Vol. B14 (1983) ACTA PHYSICA POLONICA No 5

HADRONIC INTERACTIONS AT LOW p;*
By A. CarELra
Laboratoire de Physique Théorique et Hautes Energies, Université Paris-Sud, Orsay**
( Received October 22, 1982)

The mechanism of multi-hadron production in low py hadronic interactions is studied
in the framework of the dual parton model. The predictions of the model are compared
with recent experimental data on pp and pp collisions at ISR and SPS colliders, pp annihila-
tion, proton-nucleus collisions, a—a collisions at ISR, etc. I also review some predictions
of the reggeon calculus for o1y and do/dt, as well as the dual model approach to the calcula-
tion of hadronic masses.

PACS numbers: 13.85.~t

1. Introduction

In hadronic interactions the low py events represent more than 99% of all events.
One of its most spectacular features is the production of lots of hadrons — the average
multiplicity at the CERN-SPS colliders is about 40, with events containing more than
one hundred particles. We would like to understand how these particles are produced.
This involves two different although related questions

a) what is the mechanism responsible for multi-hadron production? Is it analogous
to a q—q separation, or more generally a 3—3 color separation, as in ete~ or deep inelastic
Ip scattering or is it something very different?

b) What are the properties of the hadronic system produced via this mechanism?
i.e. What are the properties of hadronization?

We believe that QCD is the theory of strong interactions — not only large p; or
hard interactions but also soft ones since there is only one QCD. Thus we should ask
first of all what does QCD tell us about questions a) and b). The answer is: very little,
at least for soft processes. For hard ones it provides an answer to question a) but again
it tells us very little about question b).
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2. Hard processes

Let us first review very briefly the situation for hard processes. All of us can draw
the (perturbative) QCD diagrams responsible for hadron production in say ee~ annihila-
tion, deep inelastic Ip scattering or Dreli-Yan processes. These diagrams provide an answer
to question a). What about question b)? For definiteness let us consider e'e~ annihilation
(Fig. 1). At large Q? the q and q are very far off-shell and perturbative QCD applies (x(Q?)
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Fig. 1. Perturbative (Q* > Q%) and non-perturbative (Q* < Q32) stages of the process e*e~ — hadrons

< 1). A repeated branching takes place via the QCD vertices: q > q+g, g = q+q and
g — g+g. As a consequence of this branching, many partons are produced at lower mo-
menta which are less far off-shell. When this off-shellness reaches a value Q° = Q2 such
that a(Q3) is no longer small, one enters into a non-perturbative regime. The exact value
of Qg is not known, presumably it is in the range of 1 to 10 GeVZ. From Q2 to Q3 the
process is entirely calculable in perturbative QCD (using, for instance, the jet calculus
formalism [1]). One obtains:

(ny ~exp(cVin 0%, (pB ~ Q0% (1)

However these properties refer to a partonic system and not to hadrons. The hadroniza-
tion takes place in the nonperturbative regime. As emphasized by Politzer in his talk at
the Paris Conference, all models for hadronization not only are not QCD but they are
not quantum field theoretical or even quantum mechanical models. They are just classical
models (recursive cascade model, string models etc.) [2]. Thus although these models
are quite successful phenomenologically, one should keep in mind this severe theoretical
limitation.

The discussion above can be summarized in the following formula for the fragmenta-
tion function (obtained [2] in models of the fragmentation type):

) dx’ v 2 2 x
DiLfx,07) = 7 Dy ix', 0%, Q0) " Doy ;: . 2)
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Here D;_,describes the fragmentation of a parton i at Q? into another parton a at a lower
value Qf and carrying a fraction x’ of the longitudinal momentum of i. This function is
calculable in perturbative QCD. The conversion of parton a into a hadron is described
by D,_,. This part is computed with a classical model.

It has been argued by Amati and Veneziano [3] that hadronization is essentially
harmless in the sense that it does not change the results in Eq. (1), obtained in perturbative
QCD. This is presumably true only for ultra large values of Q2. For the ones available
in present experiments, the non-perturbative part seems to be dominant.

I will not extend this general discussion any further. Some recent developments in
the field (both theoretical and experimental) include baryon production in quark jets and
diquark jets [2].

Let me conclude this introduction by mentioning a very interesting property of quark
and diquark jets. All experiments tend to indicate that these jets are universal. By this
I mean that the nonperturbative part of the fragmentation function of a quark (or diquark)
of a given flavor is the same in all reactions (hard or soft). This jet universality will be
extensively used in what follows.

3. Low py (soft) hadron-hadron interactions

Here we are from the very beginning in a non-perturbative regime and QCD does
not even provide an answer to question a). The different models available propose different
mechanisms of hadron production. Among these models we have:

— the well known Additive Quark Maodel (AQM) [4a]. The recombination models
in their most recent form (*‘valon model” [4b]) are of this type;

— the perturbative QCD models. They are based on ideas due to Low and Noussinov
[5]. Extensive calculations in this model have been performed recently [6];

— the Lund fragmentation model which is based on a classical string model {7}];

— the dual parton model [8) based in the I/N expansion in DTU (Dual Topological
Unitarization) [9];

— the Massive Quark Model (MQM) introduced by Preparata [10]. Although very
different in spirit from the previous models, it has some similarity with the dual parton
model in its final formulation.

I will discuss now in some detail the dual parton model.

The underlying idea of the dual parton model is of a very general nature: since the
coupling constant g is not small and a perturbative expansion in powers of g does not make
sense, one should try and find another parameter which would allow some kind of perturba-
tive treatment. It turns out that the topology of a diagram (described by standard topolo-
gical parameters) allows such a perturbative treatment [11]. Indeed, the diagrams with
simple topological properties dominate over the ones with a more complicated topology,
since by complicating the topology of a graph, its contribution to, say, g, is depressed
by powers of 1/N? (here N represents either the number of flavors or the number of colors).

The dominant diagram at high energy (Pomeron) is shown in Fig. 2. Two chains
or strings of hadrons are produced (one chain = two back-to-back jets). All chains are
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Fig. 2. The dominant production graphs for 7—p, p—p and p—p interactions. A summation over quark
loops and gluons (shown only in the last graph) is implicitly assumed. More precisely, the first graph is
identical to the fourth one, after performing such a summation

of three types q—q, qq—q and qq~—qq. The color balance is reached via gluon exchange
(presumably a complicated fishnet of gluons and quark loops, since we are in a non-
perturbative regime). This diagram is of order 1/N2. Notice that as a consequence of the
interaction the meson splits into its q and q valence quarks and a baryon into q and qq.

The next-to-leading diagram (P— P cut) is shown in Fig. 3. It is of order 1/N%. In
this case four chains of hadrons are produced. All chains belong to one of the three previous
types except that in this case some of the chains involve q and g from the sea. Here the
hadron splits into four colored systems, i.e. the interaction picks up a fluctuation in the
hadron wave function consisting, in the case of a proton, in q,, (4q,), 4., q,. Likewise,
the terms of order 1/N® will contain six chains of hadrons, etc.
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Fig. 3. Example of a four-chain (non-dominant) production graph in p—p interactions

Of course, this is not QCD. However, these topological arguments are very general
and might be true in any theory. In fact, the 1/ N expansion, in which they are based, provides
a conceptual link between Dual and Gauge theories [11]. There is also a one to one corre-
spondence between the various orders in the 1/N expansion and unitarity corrections.
Thus, the terms in 1/N2 correspond to a single interaction; the terms in 1/N* contain
a rescattering in either the initial or final state, etc. A link with the reggeon field theory
is obtained in this way [11].

In order to make the dual parton model quantitative, one needs the three following
ingredients:
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a) the momentum distribution function giving the probability that each chain has
a certain invariant mass. It can be obtained from the very general features of the model
(dominance of standard regge singularities). It turns out [8] that in the case of a proton
the valence quarks are slow in the average and the sea quarks even slower (with 1/./x
and 1/x distributions near x = 0, respectively). On the contrary, the diquark is fast in the
average since the sum of the x-values of all constituents is equal to onel.

b) the fragmentation functions of the constituents at the ends of the various chains,
or, in other words, the properties of the hadrons produced in each chain for fixed x-values
of the constituents at its two ends. These are not given by the model. One has to use the
classical models referred to above or use the jet universality hypothesis.

¢) the relative weights of the contributions corresponding to successive orders in the
1/N expansion. They are given by the eikonal or perturbative reggeon field theory for
hadron-hadron interactions and by the Glauber-Gribov formulae in the case of interactions
on a nuclear target.

The model is thus completely specified. With jet universality assumed, one can compute
all the properties of the hadronic system produced in a hadron-hadron collision (rapidity
distributions, multiplicity distributions, etc.) with no free parameter, using as an input
the corresponding quantities as measured in hard processes — no freely adjustable param-
eter is involved.

Before giving the numerical results and their comparison with experimental data
let me tell you what are the qualitative features of the model. To be specific I will consider
the charged particle rapidity distributions in a pp inclusive reaction. As explained above,
the main component (Pomeron) contains two chains stretched from a (fast) diquark of
one proton to a (slow) quark of the other proton (Fig. 2). The non-leading contributions
will contain these two chains plus an even number of extra chains stretched between sea
quarks and antiquarks (Fig. 3). The resulting pp rapidity distribution will be obtained by
adding all these contributions with appropriate weights?. The pp central plateau will

! The exact form of the momentum distribution function for a proton is [8c]

1 1
oP (xAV, x9S, . x9) = C — e
2u01 2 2p » ,\/ xav xgs
Here x, refers to the valence quark, x;, to the diquark and x,, ... xz, -1 to the sea quarks and antiquarks.
C is determined from the normalization to 1 of the probability functions g2,. For a pion one has instead [8c}

1 1 1 -~
—_—_ L (1 = xIV x5 | —x1V),
\/x%v X3 \/x‘;“' ! : -

I3

(x;,‘)3/25(1—-x‘1“’—x§5 —-x‘zlz).

0%, (Y, X85, . xIV) = C,
2 One has [8d]
dNPP 1 ANaD1-92  gNar e s AN~
= g + +Q2u~2)
dy  Oin 2 g dy dy dy
n

with Z o, = 0jq. Indeed, a diagram with 2u chains (with weight o,)) contains two (q—qq) chains and the

remaiging 24— 2 ones are (g~ g) chains. The dN/dy of each chain is given by convolutions of the momentum
distribution functions ¢ with appropriate fragmentation functions — as in the parton model. Here however
there is an extra kinematical complication due to the fact that the C. of M. of a chain does not coincide
with the overall C. of M.
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rise with s due to two effects. First there will be an increasing overlap between the two
main chains; second at low energies the q—q chains are very narrow and of a negligible
height due to phase space limitation; at ultra-high energies, however, they will develop
full size plateaus. Since these extra q—q chains are narrow and centered at y* = 0, the
width of the pp rapidity distribution will increase with s less rapidly than expected from
the increase in Y.

Calculations of {(#) and dn/dy, including the multi-chain components were performed
by Capella and Tran [8d] and independently by Aurenche and Bopp {12] using an identical
model. Recently calculations in a similar but not identical model by Kaidalov and Ter-
-Martirosyan have appeared in the literature [13]. The results, borrowed from Ref. [8d],
are presented in Figs. 4, 5 and 6. Charge distributions have been computed in the Dual
Parton Model by Pagnamenta and Sukhatme [14]

The second moments of the rapidity distributions, using as an input the D/{n) ratios
in ete~ and Ip scattering, have also been computed [8d, 15a] (in the latter using the two-
-chain component only). One obtains a D/(n) ratio appreciably larger than in e*e~ and
approximately constant up to /s = 540 GeV. This is in rough agreement with KNO
scaling. On the other hand in Ref. [13b] the topological cross-section were computed
assuming a Poisson distribution for the particles produced in each chain. The authors
find a rather large violation of KNO scaling between ISR and CERN SPS energies, which
turns out to be inconsistent with present data [16]. Although the dual parton model does
not have exact KNO scaling, such a large violation seems to me rather surprising.

The multi-chain components in the model produce a (long-range) forward-backward
correlation — even if one assumes short-range order for the particles produced in each
chain [17]. The most sensitive measure of this correlation is the slope parameter:
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Fig. 4. The average pp charged multiplicity compared with experimental data. The theoretical value of the
pp multiplicity, at 4/s = 540 GeV is only 1% higher
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Fig. 5. The central plateau height (1/0) (do/dy) (y* = 0) compared with the preliminary experimental

data (1/0) (dojdn) (n* = 0). The comparison is meaningful since the ratio of these two quantities is expected

to be roughly independent of s. The theoretical curve has been normalized to the experimental data at
\/5 = 20 GeV
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Fig. 6. Charged particle distributions at /s = 53 and 540 GeV compared with data on (1/o)da/dn [19].

The curve at 540 GeV has the absolute normalization predicted by the model. The curve at 53 GeV has

been lowered by 15%, — the rise in the plateau given by the model being smaller than the experimental
one by ~15% (see Fig. 5)
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range correlations; b,,,., # 0 means a correlation between particles separated from each
other by more than two units (long-range). Theoretically, the assumption of short range
order within a chain implies that each individual chain gives b, = 0. Therefore b, can

be computed in the dual parton model without using any input from hard scattering.
One obtains [18]

(npng) —<np) {ng) ~ 4Di<”q—&>

where Df, = {u?y—{u)? is the dispersion in the number of chains and {n,_3 is the average
charged multiplicity of a q—q chain. This gives by (/5 = 540) = 0.3+0.4. The
experimental value is 0.4 [19] Most of the observed forward-backward correlation can
be explained by the fluctuation in the number of chains. b,,., has also been computed

by Fialkowski and Kotanski [15b] up to ISR energies using the two-chain component
only.

4. p~p annihilation

We turn next to pp annihilation, a topic particularly relevant to the subject of this
meeting. In the dual parton model the appropriate diagram is shown in Fig. 7. The hadronic
system is produced in the form of three q—q chains. Note that by splitting the diquark
into its two quarks, which fragment independently, no leading baryon is produced. The
contribution of such a diagram to oy goes to zero when s increases (as 1/,/s). As in the
non-annihilation cases discussed above one has also higher order contributions in the 1/N
expansion which contain the three chains in Fig. 7 plus an even number of chains linking

<
s <
b e —

[ YaYatals

Fig. 7. Dual graph for p—p annihilation

sea quarks and antiquarks. The fragmentation functions are, of course, the same as in the
non-annihilation case, and the momentum distribution functions can again be computed
from the model. Here one has, for the diagram with only three chains

1 i 1

Py ’ = C — ___51"' bt hant®,
o(X 15 X2, X3) \/x1 \/Xz \/xs( Xy —X;—X3)

where the constant C is determined from the normalization to unity of the probability
function g.

Calculations of the rapidity distribution were performed by Sukhatme [20]. Tran
and I have computed recently the multiplicity distributions. Although the applicability



367

0 1 2 3 4 5 6
<n->

Fig. 8. The correlation factor f2 7 vs <n) in the dual parton model, compared with experimental data.
The dashed line is the result obtained with the three-chain diagram. The full line is obtained when multi-
-chain diagrams are included

of the model at low energies may be dubious, it is interesting that one obtains for the correla-
tion factor f, ~ the result shown in Fig. 8. This is the only mode! I know in which one

obtains the characteristic turn over of f, =~ as a function of {n.).

5. Soft hadron-nucleus and nucleus-nucleus

The dual parton model can be generalized in a rather straightforward way to study
multi-hadron production in hadron-nucleus and nucleus-nucleus collisions [8¢, 21].
The leading and next-to-leading diagrams for proton-nucleus interactions are shown in
Figs 9. Fig. 9a corresponds to a single inelastic collision of the proton with one nucleon
in the target (the 4—1 remaining nucleons being spectators). As the corresponding dia-
grams for a p— p interaction, it contains two (q—qq) chains of produced hadrons. Fig. 9b
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Fig. 9. Single and double inelastic collision diagrams in proton-nucleus interactions
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corresponds to two inelastic collisions with two different nucleons from the target, 4 -2
nucleons being spectators. In this case there are four chains of produced hadrons. In general
a diagram corresponding to u inelastic collisions will contain 2u chains. Since both mo-
mentum distribution and fragmentation functions are the same as in the case of a hadron-
-hadron collision, the properties of the hadronic system can be computed with no freely
adjustable parameter. The generalization to nucleus-nucleus collisions is also possible [22].

The results of the calculation of the rapidity distributions in p— Xe, p—Ar [8¢] and
a—a [22] interactions are shown in Figs. 10 and [l together with experimental data.
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Fig. 10. Charged particle rapidity distributions for p-Ar and p-Xc at 200 GeV/c¢ {35]. The line is the theoret-
ical prediction
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Fig. 11. Rapidity distributions of positive and negative particles in @ —x collisions at 1/syn = 31 GeV [36].
The dotted line is the calculation for negative particles
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Fig. 12. The topological cross-sections for negative particles vs <n~>. The curve is the theoretical calcula-

tion [25]. The experimental points are preliminary data. In fact, the new data are in very good agreement
with the theoretical curve [37]

2

Fig. 13. Experimental data for the difference of average charged multiplicities in p-nucleus and p-nucleus
collisions, compared with the results of a theoretical model {26)

The multiplicity distributions for p—Xe and p— Ar [23] and for «—« [24, 25] have also
been computed. They are substantially broader than in the case of a proton-proton collision,
in agreement with experiment (see Fig. 12).

Pajares and Ramalio [26] have generalized the model to annihilation processes on
nuclei Their main result is shown in Fig. 13.
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6. Cross-sections

So far we have considered physical quantities such as dn/dy = (1/5,,)do/dy which are
normalized to o1, (or o;,). How to compute o4, do/dt etc.? As mentioned above there
is a one-to-one correspondence between the various terms in the 1/N expansion and the
diagrams of Reggeon field theory. The latter has been used both in its perturbative and non-
-perturbative forms to compute total, elastic and diffractive cross-sections. However,
in contrast with the quantities considered in the previous sections, here there are a few
freely adjustable parameters. For instance, the absolute value of o4, cannot be computed.

A comprehensive analysis in the perturbative approach, which leads to a good descrip-
tion of the data up to ISR energies, can be found in Refs [27] and [28]. Can these calcula-
tions be extended to /s = 540 GeV and more generally is the perturbative reggeon calculus
valid at such energies? Pajares et al. [29] have used the parameters obtained in Ref. [27]
to compute the values of the cross-sections at /s = 540 GeV. They find 0B, ~ 66 mb.
They also find that the diagrams which had been neglected at ISR energies are still very
small at SPS energies. However, when computing o, one has problems of convergence
of the perturbative series. More work is needed to determine whether it is possible to find
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Fig. 14, Critical Pomeron prediction [31) for the p—p differential cross-section
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another set of parameters which describes the experimental data up to ISR energies and
for which the perturbative series for all physical quantities makes sense.

It is also possible to obtain the asymptotic behaviour of the sum of all graphs [30].
The problem is analogous to a critical phenomenon problem in Statistical Mechanics.
Scaling formulae, valid at s — oo, are obtained using renormalization group methods.
Are these formulae valid at \/s = 540 GeV?, i.e. is the leading term of the sum (at s — o0)
also the dominant term at \/ s = 540 GeV? Phenomenological applications of the asympto-
tic solution have appeared recently in the literature [31]. They involve a parametrization
of the non-leading terms in s (which have not been computed so far) and a determination
of the parameters from a fit to the existing data. The most interesting predictions are the
energy behaviour of o, and do/dt for pp. One can see (Fig. 14) that the dip in da/dt is
moving inwards when s increases. The non-leading term in s, as parametrized in Ref. [31],
turns out to be negligibly small at \/s = 540 GeV. The measurement of do/dt at the SPS
will thus provide a rather clean test of the theory3,

Let me also mention that it is very interesting to compare the so-called rigorous
results (based essentially on unitarity, analyticity and crossing) with the pp collider data.
A comprehensive review was presented by A. Martin at the Paris meeting.

7. Hadron masses

A DTU approach to the calculation of both meson [32] and baryon masses [33] exists.
One can compute all the masses of all pseudo-scalar and vector g-q states (with q = u,
d, s, c and b). Four masses are used as input (m,, m, (or mg.), m, and my). One can also
compute the masses of all the lowest qqq states with q = u, d using as sole input the ¢
mass. The effect of sea quark loops is included from the very beginning. In contrast to
other approaches a small m?/m? ratio arises quite naturally. )

8. Summary

Presently we do not know anything about hadronization from QCD. All models
for hadronization are classical ones. Hadronization plays a crucial role even in hard
processes at present values of Q2. For low pr physics, not even the basic mechanism at
the origin of multi-hadron production is known from QCD.

The dual parton model proposes a mechanism based upon very general topological
arguments. This model has all the nice properties of an S-matrix theory and provides
a unified and comprehensive description of low py hadron-hadron, hadron-nucleus and
nucleus-nucleus multi-hadron production, both in the central and fragmentation regions.
The complicated mechanism of multi-particle production in these processes is reduced
to ‘‘elementary” q-q, qq-q and qq-qq color separation mechanisms.

3 Note, however, that the leading term itself is calculated using some perturbative treatment (the
so-called e-expansion). So far, only the first term in this expansion has been calculated. A complete calcu-

lation of the second term is in progress [32]. It will be interesting to see how big is the effect of this second
term in do/dr.
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However, other models propose very different mechanisms. These models are also
successful in describing the production processes, at least in the fragmentation regions.
Acurate comparisons of the predictions of the various models in the central region are
still lacking. Hopefully ihese comparisons will be very important in distinguishing among
the various models.
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