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1 Abstract

Multiplicity distributions in proton-proton interactions are analysed using the Gluon
Dominance Model. This model indicates a recombination mechanism of hadroniza-
tion and a gluon fission. The quark—gluon jets are described as Markov branching
processes. The hadronization phase is characterised with a binomial distribution. A
fit to Fermilab bubble chamber data obtained at 100 GeV, 300 GeV and 800 GeV
energy is carried out. The experimental data from SERP-E-190 is also fitted by
GDM.

2 Introduction
Multplicity is the number of secondaries n in the multiparticle production process:
Pp+p—cr+co+ ...+ ¢y

The main feature of this process is that there are already six initial valence
quarks before the interaction. It is well known that the mass of the proton is much
greater than the sum of the masses of the quarks from which it is composed. There-
fore, there are numerous gluons and quark-antiquark pairs (sea quarks) within the
proton, which make a significant contribution to the formation of the final hadrons.

The parameters of TSM calculated taking into account all valence quarks and a
few gluons in comparison with our previous results obtained for e™e™ -annihilation
differ greatly. For example, the hadronization parameter ng << 1 for pp-interactions
and n’; ~ 1 in the case of eTe -annihilation. However, the hadronization process
should occur the same way in both cases. The parameter of hadronization that
agrees with the one obtained for electron-positron annihilation is achieved only by
completely excluding valence quarks from consideration.

Thus, valence quarks stay in the leading particles and do not participate in the
formation of final hadrons. The multi-particle production is implemented by active
gluons (we call gluons that form hadrons active). The model which describes such
behaviour is called gluon dominance model (GDM).

Active gluons can give a branch, which is described by Farry distribution. Sim-
ilarly to the case of electron-positron annihilation, there are three elementary pro-
cesses which contribute to the quark or gluon distributions into QCD jets:

1. gluon fission: ¢ — g + g;

2. quark bremsstrahlung: ¢ — q + g;



3. quark pair creation: g — q +¢.

Further we neglect the quark-antiquark pair production, because it gives the
smallest part in the process. In addition, the Furry distribution does not take into
account quark bremsstrahlung [1].

The hadronization (second stage) is described by the binomial distribution.At
energies below 9 GeV the second correlation moment has negative value. We also
analysed two schemes: with gluon fission and without it.

3 Model with gluon fission

We assume that all secondary particles are born due to gluons. In other words, the
quarks from protons do not participate in the creation of the final hadrons. Let k be
the number of gluons that divide (active gluons). In the case of elastic scattering,
active gluons are absent. Let these gluons be characterised by a Poisson distribution
(shows the probability that k gluons can be produced from the original parton):

e_EEk
P, = o (1)

The choice of Poisson distribution is based on the analogy with nuclear physics
processes (neutron evaporation, radioactive decay). Similarly to the aimed parameter
A which determines the probability of releasing a specific number of neutrons from
an excited compound nucleus, the k determines the probability of releasing a specific
number of active gluons from original parton.

The analysis of experimental data from p™p~ collisions shows that the second
correlation moment of charged particles for MD change sign from negative at low
energies to positive at higher energies (see Figure 1). For binomial distribution
fo > 0, for Farry distribution f; < 0 and for Poisson fo = 0. Thus, according to our
model, in the low-energy region the gluon branching process predominates, while in
the high-energy region hadronization prevails.

Let us construct the multiparticle distribution for final hadrons in our TSM
model. For this, it is necessary to generalize the Furry distribution for the case of a
jet developing from a single gluon obtained in [1]| for the case of m gluons.

Gluon fission can lead to the formation of gluon jets, which will result in m
gluons in the final state. These gluon jets are described by the Furry distribution.
The generating function for the development of a jet from a single initial gluon is

given by: -
G(z)z%(l—z(l—%)) 2)
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Figure 1: Dependence of the second correlation moment fo = n(n — 1) —n? from
mean multiplicity [2]

Considering that the branching (the process of gluon jet development) of gluons
occurs independently, in the case of k initial active gluons we obtain:

G(z):;—Z(1—z(1—%>>_k 3)

Let us make use of the connection between the generating function and the
distribution (5), as well as Leibniz’s formula for the n-th derivative of a product of
functions (6):

1 om
i ) 4)
(f-9)" = CrfBgth (5)
k=0

We obtain a distribution describing the development of a gluon jet in the case
of k initial gluons:

1 & 1\?
Pn=— N ooprer, (1 - :> (6)

m
p=0

Or in explicit form

LR (k+p—1)! Ly
P = S =1 2 7= p)itk — m — 7)) (%) g
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Knowing that the factorial may only involve a number greater than or equal to
zero, let us estimate the value of the summation index p:

m—-—k<p<m, k+p>1 (8)

From this we obtain that the only possibility to get a distribution describing physical
solutions arises when p = m — k.
Thus, the Furry distribution for k initial gluons has the following form:

b = mlk (m EWZ)T(;)i o] (1 - %)m -G kl (1 B %) B

In the case of £ = 1, the resulting expression is the same as the distribution
function given in [1], which describes the gluon jet.

The process of hadronization will be described with the help of binomial distri-
bution. In this case the hadronic multiparticle distribution will have the following

form:
ﬁh n —h Np—n
Pl z)=Cxh || [1-=& 1
where C}, = n,(NLln), - binomial coefficients, p = ¢, g - type of parton, ﬁ;‘— the

average hadron yield .per parton, N,- maximum secondaries of hadrons are formed
from parton on the stage of hadronization.
The corresponding generation function:

@ =

—h Np
1—|—ﬁp(z— 1)] (11)

In TSM we use hypothesis of soft colourless for quarks and gluons on the second
stage and add stage of hadronization to branch stage by means of factorization:

Pu(s) =) Pr(s)Pi(m,s), (12)

where P,(s) - resulting MD of hadrons, PZ - MD of partons (quarks and gluons),
PH(m,s) - MD of hadrons (second stage) from m partons. Generation function
(GF) for MD in hadron interactions are determined by convolution of two stages:

ZPP ()™ = Q" (5, Q" (), (13)

10"

Fals) = nl dz"

= (Q7(5,Q%(2)) =0, (14)
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where QY and Q* - GF for MD at hadronization stage and in QGS.

Let us also take into account the effect of leading protons by reducing the
number of final charged particles n by 2. Moreover, we do not consider gluon fusion,
so the lower limit for the sum over the final gluons produced as a result of the
branching of active gluons is m=Kk.

As a result, we will obtain the final distribution describing the entire process,
where Py is defined by formula (1) and P, by formula (10):

MK MG 7h (n—2) 7h omN—(n—2)
Sy enai(y) (%) (15

k=1 m=k
1 m—k . ﬁh n ﬁh omN —n
() e (3 (-2

Hadronization occurs only for a part of the gluons, so we enter the § parameter
— the fraction of gluons that fragment into hadrons. It is approximately equal to 47

z ““‘fz

where n = n—2.

4 Model without gluon fission

Processes with not very high multiplicity (less than 20 charged particles in final
state) are described quite well by a model without gluon fission. In this case:

o L =hy (7=2) Fh\ FV=(=2)
P = e (B) (1) (17

k=1

5 Fitting

Multiplicity distribution P, obtained in the experiments is the ratio of cross-sections:

o
P, = —"-, where Gine = Orot — Tl (18)
Oinel
Inelastic processes are all processes that lead to the destruction of initial parti-
cles and the creation of new ones. Inelastic processes are distinguished from elastic
ones, and their cross-section is measured using an experimental method.

N
Oinel = Z On (19)



Epeam 50GeV 100GeV [3] 300GeV [4] 800GeV [5]
nen | (P £ AP, -10%| (P, £ AP,) - 102 | (P, £ AP,) - 102 | (P, £ AB,) - 107
2 19.16 + 3.12 15.64 + 1.06 7.32 £ 1.56 475+ 1.78
4 30.17 + 2.57 27.60 + 1.06 15.49 =+ 0.68 11.51 + 0.40
6 25.65 & 2.24 26.46 + 1.02 17.81 £ 0.74 13.86 + 0.45
8 16.11 + 1.54 21.14 4 0.89 17.87 +0.74 14.78 + 0.46
10 5.41 £ 0.38 14.08 + 0.67 15.52 %+ 0.68 14.30 + 0.46
12 2.53 & 0.18 6.38 & 0.43 11.19 £ 0.58 13.06 = 0.44
14 0.75 = 0.06 3.06 & 0.31 7.75 £ 0.49 10.03 + 0.36
16 0.17 £ 0.02 0.79 £ 0.15 3.45 £ 0.37 6.82 & 0.25
18 0.03 & 0.005 0.26 & 0.08 2.01 £ 0.22 4.45 4+ 0.23
20 | 0.005 = 0.002 0.04 & 0.04 0.79 £ 0.15 2.91 +0.19
22 | 0.001 £ 0.0008 - 0.55 =& 0.12 1.57 £0.12
24 | 0.0002 + 0.0003 - 0.13 £ 0.08 0.89 = 0.09
26 - - 0.89 = 0.09 0.39 & 0.06
28 - - 0.01 +0.01 0.24 & 0.06
30 - - - 0.09 £ 0.03
32 - - - 0.06 + 0.03

Table 1: Experimental data

Multiplicity distribution P, for model without gluon fission has the folowing
form:

—p\ MN—(n—2)
) (20)

—M=m —h\ (n—2)
_ e M- n—a [Ny Ng
reerrai(y) (%
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We used model without gluon fission (20) to fit experimental data obtained at
Fermilab bubble chamber for 100 GeV, 300 GeV and 800 GeV energy [3, 4, 5]. For
our fitting we used Fumili2 minimization CERN ROOT package [6].

Experimental data are presented in the form of topological cross-sections for
the process of the production of n charged particles. In order to proceed to the
multiplicity distributions and reassess the errors, it is necessary to use the following

formulas:
n A n 2 A ot " Un 2
Pn:(f : APH\/( 0) +<#> (21)
Otot Otot Oiot
APn A n 2 A O 2
P, On Otot

The result of the recalculation of the experimental data is presented in the table



Epeam,GeV IMG| m | 2" | N | Q | x® |Ndf
50 7 [242]156| 225 [1.64]14.14| 8
100 7 1256183 3.04 [224] 422 ] 5
300 11 [2.88[2.26| 442 [1.99]14.02| 9
300 15 [3.23]2.53]13.98[2.01[27.84| 11

Table 2: Parameters of TSM

Table 2 shows the MG (maximal number of possible gluons created on the first
stage) we used during our analysis. The results of comparison of model expression
(21) with experimental data are represented in table 2 (parameters of TSM, chi
squares, number of degrees of freedom) and on figures 2-5.

Table 1 shows that the average multiplicity of gluons m has tendency to in-
significantly rise with energy. Maximum number of hadrons formed from one parton
on the stage of hadronization N also growth with energy.

The value ﬁg in contrast to case of e"e” annihilation becomes bigger than 1,
that means that the partons transform to hadrons by the recombination mechanism.
The recombination is specific for the hadron interactions. Thus, the results obtained
in our model agree with those obtained in other theories.

The parameter €2 must equal 2 to satisfy charge conservation. Since we use
leading particles approximation we suppose that all hadrons born as a result of
proton collisions must collectively contribute an electrically neutral component. This
necessitates that all charged particles are produced in pairs.

The relatively large chi-square values can be partly explained by the small statis-
tics of the experimental data obtained using bubble chambers.

We also used model with gluon fission (23) to fit experimental data obtained
for 50 GeV. The region of low multiplicity for this energy was measured by the
Mirabelle Collaboration, the high multiplicity region was supplemented by the SVD
Collaboration|7]. The results of fitting are represented in table 2.

MGl e—mmm 5 n—h (TL—2) n—h mN—(n_2)
_ n— g g
e=oy e () (1-5) +

MGy o~ 7=h (n—2) 7=h 2mN—(n—2)
n—2 g 9
ny oo () (%) @

m=0

Given that from the normalization condition 2+ = 2, so {25 can be expressed
in terms of €2y. In Table 2, Q) refers to ;.
In the model without gluon fission, at an energy of 50 GeV for high multiplicity,

8



Multiplicity Distribution in pp at 100 GeV/c
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Figure 2: Multiplicity distribution for charged particles in pp-collisions for 100 GeV.

a situation arises where Nm < n — 2, so experimental values for high multiplicity
(20 and more) are not described (see fig.5). At the same time, the model with fission
describes these points well, which means that in the process of producing 20 or more
final charged particles, the gluon fission plays the main role.

6 Charge-exchange in pp interactions

The experiments show that the charge-exchange can be realized at the scattering of
protons off hydrogen or nucleus targets. In this case, one of the protons gives its
charge to a neutral pion and turns into a neutron:

p+p—=p+7" +n+ Ny,

where N is the number of secondary pions.

In order to evaluate the charge-exchange, we will consider inelastic processes.
Inelastic processes are all processes that lead to the destruction of initial particles
and the creation of new ones. The inelastic cross-section can be expressed through



Multiplicity Distribution in pp at 300 GeV/c
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Figure 3: Multiplicity distribution for charged particles in pp-collisions for 300 GeV.

elastic cross section. If we consider (17) and suppose k& = 0 (no active gluons are
produced from original parton) we obtain:

- ﬁh (n_2)
P, =c¢ "k ( ) (24)
N

—ph

In the case of elastic reaction, there are no hadrons in final state except initial
protons, so

P, =e"k (25)

That means that o ~ e *k. In accordance with the Mirabelle data, the elastic

and inelastic cross sections are equal to o9, = 6.90 mb and 09, = 85.71 mb,
respectively. Their ratio is equal to r = 002—1 = 0.82 and that is why inelastic

E,inel

. kT
cross-section can be expressed as 09 ne = = k[S]
From the other side:
) _ _ch+ ch—
02,inel = UQ,inel + JQ,inel’ (26>

ch—
2,inel

where aghi;;l is an inelastic cross-section with charge-exchange and o

a charge-exchange.

— without
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Multiplicity Distribution in pp at 800 GeV/c
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Figure 4: Multiplicity distribution for charged particles in pp-collisions for 800 GeV.

Finally coefficient of charge-exchange can be expressed as:

O'Ch-+
q= Z2Zinel 100% (27)

02 inel

7 Proton-antiproton annihilation

GDM also describes proton-antiproton annihilation. At low energies the second
correlation moment fy has negative sign in pp- and pp interactions. With the growth
of energy, fo changes its sign in the region ~5 GeV for pp and ~ 30 GeV for pp. The
negative sign of fy evidences the dominance of hadronization under the quark-gluon
cascade.

In the experiment for pp-annihilation formation of three hadron jets is observed:
pp — 3m. These three leading pions can be all neutral (two possibilities, see the
scheme below) or there may be two charged and one neutral pion (four possibilities).
Also, for initial valence quarks it’s possible to get into pairs with quarks that ran-
domly appear and disappear in gluon medium (the so-called superposition state).
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Multiplicity Distribution in pp at 50 GeV/c
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Figure 5: Multiplicity distribution for charged particles in pp-collisions for 50 GeV.

We can call these three possibilities for intermediate quark charged topologies as “0”,
“2”7 and “4”, correspondently.

p(uruad) + p(uitiad) — mo(uity) + mo(ugtly) + mo(dd)
p(urugd) + p(unTiad) — mo(ugty) + o (urTia) + mo(dd)
p(ugusd) + T?(ﬂlﬂgc_i) — T (uld) + 7o (u ﬂ_) 7 (duy)
p<U1UQd) + T?(ﬂlﬂggi) — 7T()(U1U1) ( El) (dﬂg)
p(U1U2d) + ]_?(ﬂlﬂ El) — 7T0(U1’LL2) ( d) (dﬂl)
p(uiusd) + p(uitad) — 7 (urd) + ﬂo(uqu) + 7~ (duy)

By analogy with the case of proton-proton collisions, the multiplicity distribu-
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tion can be written, taking into account the above, as:

MG

e T " N

8 Conclusions

In the case of proton-proton collisions in multiple production, only active gluons
participate, while valence quarks remain in the leading particles (protons). This
model is called the Gluon Dominance Model. The model parameters for 50, 100, 300,
800 GeV beam energies were found. It was shown that GDM describes multiparticle
production processes quite well. For processes that produce less than 20 charged
particles, a simplified, non-fission-based scheme can be used.
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