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ABSTRACT

We present a schéme for the ‘generé,lizavtion of the two cqmponent
theory of Harari and Freund to multipér_ticl'e amplitudes and, in paz;.ticular,
to inclusive reactibné. Our scheme.is based on 'duality and borrows f:h.e ‘
terminology of dual perturbation theory but we do not res'tri:c.t‘éur}' ge’né_raii’za‘-i
tions to any specific model. We 'ébtain a criterion for the absence of secondary
. (.no_n—scaling) R‘_eg'ge‘ cont;‘ibution_s m inclusive rvéa'ctions.. " We sh@w how inclu-
sive 'rea.c't.ions may approach thei»r 1imiting values fvr..om below, m contrast to
totalv cross-sections wlﬁ_ch a_lwéys ha;ve positivev:seconvd‘ary ‘contributioAns.» 'file _
' s_chéme suggests a novel interpretation of diffraction diég_ociati‘on Which we

discuss in a separate paper.
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I. INTRODUC TION

' Phe'xylomen»olo_g‘ical ?iualit:y_1 has had striking su.ccesvs in a;cou’.nting for
certaiﬁ vfeaturési_ of hadronic intéréctiéns, especially for two body pr.ocesses
and, via the optic%al theorem, for total créss sections. The ‘i)redicfions of
duality ‘(supf)lel;riented'by t;,he abéence of exot;ic resonances) include:

(1 exché.nge degenei;acy among Regge :'traje>ctovrigs .a;nd reggeon residues;

(2) ce;tain qp.avrk' m.odel‘ res_ulté such as the "%‘nagi;'u; ¢ -w mixin"g angle;

(3) the fall of the total ';:ross-secgi;)n, O'(va+b - a.-‘nything_)», “to its asyrﬁptotic
va‘lue. when thé channei (ab) is a non-—exo‘tic. channel, ib. e, the positivity of
secor.idal;y 'Regge pole' contributions; (4) The apprbximate ené'fgy independence
of the total cross-section, o(atb =~ anything)’, atv surpriéingly low e;lergies

when (ab) is an exotic channel, i.e., the absence of secondary Regge pole

contributions when (ab). is exotic.

A cornerstone of this approach is the tw,o-con:ip‘orie‘nt theory of Harari

and Freund which assumes, at least as a first approximation, that the

imaginary part of a two body écattering amplitude may be written as the sum
of two terms

Im A(s,t) = P(s,t) + R(bs, t) - (D)

| Here, R déhofes the contribgtion of direct channei resonances which
build (via finite enefgy sum rules) the reggeons6 in the crossed cﬁannel. The
first term, iD, denétes the contribution of nofif resonant backgrdﬁnd in the
dire.ct' channel which builds up the crossed channel pqme;'on con.t.'ributibn. A
modified scher.ne. has recently been ptoéoéed which includes mul'tiple scafter-

_ . 7
ing corrections, so that: P
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ImA - P+R + RQP + ROR + ROR®P (2)

'Thé success of the abox‘/e'vdescription of two body Scattering encour-
ages att.empts vto generalize this scheme to multiparticlé amplitudes. This
proble:rn is espe‘cia.lly‘ interesting experimentally sinc.e‘ 1.th.e n particle
inclusive cross section i‘s related to a discontinuity of the n + 2 particle
forward scattering a"mplitude9 in ﬁuch the s’ér’ne way as the total cross sectior;
is related to the two-body forward amplifude ‘by. the ollatical‘th‘eorém.

'. By assuming Regge theor'y for -f.he £hree to three forward elastic ampli-
tude (abc = ébg) this leads to Muellér's expre,ssiong fér the single..particle_

inclusive cross-section (in the region of a fragmenting into c)

‘do
d p< 2 dx
Pr ‘

S
]

%b -1
) (3)

= f(x, Pp) + g% PY) (
‘ o
where x = z-pi/ N's  and p-CT . p‘i are(.the tran'sv’ersé. anci léngitu_dinél_
components of the momentum of c in the cénter of mass f'rafne. The function
f describes the limiting d‘istribution :(we Have assﬁrﬁed the pofne_roh to be a
factorizable pole With intercépt one_). The non-scaling term on thé right hand
sid»e of Eq.I 3 is dominated b_V a Regge p_ole. in.(bg),with‘int;ercept avi (usually
tia’.ken to be ~0-5 gorresi)onding. to the p,w, £©, AZ) . We refér to such non-
'scalihg contributions as the secondary COn'tribﬁtions. It should be noteé. that; :
the range of validity of Mueller's }iypbthesisr_(:Eq. 3) is_questiqna.blé. | This
is. neatly illustratéd 'in.dual mo&els as Wé discuss in Section 6. ~Forall the

- results of this paper, however, we shall assume that, indeed, the Regge




behaved terms dominate the cross-section. - Generalizations of the two-

component theory have been suggested in the context of the dual resonance

10,11, 12
el

mod " supplemented by specific assumptions about the importance of

in te ' in'a previo ‘ C e 13 -
certain terms. In a previous communication  (referred to as-I from here on)
we have suggested a generalvization -of the Harari-Freund (HF from here on)

conjecture which, while it is in the same spirit'as refs. 10,11, and 12, has

» very significant differences. Inl we were led to several new and powerful

phenomenological predictions on the basis. of this generalization.
'In this paper, we will elaborate on some of the details of the discussion
. . 14 . . ' .
given previously’ and will obtain some further consequences of our scheme.
~Section 2 will be devoted to a detailed discussion of our model for

multiparti‘cl-ei meson amplitudes, leading to a set of rules for implementing

the Harari-Freund conjecture in inclusive reactions. Our scheme is a sort

~ of pictorial ''skeleton'' of a complete theory -- we do not have any burdensome

formulae, our arguments are based on a sequence of duality diagrams.
- The rest of the paper is devoted to the application of this scheme to

(mostly single particle) inclusive production spectra. In Section 3, we discuss

the conditions for the absence of secondary Regge pole contributions to inclu-

sive cross-sections (i. e., conditions for early scaling). Such iconditions have
recently been the cause of some controversy and we include a critical discus-

sion of other suggested'criteria. A simple criterion for amplitudes involving

. baryons only exists to the extent that planar duality is reasonable for baryon

reactions.
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In Section 4, we will shbw that fheré is no neces sity in ouf scheme -
for the se.condary (non-scaling) Regg‘e .pole contr‘il‘)utiovns j.n inclusive reactions
to be poéitive. This result should be contrasted with thé case of total cross-
sections which reach their asymptotic limit érofn above.

.The .trea_tlr'nent of pionization, given in Section.5, is.a simple extension.
of the earlier discussi:on. We also discuss the general n particle inclu.sivve
reaction."_in_ our scheme. |

Finally, in Section 6, we compare our scheme w1th the-Dua;l Perturba-
tion Theory. We also comment on the vali'ditry of Mueller'é Ansatz in Dual

| Models. . |

The _treﬁatmenvt'v‘of Dif'fr.a'.ctiori Dissociation vhas been left fo a  separate

' papér15 (referred to as III) .. We'a,fe led to a novel deséription of.Diffraction
Dissociation in which the pomeron-pomeron-reggeon verte._x vanishe‘sa. -In I_II,;
we discuss_ this m detail With sub_stantial experimgntgl comparison.

Iﬁ is worth observing _thé.t .thé rules for oﬁ? s‘chein’e presented at the -
end of Section 2 _#re themsel.vebs very simple although their derivation may
appear complicafed to the reader unfamiliar with dﬁality diagrams. With '
thé a,id of thése rules, the con.stra‘int_s of duality__ in multiparticle _P_-rOCe'sseS
and the esséntial rolé of the p‘omeron’ may be veasily viSualiZed as 1s demon- '}

strated in the later sections.



II. THE "SKELETON'" MODEL OF MULTIPARTICLE AMPLITUDES

Our discussion in I began with a classification of the duality diagrams

for a two body scattering é,mplitude. E:vca'bmples of such diagrams are given

in Figure 1, where we illustrate four equivalent ways of representing the basic

duality diagram that contributes to R. The first two emphasize the equivalence

between resonances in the s-channel (ab =~ cd) with reggeons in the t-channel

(ac = bd). The third figure is the corresponding quark duality diagramlband

‘the fourth figure is an abbreviated 'for'rnl? of the third which is in common

usage and we find the simplest #nd_ most useful for our purposes. (The diagram
in which the qﬁ’arks circulate iﬁ'the opposite. direction shoxild be added’- however
we will never neeci to 'c0nsi’der this separately.) In the most naive dual theory
this diagram fnay be associated with a ( st) Beta function of the Veneziano _

model,” but our analysis does not depend on this association. (See Section 6

b_for further discussion of this point. )

Two basic properties of all such duality diagrams are illustrated by'

Figure 1:

1) Quantum numbers: - the SU(3) properties are determined by the quark

content.
2)" Topology: - the shape of the diagram indicates which channels have dis-
continuities and illustrates precisely the nature of the discontinuity

(resonance, Regge pole, pomeron, reggeon-pomeron cut, etc.)

_Each diagram is meant to represent some function (of a complete

theo'ry)' having the analytic structure suggested by the tbpology of the dia-

- gram. For example, it is assumed that the amplitude corresponding to
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Figure 1 has resonances in the s-channel and in the t- c_ha_nn_el,' but not in the

u-channel (ad = cb). It has Regge asymptotic behavior in s at fixed t, (-s)u'(t)

o(s) . In addition to the diagrams of Figurel, one must

and in t at fixed s,(-t)
‘add the tw'o> corresponding to cyclicly inequivalent permutations of the external

particles. One has resonances in the u-channel and in the t-channel and’

a(t)

behaves, for.large u at fixed t as (v-u)v Whgn adde'd.t.:o‘Figi;rve‘l. this
gives the full, signatured Regge pole coptribution in thé ~'t-<.:-hé.n.ne1:to the |
amplitude. The diagram having resopénc’e_s in s aﬁd u i.s' a,'ssurhed to vanish
faster than any power as s — ®© for fixed t. It doé.s, .howev’.e'r,. confribufe to -
‘the imaginary_‘pa‘.rt of the amplitude 'vin the é'-'channel and mé.y; Be important
near threshold (see Section. 6 for more _digcuss‘iqr‘x‘ of s.u‘ch contribﬁtion’s‘) .

: Startihg from.these three basic diaéraLm_s, ‘many other types of dﬁality

diagrams are required for consistency with unitarity, some of which are shown

in Figure 2.19 We assume that the full éca.tterin'g amplitude is represented by

the sum of all distinct duality diagrams, a feature shared by the dual perturba- ’

tion theofy.zfo ‘W/e shall not assunie that the more complicéted "higher order"
diagfams are small compared with the éimpler ones. ‘In this respect,” we are
not assuming thé,t a perturbative theory is 'nécessarily realistic. : We shall
later (Section 3) point out that it is likely that a large class of thvesevdila"g;ams
must be l'arge"for pﬁengmenological reasons. .‘We shall classify all diagrams .
aécordihg to thei_r.éuahfum number and top‘o.logy.content and require that ea;:h'-

diagram is consistent with the HF conjecture.

I
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" ac channel and in dual pe'rturbatiori“'theoryl
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" Consider the du'a_.iity diagram of Figure' 2a. This diagram illustrates .

why the additivity assumption of the HF hypothesis (Eq. 2) is 'by' no means

trivial.  The particles in the initial state (ab) appear to be able to resonate

but the particles in the final Asta_,'t"e (cd) cannot.” The diagram represents a

_matrix element which mixes a resonance with non-resonant background. Con- .

sistency with the HF hypothesis requifes that it vanish. 21 (In fact, a duality -

| ‘diaigrérh was originally tefmedl()- "illegal" if the qua'rk-'antiquark pai‘r from a -

single external meson annihilated each other, as in Figure 2a.) In general,

then, whenever a single external meson is connected to a quark loop, the

corresponding duality diagram is assumed to vanish. It is at this point that

we diverge most 'é_rucially from 'oth'ervtréatme'_nts.
“Figure 2b is the diagram that has c'las"sic':alqubbeen"identified as the

22,23, 24

primor dial pomeron, P. It has vacuum quantum numbers in the =

’

a4 has a j-plé.ne singularity

" whose pc’is_i;tio‘n-is‘: independent of the extérn_al quan‘tui'n.. numbers "(a.lthough_‘in' o

' the naive dual pertu_i"ba_.tion theory it has the wrong inferéept and gives a

unitarity violating cut). We also identify this diagram.as P. The diagré.fri i

appears to have resonance poles in the t-chani}el, but any pole is‘»éonne’ctéd R g

to a quark loop to which no chef particles are conn'e:‘c':ted."_ By the discussion o

- of the previous paragraph, such a contribution vanishes so that the resi’du"e‘_sl

of the t-channel poles in ,Fi-éur"e 2a must vanish. As we erﬁph"a\rs‘iz_e_d inI,

.' , the absence of reggeons in the t-channel is necessary for the maintenance of

_the HF hypothesis. 25
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Other diagranﬁs, such as fhds‘e shown in Figure 3, give reggebn-
reggeon cuts. Note that, accoi'ding to the rule devveld;‘:)e,d above, -'Figure 3a
has no resonances in the direct channel,

Figufe 4 illustrates two diagrams obtained frpm Figure 1 and Figure 2b
by adding.hbies. Holes fnay c'ont_:rj,bute; to renofmalizafion corrections .als in N
Figure 4a. However, they rﬁay also lead to.reggelon-re‘ggeon cuts as in
Figure 4b. Although the properties of these cuts are not well détermined, they
| do have lowgr inter cepts a;hd m.a‘y be ig:ﬁ;)réd at high energy. Indeed the whole
discussion of constant tot.a.l cross-sections in exotic 're'a'c"tions.‘assumes. cut
effects are .negli_gi'ble_.z6 ‘For the rerh‘ainder of the paper, we shan therefore
_ignbre them. |
In addition, there aré further types of, diagfams _whicha%re cor_istructebd
by adding ha‘.ndles20 fo any of the diagrams so far considered. Two 7vu<;h dia-
gramé are shown in Figure 5, both of which have reggeons and reggéon-pomeron
cuts in the t-channel as well as other-' presumablf less important contributions.
Figure 5a contributes both to R and R@P 'terrfls 1n equation (2), and so -such |
diégrams Will be quite iniporta_nt in general. = The addition of a handle may be
thought ofvpr;ma'rily as an absorption correc_tion. The_ topology of diagrams
with handlés:i‘s a bit more deceptive than ‘that of ‘the diagrams previously con-
sidered. For examplg, Figure 5b has a discontin\iity in the s-cﬁannel even .
though particles a and b are not adjacent.on the qﬁark loop boundary. It
thﬁs has a r"egg.eon contribution in the t—channgl regardless of whether the

s-channel is exotic or not, apparently in violation of the HF cohjecture .
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That this discontinuity is in fact small may be seen as follows: - The diagré.m »
Ha‘s.the form R®P where R is purely real in the s-c":hanneyl and P is t.aken,to
be purely imaginary #nd strongly peaked héar t = 0 - hence the discontinuity
vanishes. This fortuitous \(anishing of the discontinuity of Figure 5b guaran-

tees the HF hypothesis for the imaginary part of the ampli»t:ude.27 We there-

fore assume in general that t}ier additon of handles to a diagram does not affect

which channels have discontinuities and pyrovides absorptive corrections to

resonances or reggeons in those channels.

This discussion Suggests how the first assumption of Harari's model,
summarized.'by Eq. 2 ;rises’ in a crossing symmetric; unitary theory.. In thg
imaginary ‘part of the-;mplitu_dé reggeons plus reggeon-pomeron cuts in the
t-channel arlre dual to s—vchannel' resonances élus their absorption (leaving
periphéral- resonancés prominent, .see Figure 6). Our_.scheme suggests that
this picture'.is only correct to the extent that the pomeron is purely imaginary.

For the sake of claritf, Wé summarize rules for constructing our
skeleton model:

i) Every scatte;'ing amplitude can Be ’represented’ aé the sum of all distinct
orientable duality diagrams.

2) Diagrams having only one external-particle atfachéd to a single quark loop
are as'su‘med‘ to vah_fshi. .Simil.arly,’ no resonance (or reggeon) is ex- '
ch#nged between two states unless qﬁark_s are exchanged. This is the

implementation of the HF conjecture.
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3) The leadingv contribution to the exchange mechanism between separate
quark loops is the pomeron. 'The real part of the porﬁeron is 'negligibie
cémpared to the imaginary part for small niofnentu_m transfers.

4) Diagrams with handles are assumed to confﬁbute only to the real part
of the ar_n'plitude in channels formed by hon-adjé.cent-particles. Handlgé'
contribute primarily to ;bsofptii:é corrections. |

v5)> Whe'.n the .qugn’tum numvb'evfé‘ of a paif,of pai'ticles ;oﬁnected to each other:
by a quark in a particular duality diagré.m are. exotic f:hén the éontribution
of that dia_.gram vanishes identically. This rule is impiicif in any scheme
based on dua..lity' diagfa.ms.

These 'r}xle's have been obtained for >_rnesc‘>n amplitﬁde. In Section 4 we will

discuss the duality diagrams \.vhic.:hvi_.n'c‘lude' baryoﬁs.

Our rules are irﬁmediately applicable to an arbitrary rn'ultbipa‘rticlevscat-
tering process and provide a generalization of the HF_'con;'je.ct_ure. in_ the.
;-éndain'der"of fhis papér, we shall appiy this scheme to-several multipa.rticlé
processes of éxperimé_ntal and theoretical interest.

Th_e. simplest diagram of any class of diagrams with a particular
quanturh r;umber‘a.n'd fopologj contént-will _bé referred to as a Erimitiye :
diagrarﬁ. In other words the addition of hoiés .andi_handles (according to
. i, rule 4) to a pfirriitive diagram does not alter which charinels have singulari-
ties. It is clearly sufficient to Astudy' these primitive'diagfafﬁs oﬁly if we
w1sh to discuss the high eneigy be_ha.vior of the 'aml.)litudé.. We h'a.ve shé'vvn.

‘that Figures 1 and 2b (plus diagram.é formedby noncyclic permutations of




exvt'e'rna;llpart'icles') are the primitive diagrams for the four point function,
i e, Figure 5b need not be considered separately due to rule 4. It remains
an assufﬁp'tion ‘that this rule also applies to multiparticle amplitudes with
_ héndles.
III. .. EXCTICITY CONDITiONS FOR EARLY SCALING IN
|  INCLUSIVE REACTIONS

We ha;ve deriy’ed, in I, a condition for the approximate energy inde-
pendence.of single particle inclusive reactions, a + b = c+ x . We will
now elaborate on that discussion.

In the limit corresponding to the fragmentation of a into c,29 (a:c|b) )
the l.eadinvg contributions come from those dia.grams for. the process
a+b+c = a+b+ac which have:-

i)' a non‘—zeré foreword discontinuity in abc since Ehis discontinuity gives -
the inclusive cross section
ii) either tﬁe pomeron or reggeons in the .(bb) channel.

In Figures 7 and 8, we display all such primitive diagrams. Figures
7a, 7b, and 8a all »ha_ve the pomeron in the (b}:—x) chahnei and contributé to the
limiting fragmentafion. Figure 7b has the pomeron in (a;) also and is the
only diagram c_ontributing to the limiting distribution in the pionization limit
(see Section 5). Figure 8 is relevant for diffractive dissociation and will be
vdiscusse.d in more detabil in III. All other diagrams displayed have reggeons
in the (bb) channel and are fhe dominant contributions to the énergy depe»nde‘r‘me
in the fragmentation limit. | It is easy to check that there is only one criterion -

‘that will eliminate all diagrams which have reggeons in (bb). The criterion is:

(ab) and (bc) must be exotic (A)
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For nearly all reactions if (ab) and (bc) are exotic then (abc) is also

exotic. The exceptions to this are certain reactions in which a, b, and c are

all ‘ba’fyons (e.g., p+ Q -~ = + X). We do not ekpect our simple dual scheme

. to work for such processes since the corresponding two body reactions, baryon-

" antibaryon scattering, cannot be déécribed in a simple dual mo.del without
exotic resonances.

In any case, consideration of i'eactions involving baryons only 'vgives‘ L
criterion A if planar duali.f;y is applicable to baryons. .’Iv‘he a'.ssumptioh.o‘f
planar duality is common to most approaches (e. g., refs. 30, 31).

f‘rom our presentation, which involved examining all the relevant
diagrams for the six point :functic’m,‘ the existence of any simple crit;erion
‘may seem forfuitous. Howev.er, we shall see in Section _5.how a general
criterion can be obtained for an n point function without having to draw
any diagrams’ explicitly, just by using speciial ordering properties that
duality irhposgs on quark lines.

We stress that our criterion A eliminate_s'a'll secondaries in the
whole fragmentation region. In certain limited regions | of phase space, we
“may expe_ct‘other, weakef, criteria to Be good to some approximation. Thus,
for instance, .in f;ILe triple Regge region (x near 1, where x is the Feyﬁman
“scaling éarameter)‘ Figure 7c¢c may ‘Be expec.ted to be the ieéding non-scaling

diagram (if (ac) is not exotic) since this has the triple Regge be_h_avior. To

' the extent that Figure 7c (the tree diagram) does dominate in this region, the ‘

._c.oxi-d_ition (abc) exotic is sufficient to ensure early scaling. This is the condi-

. : 0, '
tion proposed by Chan, et a.l.3 31 who, however, suggest a larger region of

validity. It is true that the range of validity of the triple Regge formula is

-4
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not well e'stablishe»d but it cannot be appropriate when (s,2) 'is .large. ‘The
fe_gion in whiclh saa is ;arge is however included in the. fragmentation region
of a_' into ¢ which is defined as a limit at large S5.b in which Shc /sa.b and
5,z aTe held fixed. We have seen that in _geheralvthere is only one criterion
apprOpriaté to the whole fragmentation. region. Chan and Ho‘yer31 suggest
t_haﬁ "higher order looé corrections' are small compared with tree diagrams
. in order to justify th‘e'ii'v criterion for a large region of phase space. However,
the pomefop is a loop diagram and ikt is known to have couplings of the same
ofder of magnitude as normal Régge tra.jectories.32 We emphasize this
point, which se‘ems to cause a lot of confuéion, by listing some total cross-
éeétioﬁ da,t:a,33 in Table I. This table shows that the pomeron contribution is
larger than the secondary contributions ét.remarkably small energies -
typically of th_é order of 700 MeV center of mass Rinetic energy. It is
therefpre exceedingly dangerous to ignore '.'loopl contributions'' at the
en'ergies under discussion in inclusi;re reactions.

- The cri‘te'rion suggested by Ellis, Finkelstein, Frampto'n, and
,Jacob34 which.says that reactions scale when (ab¢) and (ab) are exotic
amounts to neglecting certain of our diagrams since they arbitrarily neglect
the b& channel. They assert that since 5pz is negative in the physical region,

the singularities in s, _ are negligible. However, in a dual model the poles

bc

imply a smooth energy dependent secondary contri-

at positive values of s
positiv b&

bution at negative values of Sbé which will be just as large as the average

~ energy dependence arising from S.b (which is positive). It is easy to see

from our diagrams that the channel (bZ) is just as important as (ab) in
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detefmining‘ seconvdary contributiqns. Tl’ie_present data is not atiéquate to
separaté secondary contributions with siifficient_ accuracy to determine which
criteridn_is correct. We feel that a discussion of the HF conjecture must be a
prerequisite for any exoticity ‘criferion siri'ce it is the crucial élemen_t in the
discuss'io'ri of total cross sections - | it is the lack of such‘a disé'ussion in

refs. 30, 31, and 34 that makes their conclusions uns.étisfécto.fy. We should
 point out tha'»tv in order to._d'etermine which react;ions s,calé early it is necessary
i:o haire a precise study of a reaction qvér.a. range vof relatively low enérgies
(3-10 Gev/c, say) and vahies of x not too élos-e :_té ; 1. This is n'oi: so useful,

of course, for obser.v‘ing limiting distribiitions and establié'hing prvoperties of‘
the pomeron Which has been subject to most attention up till now. Inl, we
listed .some reactions which disﬁnguish our criterion, the most interesting
case béing K+,p' - TT-.+. x . This should scale at low eriergies in both fragmeiité.- |
tion regionvs 'accordin‘g. to previous rules, but o‘nly in.tli(_e pvroton fragmehtatioii-
r»egion accordiiig to ours.

To conclude this section, we would like'to. discii_ss a very recent pro-
posal by Tye‘am.i Veneziano.lg In their scheme the inclusive c.ross sections are
built from the square of‘production amplitudes. A cru:cial assumption is that
as far as possible one should only include tree diagrams 'in"tl'ie production
amplitiides; This leads to the same Iirimitive diagi'a,ms fo;r total cro_ss-sectiqns :
as we consider. Hoiavever, é.t'the l'eve.l of the six poin£ function one lo.op
pbméron .diag’rams must be added in t;he prodtiction amplitude# .to’ allow for
diffraction diséociatiori (the 8th component in ref. 12). ,‘In addition, many
interference terms are neglected for‘ siirnpiicity in Ref. 12 wiiile our ruie 2 ohly

kills a subset of them. A subtler difference is that our primitive diagrams
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are suppqsed to include hahdles '(corr.espon'ding to absorption) and therefore .
‘we do not predict that even the diagona.l terms are positive, Wh}i‘le their most
important prediétiéh» isv based on positivity '6f each of the éeiren compc;n_entfs in
their 'scherhe. 6n the other hand as they do not assume rule 2 they do not
predict thje. vaniéhing of seéondaries when the s-channel is exotic (they call
‘this t-he';sfrqn-.g HF hypothesis as opposeci to the weak form that they obtain)

- and the..re'fo_re they do‘not have exchange degené:acy. ‘This allows a diagonal
di_agram in which there is a pomeron and a secondary reégeon in the same
channel. This _seconvdary feggeon may give a negative contribﬁtion since the
bpomeron'is positive jand. domina’tes (since it has a-higher intgrcept) ensuring
positivity f‘or the diagram as a whole..‘ Suéh negative secondaries are known

' 12 . i s .
-to be necessary and are discussed in detail in the next section.

v THE SIGN OF SECONDARY CONTRIBUTIONS |

Befpr”é tufning to diagrams ha;ving reggedns in (bb) we would like to
femind the reé.der of the third consequence of the HF hypoéheéis for two bodsr
reaéti.ons‘\}vhich was hieﬁtioned iﬁ the opening paragraph of the paper viz. the
fall of tofal cross-svect‘ilons to their a.symptotic- values. This‘ result dépends -
on the fact that fhe vdis.continuity'of the r,esona;nce component .o‘f the forward
elastic amplitude must be positiivé as s_howh in Fi'g, 9a’, and that i'nterference_.
diégraﬁlé, "such as Fig. 2a, v‘a.r1ish. Itvis not obvious, a pribri, that ;lbsorp—_
tion corrections of the form_R@P cannot make the overall s.econdary compb— ;-
nent negative. For iﬁ_stance, in the ;quare of Fig. 9b, the 'R®P.ternv1 may
be negative 'althou.gh the net ‘c.ontribution of the sqﬁare (which. invol\.le’s,pomer’on

terms like P and PQP), is, of course, positive. It is a phenomenological
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fact that these absqr-ptioﬁ corrections are not stron‘g‘erio'ughkit_o cause the
total cross-sections to rise to their asymptotic limits.

Let us now examiné single particle inclusiye,' reactions. In‘ order to
gain some insight iﬁto tﬁe kinds of processes that build ﬁp each vcontributi‘or.x‘,
we- will look at the missing mass discontihuit& explicitly. The vcont‘r_ibu'tic'ms T
that build the pomeron in (bb) whénvsqu;iréd and summed over X, Y, and Z are
illustrated in Figure 10a, b, and cvand so6 each of these: in&ividually confributes
a positive component to the limiting distribution.

' Sihge it was a useful approximation. 1n the two body case, we fnight B
| ask whethef, “in the absence of a;bSOrption-corrections, all single particle
iﬁcluéive’ cross—'sec_:tions necessarily fall to their limiti;'xg values in our scherjne.,'
If this were so, it would be cétastrophic since it can ‘be,shown rigorously, by
use of energy conservation sum 1'-u.1es,35 thaf some inclusive reactions must.
Li_ig_ to their limiting v_alugs. To examine this, We réturn to a éonsideration'
of those pfimitive'dia'grams for the fragmentation (a:clb) hé.ving 4reggeonsv )
in the (bb) channel. Fig. ')c and all of F1g 8 arisé fx;om the square -of the
production mechanisms shown in Fig. 115. The c_r.u‘cial'vpoint vié that althqugh
the sqﬁare 6f the first two diagrams in Figure lla and their interference wit};
the third diagré,m have reggeons in (bg) » the square of the third gives Fig. 8a,
having only a poméron in (bg). ~ Since 'this pomeron te.rm is poéitive iﬁ (bg)
there is no reas.on why the interferéhce'i_:erms, Figs. 8b, could not be N
- negafive. If .so, they will dominate over the other contributions with reggeons

in (bg)v for a sufficiently large ratio of s to sab;' (see the disc‘ussionvof'

ab
diffraction dissociation in III), leadin_g,to_ah approach to limiting fragmenta-

tion from below. Similarly, there are further»interference‘ternds, (Figs. 7d
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and 7e) which ariée from squé.ring Fig. 11b énd-_ occur - in processes in

which a° and c¢ have different 'q‘uantum numbers. Once again, the square

of the third diagrém gives the pomeron in '(bg) and is positive so that it
dominates over the other terms in the _sqﬁare of F_ig.v 11b, which have reggeons

in (b-I;) . This means that the interference terms (Fig. 7e) which need

 not be positive may dominate over the other terms with feggeons in (bg) and

the p'os’;si'bility again arises of the f'ragmentatioh limit being reached from
below.

In summary, the primitive diagrams suggest that the inclusive reaction

.might rise to its asymptotic value in two circumstances:

1) 1f a or b can diffractively-dissociate into ¢, or

2) If the quantum numbers of a, b, aﬁd c bdo not force the interference terms
of Figure 7e to vanish.

These results onlyvapply‘ to reactions involving baryons if we only need

to includé'plana‘r diagrams. It is clear that in the case of nonplanar diagrams

there are so many possible interference terms that a much weaker set of con-
ditions would allow negative secondary terms.

The above considerations have completely neglected the possible effects

,of' ab.sorption. 'As we have noted, absorption does not change the sign of

secondaries in total cross-sections but there is no a priori reason why it could
not. Thus, for the six point function, where the possibilities for absorption

are much more complicated, the‘negative non-scaling secondaries may arise

from this mechanism.
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. V. PIONIZATION AND THE GENERAL N-POINT FUNCTION

In the pionization limit, (a|c|b), the dominant édntributions have
either a pomeron or a reggeén in both the ‘(_ai') and (bb) channels. All other B
diagrams are assume.d to vanish e_xpo,nentia.ll& - this is equ;ivalerit to agsurn’ing :
the Mueller h}vrpo’chesis.9 'i‘he .surviv‘ing diagrams are shown in Figure 12. In‘
Table 1I, we indicate ea.ch.type of diagfaﬁ aﬁd s-tafe whicb ci:iterion eliminates

., 36
t.

it. (The diagramé are labelled as in Figure 12.)

From'Table II,‘ we see, for instance, that (ag) exotic kills the contri-.

bution which has a pomeron in (bb) and a reggeon in (aa). ' 'I'his is a leadihg
a_-/2-1/2 .
aa . o .37 .

ab in the pionization limit.” - So the

seéondary and behaves l_iké s
condition to kill both leading secpndaries is (ac) and (bé) .e'}.:otic. '.I‘henco.ndi-
tion that kills all secondaries (including terms with reg’geonvs, ‘ip_.botvh (a_.é) vandA —
(bE))‘iS(ab),(aE), and(bé) exotic. |

| These. c_onditidné for. the al.)sen‘ce >of s{econdafiés in fragmentaf_ion agd o
pionization may be seenin a géneré.l__ way without exa.minkinkg_ part'icu_lb_ar di.a’grams
as vndentibn‘ed earlier. We make use of the following .propert.iés. of all duality -

diagrams for an n particle inclusive reaction, a+b ~ e 4.+ X.

17 €2 “n-2"

(The relevant diagrams are for the a+b+c +c +... +c

17 ¢2 n-2 tet

1

4‘5+}E_+'c >

- forward amplitude». )

“n-2
a) Each diagram consists of the external particles (made of quark-antiquark

pairs) attached to ciuark 1oops. ' - ' - o L .
'b) There is a strict ordering of particles around each quark loop such that

all incoming particles can be separated from all outgoing particles as

in Figure 13a.
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c) Any group"éf pémrticilés'which have low relative momehta and are sepa-
rated from other particlé.slﬁy a por’ne.ror; or reggeon fnu:st'be adjacenf
.on a quark loop.or on separ-aﬁe 'quaI;k loops. For .example,- in Figure 13b,

the particieé bbcc are arranged so that this diagram contributes to the

T - region of b fragmenting into c: |

From: these sifnple'-rules, the general prescription for the absence of
secondary contributions in an arbitrary process is. manifesf:

No éeéondary Regge poles contribute.to an inclusive reaction if, and only

-if, each channel whose subenergy becomes large is exotic.

VI. RELATION TO DUAL PERTURBATION THEORY
AND MUELLER'S HYPOTHESIS '

We first wish to ;:lafify the connection between ‘our model 'a_nd Dual -
>'Pertur.bvatibn Theory (DP.':I‘) based on.Feynrﬁan;like diagrams.zo

Alfh‘ough_ the classification'of diagrarhs is ei:aéf:ly the same, the
pl.‘xi.losophyv of our‘ ;pproa'c'h is rather diffevrent. In DPT, at'leaét in principle,
one h_a_;sv a definite p're_scripl:ion38 for calculating the diagrams based on unitarity
and the assumption that the Veneziano amplitudg is the Born approximation.
However, since the Veneziano formula does not correspond too we.ll to the
ph).rsical wbrld, -it is hard to believe in this preécriéti’onl. Our ap_prvoach is’
“to abst‘ractifro‘rn tiqe DPT certain p_r-operties that we vexpect'will bé solvéd by .,
a more realistic »modgl and We feel freé ‘to modify all other kasp'ects.‘- To this
we add certain phenomenolioy_g‘:ical information, e_ss._en-.ti_ally the HF co'hj_ectu.rév
and some features of absorpti‘on. Finally, we.‘takebthev optimistic attitude that

the whole scheme is consistent with known rigorous constraints (such as sum
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rules ). 'Thisv' is.certainly nozi—tri\iiva.l since, ..'for example, our manner of
, »implimenting the HF conjecture has been very. simpllé vminded and is surely‘
not thé.only p'o'ssible one kéee, fof example, ref. _12). o

To illustrate our app;oach considér Figure. 2b which we have identified
with the p'oméron and have assuméd behaves up to 1og‘aril_:i'n“ns 1ike. s‘o‘(t)-" ‘as { - E
s - © for fixed t a:.'nd'that a(o) _=' 1. In fact'Freund22 argued in favor of this
identi-ficatiovn .bef‘ore the prescjription,fof calculating loops was esi:a.blished,
- solely on the basis of duality.'. DPT shows a sug’ge;tive J--plane23’ 24 singu-
larity for this diagram but with a differérit intercept. .Fvu‘ri:hermore, _for"a
physical J the singularity becomes a cut in s that Violates unita_rity.v Howeve;r, o
it is more or less accepted that Whi_le the existence of such a 'singulérrity‘is
‘model independent (i. e., the’topo'l.ogy arguments of ref. 39) its intercept and -
the fact that it is a cut are not.24 Therefore we .only use DPT to tell us WH]'.(:_B
classes of di#grams can have a‘pomeron-like singularity and in this wé’.y we
are led t;o rule 3. | |

However; DPT also shows that whenever a dia'.'grva‘m has the pomeroh
in a certain chanpel-that the same diagram will have the f or f pole in that
channel. We have argued that this featur¢ would breakj EXD 'and the HF |
hypothesis. and therefore haQe e.stablished rule- 2.. Thi's is not neceSsar’ilY in-.
compatible with DPT if we consider that the diagrams of the sk'eléton model
correspond to an infinite set of dia‘grams in DPT. | |

An intéresting and.rather con_.trovversia'.l- diagrarﬁ is the‘one of Figure 8a
which has Béen used by some ‘auth‘ors40 as’evidencé‘ in favor of the va_.nishihg of

the triple porvner‘c_)n vertex. Contrary to common myth, a thorough calculation
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of this diagram folloWiqg. the ﬁethods of re"f.._23 re\_ré'avl's .t‘hat' it does have a
- triple pomeron singularity and the pome'1v-on‘ in..the b‘g channel is dua.l to
resonances in the abc channel. |

Of course, as is well-known, in a gnitar‘y ’th(_epry the triple pomeron
vertex r_r_'lustvvar‘xish when saé' = sac.j' = .'0 if the pomeron ié a pole with unit
intercept. : This would only be trﬁe in DPT for the completely summed series.

The observation'that resonances build the pomeron in diffraqtion dis-
. sociation" in DPT is véry impoftént andl independent of the manner of impie-
mentation of the HF hypofhesis. It ié discussed iﬁ defail in III.%‘5

“A more difficult point to und_ex;sAtanvd 1n the context of DPT is the 4t.:h"

rule Whiéh states that diagrams with handles have vdis continuities in i:he same
c':.h‘ar;nels as ones with_oﬁt' them. We are not sure if this rule is too strong or
even consistent \.'vith unita.ri't&. :For the four point vf_unction, as discussed
ear.lier, the rule is true if the pom‘e‘ron is purely 4imagvinary. We would hope
t;hat in ‘a.n'y case it w§u1d be tr.ue i:o at least the leadir;g power af s although
this is very much an.open .question. - |

We now turn to a dbisc‘:us»‘sion'o.f the validity of Mueller's hypothesis .
that the pomeron and s_econdafy reggeons dorﬁinate inciusive cross-sectibﬁs.
Our whole analysis has assumed this to be true at laboratory _ene'rgies. 7 The
Dual Resonance Model in'dicatesv a“pos‘sible ls‘o'urce. of failure of th‘is a;ssufnp-

tion.  Recall t_hat the Veneziano model is the sum of three beta functions.

_ : L
Bst * But * Bsug

As s = ©, for fixed t, the first two terms lead to Regge behaviour

(at least outside of a wedge) and the third term, Bsu’ has ind,efinite. oscillating
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phase. .It is universally as:sumed that in the fully unitarized theory the
resonances will develop Wiciths in such a manner as to lead to Regge ‘behaviour
along the real s axis and lead to exponential damping .of"the third term.

An ahalogeogs situation holds in inclusive prOCesses41 for which dia-
grams in which reggeons carry large mass (a,n'alogeous.to vBsu for the four
péint fﬁrictiori) are damped by an exponeﬁtial which depends on the imaginary

part of the trajectory function. If these terms contributed significantly at -

present laboratory energies, they would undermine the whole notion of reggeon-

resonance duality as well as the applicability of Mueller's Ansatz of Regge
behaviour of the six point function. WherAeas‘ the usual correlation length is -

determined from the difference between the intercepts of the pomeron and

the leadifxg reggeon these extra terms might lead to an entirely different kind . |

of correlation. Even if resonances have widths that grow with (mass) , these
terms may -lvead to significant correlation at present energies since the actual |
rate of decrease of the exponential is unknown.  This would be an unhappy

situation for most reggeists. .
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"TABLE CAPTIONS

A demonstration of the great importance of the pomeron (nearly

constant) contributions to total cross-sections at rather low

kinetic energies.

Terms contributing to .the pionization cross-section. The label-
ling in the first column corresponds to that of Figure 12. The

last column indicates the conditions that force specific terms

to be absent.



Total _
Cross-Section Type
. +
Kp - Exotic
K-p Non-Exotic
+ . .
TP Non-Exotic
11'~p Non-Exotic
PP Exotic

Non-Exotic¢

31

TABLE I

a( @)
(mb)

Lﬁ}.
&

Dependence on Center of mass
kinetic energy, T(MeV)

18

18

23-24

23-24

39-40

39.40

Constant for T 2 6‘00 |
Falls below 36 for T > 500

Falls below 46 for T > 800

Falls below 46 for T > 700

Constant for T > 800

Falls below 78 for T > 800
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TABLE I1I

Exchange Re

ge Sirlgula rity

Condition for Absence

(labelled by Figure 12)

in (aa)

in (bb)

of Contribution

(a)

(b)

(c)

- (d)

(e)

P

(aE)_ exotic
(be) exotic

(ab) exotic

(ad) or (be) or (abg)

exotic
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Figure 1

Figure 2

Figure 3

- Figure 4

Figure 5

Figure 7
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FIGURE CAPTIONS

. Equivalent ways of representing a duality diagram.

Figure 6

Figure 8

Figure 9

b) We argue that the s

a) This diagram violates exchange degeneracy and the Harari-
Freund conjecture.

b) The pomeron diagram. Secondary reggeons must be absent if
HF is satisfied.

Diagrams giving rise to Regge-Regge cub.ts.b

a) A renormalization correction-

b) Example of a diagram which has renor.malization-vloop that
- builds Regge cuts.

a) This diagram has a discontinuity in all channels.

ab. discontinuity of this diagram is very

small.
An illustration of absorbed reggeons dual to peripheral resonances.

Contributions to the six point function in the region of a fragmenting
to ¢ excluding diagrams contributing to the diffraction dissociation
of a into c.

Contributions to the diffraction dissociation of a into c.

a) 'Iilustration of the positivity of resonance contributions.

b) The square of this contribution contains P@R term that may

be negative.



Figure

Figure

Figure

Figure

10

11

12

13

-34-

Terms contributing to the pomeron in th_e‘inélusive reaction
(é.:c]b). There are no interference terms between 10a, b, and

¢ by rule 2.

é) Wh_en‘squared, this shm_ g‘_ivesvris‘e‘ to Figure 7c and Figure 8.

b) Diagrams contributing to thé interference terms 7e and 7{. |

‘Diagrams that contribute to the pionizkatic"m region (alélb) .

a) Illustration of the ordering of particles implied by duality.

'The dashed line can always be drawn _to.separa{te the incoming

from o'utgoing particles.
b) Diagram contributing to the region of b fragmenting into ¢

ina+b ~ c+dl+ d2'+dn-+ X, where d_lAa‘i-e also detected.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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