE = AEy + AE,, where the hard radiative energy loss is given by

wdn/d’k = ——|(ap — a1)*e** + (a1 — az) e |? (2)

_ « 2 2, & 2 2
AE() = —m/d&)dgw (ao—al) ~ ;Elog(‘lE /m ) 3 (3)

and the soft radiative energy loss including the interference between the soft and
hard amplitudes is given by

AR = - / dwdQw¥(a; — az),{(ar — az)* + 2f(K)(ao — a)*} . (4)

Note that the hard component is independent of the medium, while the soft com-
ponent is controlled by a form factor

f(k) = Re(e*=~)y = Re(ix/(kp: +ix)) (5)

The ensemble average over the coordinate difference yields the right most expres-
sion under the assumption that the distance, z, between hard and soft collision
is distributed according to exp(—z/A)/)A, where A is the mean free path for soft
interactions. In eq.(5) x = yBm/\.

With the simple form of f(k) above, the angular integration can be performed
with the usual Feynman trick yielding

B =2 [* doRe(I(r,2,7) - 1(0,2,7)) (6)



where the relevant dimensionless variables are r = —¢?/m? and z = v8/w), and

the integrand is
z+1
I(r,2,7) = alog (21 ™

z—1

with 24 r+ 21yz

IL‘(T, 2,7) = ((T +2Z’YZ)2 _*_4(7, + 22))1/2 (8)
Note that AF; = 0 for » = 0 as expected, and that in the A = 0 limit, AE,; =0, as
well. In the limit A — oo (2 — 0), the interference term drops out, and we recover
the familiar result for an isolated soft scattering, AE;/E ~ (a/7)(2r/3) for r < 1.
In the ultrarelativistic limit, on the other hand, where v — oo, we find that
2
AE; ~ %@(-qﬂmgw/m) —0 . (9)
The vanishing of the soft radiative energy loss in this limit occurs because the time
between collisions in the electron rest frame is too short to form the virtual photon
field that is usually shaken off after a soft collision[8]. Comparing (9) to the A — oo
limit, this suppression effect is seen to become important when the time dilated
coherence length, «v/m, exceeds the mean free path A.

In the non-abelian case, a similar effect is expected due to the finite formation
time[8,12], t; ~ cosh(y)/ky, of gluons as well. However, because the exchanged
gluon in the soft interaction can itself radiate gluons, leading to a uniform rapidity
radiation distribution[15] rather than the strongly forward peaked radiation with
y ~ log E/m familiar in the abelian case, a finite residual radiative energy loss may
arise. Dimensional arguments together with gauge invariance requiring AE, to van-
ish when ¢* = 0 allow in principle a linear in A contribution, AE; ~ (a,/7)(—¢*)A
modulo logarithmic factors. Since (—¢?) ~ ¢?T? in the plasma, the soft radiative
energy loss is at most comparable to the collisional one in eq.(1) if the destructive
interference effects leading to (9) are reduced in QCD to allow a linear term in A. In
any case, we conclude that the magnitude of dE/dz for jets in a plasma is controlled
mainly by the magnitude of the effective coupling and could decrease significantly
near T..

We turn next to the estimate of the sensitivity of jet quenching to such changes
in dE/dz in central collisions of ultra-relativistic nuclei. The number of back to
back jets with y; = y, = 0 in the cm with py; = p12 = pr per central U + U
collisions is shown in Fig.1 for various cm energies per incident nucleon (= 1/s).
The number of {:j} type jets was calculated using[1,2]

dNi;/dydy:dpt = Taa(0)o:i(pr) , (10)
where the 90 degree cm parton differential cross section is
0ij(pr) = (mas(p7)/p7)Cii(e f)i(e f); K (11)

where (zf); = zrfi(zr,p%)) with zr = 2pr/y/s and the structure functions, f;,
taken from the Duke-Owens[16] set 1. The factors Cyy = 1.89,C,, = 0.76, and C,, =
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0.16 include both color and 90 degree kinematical factors. We took the correction
factor K = 2.5 to fit measured jet cross sections[17]. The nuclear geometry for b = 0
collisions of A+ A gives rise to the nuclear thickness factor([2], T44(0) =~ A?/7R? with
R =~ 1.154'/3 fm. Antiquark jets are included in the ¢ terms. In the range p; ~ 25
GeV, we see that gluon jets dominate at RHIC energies /s = 200 GeV. Also it is
clear that present SPS energies /s = 20 GeV are too small for jet studies.

The energy loss in matter reduces the initial energy E = p, of the jet parton :
by an amount :

Tf(rv‘t‘)
AE(r, ¢) ~ C; /0 dr dE(r)/dz | (12)

where r = |r] is its initial transverse radius and ¢ is the jet angle relative to 7 in the
plane perpendicular to the beam axis. For a sharp cylindrical geometry with radius
R, the energy loss ceases at the escape time, 74(r, ¢) = (R? — r?sin® ¢)'/? — r cos ¢.
The energy loss depends of course on the space-time evolution of the system. For
a constant dE/dr = k, AE; = C;k1y. However, due to longitudinal expansion of
the system dE/dz will in general change with time along the jet trajectory. To
take into account the expected difference between the energy loss of quarks and
gluons|7], the color factor C; is introduced above such that C;=1 and C, = 9/4.

The time variation of dE/dz is computed assuming the validity of scaling hy-
drodynamics with Bjorken initial conditions[18]. Longitudinal expansion implies
then that the proper entropy density decreases as o(7) = o0o(70/7), with 75 ~ 1
fm/c. Taking a Bag model equation of state[18], the proper energy density €(T') =
12T%+B > €g = €(T.) in the deconfined plasma phase, € < ey in the confined hadron
phase, and ey < € < € in the mixed phase. The jets propagate in the plasma phase
only while 0(7) > 0g = 4(eg—B)/3T.. Forog > o(1) > oy = (en+(egq—4B)/3)/T.
they propagate in the mixed phase with a fraction f(7) = (e(7) — en)/(eg — €n)
of the matter in the plasma phase and 1 — f in the hadronic phase. The time 7¢
where f(7g) = 1 defines the upper bound on the time in the plasma phase, and 74
where f(7y) = 0 defines the lower bound on the time in the pure hadronic phase.
The temperature in the plasma phase decreases as T(7)/T. = (1¢/7)'/3, while it is
constant T' = T, between 7g and 7x.

We calculate the integrated energy loss assuming that dE/dz is approximately
constant kg = 1 GeV/fm in the hadronic phase. In the plasma phase, dE/dz =~
kg(TQ/7)*? neglecting the slow time dependence of the logarithmic factor in eq.(1)
and denoting the plasma energy loss at T, by kg. Assuming furthermore a uniform
transverse distribution of the matter, the energy loss is then given by

dE(t)/dz = I‘CQ(TQ/T)Z/SG(TQ —7)+ kpb(r — H)
+ (kg — km)f(7) + £y)0(T — 70)0(7H — 7) . (13)
The initial transverse coordinate and jet orientation in this case only affect the

time spent in the matter, 74(r, ¢). The values of 79 and 7y depend of course on the
assumed initial equilibrated energy density eg = €(79) at the thermalization time 7.



The final momenta of each jet is then given by p; = py — AE;, where p; is the
initial transverse momentum. Since the final momenta of the two jets are sensitive
to the unmeasurable initial coordinates (r, @), it is advantageous to consider the
distribution of the summed energy E,,; = p1 + p2 = 2p, — (AE; + AE;). That
distribution is maximally sensitive to the nuclear size, and fluctuations of AFE; due
to fluctuations of the time spent in the matter cancel out in the sum to a large
extent. The distribution of the summed energy also minimizes the trigger bias
inherent in single jet distributions. Measurements of a single jet will obviously be
biased to those events where the hard scattering originates near the nuclear surface.
In the summed distribution, at least one of the jets propagates through the dense
matter. In addition, the A dependent Cronin enhancement of high p, hadrons due
to multiple initial state interactions is minimized by concentrating on correlated
back-to-back jets[19]. Therefore, that summed distribution amplifies as much as
possible the quenching effect.

In practice, Eys, must be defined in terms of the sum of the energies of hadrons
in a narrow forward-backward angular cone with Af ~ 10° oriented 90° to the
beam axis. That cone includes all fragmented hadrons with energy < 2 GeV and
transverse momentum ~ 0.4 GeV relative to the jet axis. It excludes the low energy
hadrons with E < 2 GeV produced as a result of the jet energy loss. Therefore,
the measured E;,; can be approximated by the initial jet energy minus the summed
energy loss.

Averaging over the initial transverse coordinate and jet orientation assuming
the collision of uniform spherical nuclei, the number of back to back jets with
y1 = y2 = 0 and a given E is reduced in central (b = 0) A + A collisions by

1 R% 2dr? 2r d
RAA(Etot) = gl (Ri - 7‘2)/0 5? Zaij(%(Etot + AE; + AEj)) ’
i t!]

O'O(Etot) 0 Rj

(14)
where AE; = AE(r,¢), AE; = AEj(r,7 — ¢), and 0o(E) = Y;; 0i;(E/2) with
the sum over both quark and gluon jets. The calculated jet quenching factor in
central U + U collisions at /s = 200 GeV (RHIC energies) is shown in Fig. 2
as a function of E;,; = pr1 + pr2. The A dependence of jet quenching for fixed
E;.: = 30 GeV is shown in Fig. 3. In both figures the normalized ratio R44/R,, is
shown where R, ~ 0.85 for the initial conditions below. The Bag model parameters
were chosen such that T, = 190 MeV, eg = 2.5 GeV/fm®, ey = 0.5 GeV /fm®, and
B = 0.5 GeV/fm>. The initial conditions for these calculations were assumed to be

70 = 1 fm/c and
€0 = €, A 4 ¢, A3 , (15)

where the energy density due to soft multiparticle production processes is e, ~
0.5 GeV/fm® that scales with the number of interacting “wounded” nucleon per
unit area « A3, and the energy density at 7o due to semi-hard mini-jets is
en(\/s = 200) ~ 0.08 GeV/fm® that scales with the number of binary inelastic
processes per unit area ox A%3. The above estimates for €, and €, are taken from
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the results of ref.[2]. For U + U collisions at (RHIC) collider energies /s = 200
GeV, approximately one half the intial energy density is expected to arise from
the mini-jet contribution. We note that €,(+/s) is expected to vary approximately
linearly with /s in that domain.

We find that jet quenching in heavy nuclei is expected to reduce the rate of
back-to-back jets with E,,; ~ 30 GeV by an order of magnitude. The different
curves illustrate the sensitivity of the quenching to the ratio of dE/dz in the two
phases. (For these calculations we neglect the weak time dependence of dE/dz in
the plasma phase since the initial temperature remains always close to T, for these
initial conditions.) A reduction of dE/dz just above T, by kg/ky ~ 1 is seen to
enhance jets relative to the kg = Ky case by a factor R 2. However, even for
kg = 0 the energy loss due to jet propagation through the mixed and hadronic
phases results in a substantial amount of quenching. From Fig. 2 it is also clear
that the quenching factor is most sensitive to variations in kg at lower E;,; because
the AE; are limited due to the finite size of nuclei. The optimal E,,; for study will
depend of course on the lowest resolvable jet energies.

For kg /ku = 0.2, we see in Fig. 3 a small discontinuity of the slope of R44 near
A = 40, marking the critical A beyond which ¢ > €g in our case. Smaller ¢y or
larger €g shift that point to higher A. In addition, variation of the incident energy
will shift that point due to the /s dependence of the mini-jet component of ¢. Of
course, for smaller changes in kg/kg ~ 1/2 the discontinuity in the slope is very
small and is likely to be washed out by straggling and surface effects. On the other
hand, a reduction of the latent heat, eg — ey, at fixed eg enhances the discontinuity.
It is clear that a high precision A and /s dependence study of jet quenching would
be necessary to look for onset of the deconfinement transition in this way.

Finally, we consider the sensitivity of the results to the assumed initial conditions
taking into account the full time dependence of dE/dz in eq.(13). For a given
€0 corresponding to an initial temperature Ty =~ ((eo — B)/12)'/* the uncertainty
principle places a lower bound on the thermalization time o R 1/Ty. At this time,
the interacting nuclei have only separated by the uncertainty in the localization of
an average thermal parton along the beam axis. Taking the lower bound for the
thermalization time, the dependence of the absolute quenching factor for central
U+U collisions at Ey,; = 30 GeV on € is shown in Fig.4. Note that for kg/kp < 1/2,
the quenching decreases with increasing € until dE/dz ~ ko(T/T.)? exceeds kg in
the confined phase. However, if Landau initial conditions[20] were to apply with
€, ~ 273menuc ~ 3TeV/fm3 ! then jets would in fact be much more attenuated
than if the more probable €, L 10 GeV/fm3 initial conditions apply. Finally, we
note that the quenching factor is sensitive to the assumed thermalization time 7.
The dashed curve shows the results for 7 = 1/3T5.

In summary, we have shown that energy loss in dense matter is expected to
reduce the jet yields with pr ~ 20 GeV/c in ultra-relativistic nuclear collisions by
a factor ~ 10. The detailed A and E;,; dependence of back-to-back jets was shown
to be sensitive to changes in the energy loss mechanism near the deconfinement



transition. Finally, we motivated and explored the consequences of a possible re-
duction of dE/dz near T, and suggested how jet systematics may help in that case
to identify quark-gluon plasma formation in such reactions.
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X.N. Wang are gratefully acknowledged.

References
[1] L. Dilella, Ann. Rev. Nucl. Part. Sci. 35 (1985) 107.
[2] K.J. Eskola, K. Kajantie, J. Lindfors, Nucl. Phys. B323, 37 (1989).
(3] F. Halzen,, F. Herzog, Phys. Rev. D30 (1984) 2326.
[4] D.A. Apple, Phys. Rev. D33 (1986) 717.
[5] J.P. Blaizot and L. D. McLerran, Phys. Rev. D34 (1986) 2739.
[6] M. Rammerstorfer, U. Heinz, Phys. Rev. D41 (1990) 306.
[7] J. D. Bjorken, Fermilab-Pub-82/59-THY (1982) and erratum (unpublished).

[8] E. L. Feinberg, Sov. Phys. JETP 23 (1966) 132; N.N. Nikolaev, Sov. Phys.
Ups. 24 (1981) 531.

[9] M. Gao (Columbia Univ. Group), Nucl. Phys. B (proc. Suppl.) 9 (1989) 368.

[10] F. Karsch and H. W. Wyld, Phys. Lett. B213 (1988) 505; F. Karsch, Nucl.
Phys. B (Proc. Suppl.) 9 (1989) 357.

[11] S. Date, M. Gyulassy, and H. Sumiyoshi, Phys. Rev. D32 (1985) 619.
[12] F. Niedermayer, Phys. Rev. D34 (1986) 3494.
[13] M. Gyulassy, M. Plimer, LBL-27234 (1989), Nucl. Phys. B. in press.

[14] L.S. Osborne et al., Phys.Rev.Lett.40 (1978) 1624; P.B. Renton et al, Oxford
Nucl. Phys. Lab preprint 55/88 (1988); European Muon Collaboration, A.
Arvison et al., Nucl.Phys.B246, 381 (1984).

[15] J.F. Gunion and G. Bertsch, Phys. Rev. D25 (1982) 746.
[16] D. W. Duke and J. F. Owens, Phys. Rev. D30 (1984) 49.
[17] C. Albajar et al. (UA1 - Collab.) Nucl.Phys.B309 (1988) 405.

Q\\

—



N

[18] J. D. Bjorken, Phys. Rev. D27 (1983) 140; M. Gyulassy, T. Matsui, Phys.
Rev. D29 (1984) 419.

[19] G. Gomez, et al, Phys. Rev. D35 (1987) 2736; H. E. Miettinen et al, Phys.
Lett. B207 (1988) 222.

[20] L. D. Landau, S. Z. Belenkij, Usp. Fiz. Nauk. 56 (1955) 309 [Nuovo Cim.
Suppl. 3 (1956) 15.

Figure Captions

Fig.1: The density of back-to-back jets at 43 = y, = 0 in central U 4+ U colli-
sions at various cm energies per nucleon ( %\/s) as a function of the jet transverse
momentum pr. Solid, dashed and dashed-dot show contributions from g¢g¢, gq, and
qq jets respectively.

Fig.2: Dijet reduction factor for central U + U collisions at 100 AGeV as a
function of the dijet energy E = pr1 + pra. Different curves are labeled by the ratio
lcQ//eH of dE/dz just above and below T, assuming kg = 1 GeV /fm. All curves are
normalized such that R,,(E) = 1.

Fig.3: Dijet reduction factor for central A + A collisions at 100 AGeV as a
function of A for dijet energy E = 30. Curves are labeled by the ratio kg/kg as in
Fig.2 and dE/dz just above and below T, assuming kg = 1 GeV/fm. all curves are
normalized such that R,,(30) = 1.

Fig.4: Absolute dijet reduction factor for central U + U collisions at 100 AGeV
for dijet energy E = 30 as a function of the initial energy density ¢ assuming a
thermalization time 7o = 1/T; (solid curves) and 79 = 1/3Tg (dashed curves).
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