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1. Introduction

The soft part of the multi-particle production in pp collias at high energy, which can not be
directly described in terms of the perturbative QCD, is Ugubescribed in the framework of string
models [1]-[4], which originate from the Gribov-Regge apgrh. In these models at first stage the
colour strings are stretched between the projectile amgtgartons. The formation of the pair of
strings corresponds to the cut pomeron in the Gribov-Reggeoach. The hadronization of these
strings produces the observed hadrons.

In the case of nuclear collisions, the number of strings grawth the growing energy and the
number of nucleons of colliding nuclei, and one has to take &wcount the interaction between
strings in the form of their fusion and/or percolation [} The fusion process results in the
reduction of total multiplicity of charged particles andgth of transverse momentum, that was
confirmed later [8, 9] in comparison with RHIC data.

The possible experimental observation of the string fusiopercolation is extremely inter-
esting. Therefore, the investigation of long-range catiehs (LRC) between multiplicities and
transverse momenta in two separated rapidity intervalg wezposed as the main tool to study this
phenomenon [10]-{17].

Up to the present the string fusion model was usually useddecribing the multiplicity and
mean transverse momentum of charged particles and the@laton only in the case of nucleus-
nucleus collisions. However, the experimental data irtdan increase with energy of the mean
transverse momentum and its correlation with multiplictgo in pp collisions [18]-[21]. In
present work we formulate the simple model which enableake into account the effect of colour
string fusion on the LRC between multiplicities and tramseemomenta ipp interactions.

2. Formulation of the model

To take into account the effect of string fusionpp collisions one needs to know the distri-
bution of strings in the transverse plane at given value efittpact parametds. We’'ll do this in
an analogy with the case of nucleus-nucleus collisions.

2.1 Distribution of strings in the transverse plane:AA interactions

In the case ofAA interactions one usually assumes that at high energy a rmuohlpeimary
formed quark-gluon strings is proportional to the numbebiofry inelastic nucleon-nucleon in-
teractions in a given event of nucleus-nucleus scatte@ndZ]. In frame of the classical Glauber
model mean number of inelastdN interactions inAB scattering at a fixed impact parameleis
give by the expression (e.g. see [22, 23)):

U“"sz) / Ta(S—b/2)Ta(S+b/2)d%s. (2.1)

(Nar (b)) ~ (NG (b)) = AB_

AB

Here g, — the cross-section of inelastic nucleon-nucleon int@act,g(b) — the probability of

interaction of two nuclei at a given impact parameievith at least one inelastisiN interaction.
An integral ofgpg(b):

Oag = /UAB(b) d’b (2.2)
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gives a so-called «production cross sectionABfinteraction. The...) in equation (2.1) means an
averaging over all events with a givenTa andTg — the profile functions of the colliding nuclei:

+00
Ta(8) = / a8 2)dz, 2.3)

where pa(F) — the nucleon density of nucleds normalized to unityf = (S,2). TheSis a two-
dimensional vector in the impact parameter plane.

By (2.1) in the nucleus-nucleus collision at the impact peeterb for the string density in
transverse plane at a pogitve have:

O
Opp(b)

Note that in the transverse plane we place the origin in tioellmibetween the centers of colliding
nuclei.

d(Ngr (b)) /d?S = wgr (8. b) ~ WiTy, (§,b) = AB TA(S-b/2)Tg(S+Db/2)  (2.4)

2.2 Distribution of strings in the transverse plane: pp interactions

By (2.4) it is natural to suppose that in the case of protastepr collision at the impact pa-
rameterb the string density in transverse plane at a p8iistproportional to

Wer (S.B) ~ T(S—0/2)T(S+b/2)/0,p(b) , (2.5)

where now theT (S) is the partonic profile function of nucleon. Tiag(b) is the probability of
non-diffractive pp interaction (with at least one cut pomeron) at a given impacameteb. An
integral ofay,(b):

Opp = | Gppld) &7 (2.6)

gives a non-diffractive cross-section pp interaction.
By analogy with light nuclei we will use for the partonic pieffunction of nucleon the sim-
plest gaussian distribution:

Tg= 2.7
(8) = a2 (2.7)
Substituting (2.7) in (2.5) one gets

Wetr (§7 B) ~ 7(§Fb/2)2/02e7(§7b/2)2/02/O.pp(b) _ e7252/02e7b2/2a2/0.pp(b) ) (2.8)

We see that in this approximation the dependenciel ands are factorized and after integration
onSone gets for the mean number of strings in gpecollision at the impact parametber

(Nar (b)) ~ /24 /g (b) . (2.9)

Since in this approach the formation of each pair of strirgysesponds to one cut pomeron,
Ngr = 2N, whereN is the number of cut pomerons in a given event, hence (2.65lea

(N(b)) ~ e /2% /g (b) | (2.10)

which gives the dependence of the average number of cut po@n the impact parameter in
non-diffractivepp collisions.
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2.3 Event-by-event fluctuations of the number of cut pomeros at given impact parameter

For the calculation of LRC one should know not only the meamliper of pomerons ipp
collisions at a given impact parameterbut also the event by event distribution of the number of
pomerons around this mean value. We assume that this digntP(N,b) at a given value of the
impact parametdo atN > 1.

P(N,b) = P(N,b)/[1—P(0,b)] (2.11)

is the simple modification of the poissonian distribution:

P(N,b) = e NON(b)N /NI (2.12)

with some paramete(b). The difference of our distributioR(N,b) (2.11) from the poissonian
one (2.12) is only in excluding of the poiht = 0 from it: IS(O, b) = 0, which corresponds to the
absence of the non-diffractive scatteringhat= 0. Clear that alN > 1 this reduces only to the
introduction of the additional common normalization facito (2.11), which enables the proper
normalization:y y_, P(N,b) = 1.

The calculation of the mean number of pomerons at a divgith the distribution (2.11) gives:

(N(b)) =N(b)/[1—P(0,b)] . (2.13)

Since the probabilityo,,(b) of the non-diffractivepp interaction at the given fixed impact
parameteb is equal to the probability to have a nonzero number of cutgroms, then

(o}

o(b) = 1—P(0,b) = 1—exp(—N(b)) . (2.14)

Comparing now the formulae (2.10) and (2.13) with takin@iatcount (2.14) we see that in our
modelN(b) ~ e /24” or introducing a parametédy:

N(b) = Noe ?’/22* (2.15)
Then the mean number of cut pomerons at an impact paraimteiven by
(N(b)) = N(b)/[1— exp(~N(b))] . (2.16)
where theN(b) is given by (2.15).

2.4 Integration over impact parameter - min.biaspp collisions

It is convenient to introduce in the impact parameter plardemssity of the probability of
non-diffractive pp interaction (see (2.6)) normalized to unity:

f(b) = Op(b)/ 0 / f(b)d?b=1. 2.17)

Using the formula (2.17) one can find a mean number of pomenamsn-diffractivepp interaction
averaged over the impact parameter:

(N)= [ (N(b)) £(0)¢%5 = [ N(b) 2B/ g, = 271a®No/ 0y (2.18)

4
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and the corresponding varianBg = (N?) — (N)2, where
(N2) = / (N2(b)) f (1) 2B = 71a2No(No + 2) /T, = (N) (No +2),/2 (2.19)

Here we have used (2.15). In our model using (2.15) we camleddcalso the cross-section of
non-diffractive pp interaction

Opp = [ Oop(b) B = [ [1— exp(—N(0))] 2B = 2?1 (No) (2.20)
where , " . (ki
<D1(Z)=/o (1—e’t)7, Dy (2) :kzl%. (2.21)

2.5 Probability of N cut pomerons in non-diffractive pp collision

In the framework of our simple model we can find the probabilt, to haveN cut pomerons
in a non-diffractivepp collision by averaging th@(N b) (2.11) overb at fixedN:

W, :/IS(N,b) f(b)d?h= — /P (N,b)d% , (2.22)
pp
where we have taken into account (2.14). Using now (2.12have
1 “N(b) N q2p 2Tt /°° “N(b) KT/ \N
"= /e (N D= =5 [ e MON(b) b (2.23)
One can introduce in (2.23) the new integration varidbi@ accordance with (2.15):
N = N(b) = Noe ?*/20* dN = —(N/a?) bdb . (2.24)
Then (2.23) takes the following form
2 N
Wy = 2 / e NNV LN (2.25)
O'ppN! 0

Such integral is a difference of the gamma and incompletengaifnctions:

/ONO e 2 tdz= /Omezledz_/Nm e 22V tdz=T(N) - (N,No) , (2.26)
At integerN O
FrN)=(N-1)!, F(N,No):(N—l)!eNUNi:N(')/I! . (2.27)
Gathering we find -

2710{2
WN =

[ g o %NO/H] = (2.28)

27ma? [

where we have introduced tlag, by

Oy =

e o % N'/I|] (2.29)

g oy = 2ma*®1(No) = 0, , (2.30)
=1

The direct summing gives

where we have used (2.20) and (2.21). Recall thgtis the non-diffractivepp cross section (2.6).
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2.6 Comparison with quasi-eikonal and Regge approaches

Now we see that our formula for th, (2.29) coincides with the well known result for the
cross-sectiorwy, of N cut-pomeron exchange, obtained in the quasi-eikonal agd&k@pproaches
[24, 25, 26] :

AT\ Nt
o=y |1€ kzozk/k!] , (2.31)
where 5
z= Tycexp(AE) ., A=Rl+d'&, &=In(s/1GeV?). (2.32)

HereA anda’ are the residue and the slope of the pomeron trajectory. @henetersy andR
characterize the coupling of the pomeron trajectory with ititial hadrons. The quasi-eikonal
parametec is related to the small-mass diffraction dissociation abiming hadrons.

This enables to connect the paramebdyanda of our model, which describe the dependence
of the mean number of pomerons on the impact paranbgigge formulae (2.15) and (2.16)) with
the parameters of the pomeron trajectory and its couplmgadrons. Comparing (2.29) and (2.31)
we have

NO:Z:¥exp(AE), a:\/g, A=R+ad'& (2.33)

In our calculations the numerical values of the parametarthe case opp collisions were taken
from the paper [27]:

A=0139 o'=021GeV~? y=177GeV 2 R=318GeV 2 C=15, (2.34)
which gives, for example, for the parametdisanda entering in our formula (2.15):
a =0.51fm, Ng = 3.38 at/s= 60GeV ,

a = 0.60fm, Ng =9.02 aty/s=7000GeV . (2.35)

3. String fusion effects

As follows from the consideration in the previous sectionpp interactions the number of
contributing cut pomerons (see formulae (2.15) and (2.it@yeases with the collision centrality
and energy (2.35). In our approach the number of stringsicettie number of cut pomerons, so it
also will increases with the collision centrality and ener§ince the strings have a certain limited
size in the transverse plane (a plane of the impact parajraatesverlap of the strings will start
with increase of their density. As a result the color fieldsglifferent strings will interact what will
influence on their fragmentation process. For taking intmant the effects from the interaction
of strings at high density a string fusion model (SFM) waspsed [5]-[7].

3.1 Different versions of string fusion model

There are two versions of the SFM a model with local fusionefaps model) [28] and a
model with formation of global color clusters (clusters mabd29]. In both versions the fusion
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Figure 1: The different versions of the SFM. The first column corregfsto the version with a local
string fusion (overlaps model). The second column cornedpdo the formation of fused string clusters
(clusters model). The first row corresponds to the origieasions of the SFM [28, 29] and the second row
corresponds to their cellular analogs [30, 31, 33, 34] (egEfor details).

processes result in the reduction of total multiplicity bhoged particles and growth of transverse
momentum.

In the first variant according to [28] we assume that the mealtipficity per unit of rapidity
and the mean transverse momentum of charged particlesedrfrittim the region, wherk strings
are overlapping, are described by the following expression

<n>k:u0\/ESK/O-Oa < >k— pO\/R k=123,... (31)

HereS is the transverse area of the region, whieoelor strings are overlappedy = mr3, is the
transverse area of a stringlp and pp are the mean multiplicity per unit of rapidity and the mean
transverse momentum of charged particles, produced froetaydf one string.

In the second variant one assumes that the fused stringsdaruster. According to [29]
in this case we suppose that the mean multiplicity per unitapfdity and the mean transverse
momentum of charged particles emitted by a cluster withrestrerse are&;, formed byk strings,
can be found as follows

Na = Hov/ka S /00, 2o = pavka kg =koo/S -

Note that in two limiting cases (an absence of overlaps aigdgrand a total overlapping of string
areas) both variants give the same prescriptions.

Later the simplified discrete analogs of both mentionediorssof SFM based on the imple-
mentation of the lattice in the transverse plane [30, 31,v@Xf proposed. It was demonstrated

(3.2)
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[33, 34] that the MC algorithms of the calculations of LRC ffiméents based on the cellular ver-
sions of SFM work much more faster and give practically theesaesults as the ones based on
the original versions of SFM. These cellular versions of S#iMbles also to calculate analytically
the mean values of the observables and LRC coefficients ie $iamting cases [31, 34], what was
used to control the reliability of the created MC codes.

In Fig.1 we illustrate visually the prescriptions of all seeversions of the SFM. The first
column corresponds to the version with a local string fugeerlaps model). The second column
corresponds to the formation of fused string clusters {efgsmodel). The first row corresponds to
the original versions of the SFM and the second row corredptmtheir cellular analogs.

3.2 Monte-Carlo algorithm for the calculation of LRC functi ons

The calculation of LRC functions (regressions) is basecherfarmula

_ 3eWC) (g)g Relne)
e = TS ow(C) Relre) ¢

obtained in [13] for the correlation between multiplicitig- andng in separated rapidity windows
and on the similar formula

<ptB>nF _ ZCW(C) <ptB>C PC(nF) (3.4)
>cW(C) Re(ng)

used in [31, 32, 33] for the calculations of the LRC functicetvieeen the multiplicityng in the

forward rapidity window and the corresponding mean trarsvenomentunp,g of ng charged

particles in the backward window.

The calculations of the sums on string configuratiGris numerator and denominator of the
formulae (3.3) and (3.4) were performed by MC simulationshef configuration& with proper
weightsw(C): .

ZW(C) = @;n - (3.5)
With this purpose at the generation of the string configarsC the results of the Section 2 were
used.

For the generated string configuratiGrthe mean values of the multiplicityng)- and trans-
verse momentunip,g). in the backward rapidity window, entering the formulae {38d (3.4),
were calculated using the prescriptions (3.1) and (3.2h#@rcases of local string fusion and cluster
formation, both in frameworks of the original version of SEd its cellular analog.

We also have supposed that the multiplicity distributiorcloérged particles produced from
the decay of any string is poissonian, what leads to the @oigs distribution for the probability

of production ofn: charged particleB-(ng) from the given string configuratiod:

Pe(Ng) = Py (Ng) = e (ele % ; (3.6)

where one can calculateg ) similar to (ng) using the prescriptions (3.1) and (3.2).
Similarly to the correlation functions (3.3) and (3.4) o@@lso calculate (by MC simulations
of the string configuration€) the overall mean values (averaged over all events) in tiveafiol

(Ng) = ZW(C)<nF>C ; (Pe) = ZW(C)<ptF>C (3.7
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Figure 2: The long-range correlation (LRC) function pp collisions between multiplicities. andng in
separated rapidity windows calculated by (3.3) at energeand 900 GeV for the forward and backward
rapidity windows of the same widthyr = Ayg = dy = 0.8, what corresponds to the mean multiplicities
(ng) = (ng) = (N)=1.5 and 3.0 per window at these energies. Paingmd® - the results of calculations in
the framework of the original versions of the string fusiondal (SFM) with the local fusion (overlaps) or
the formation of string clusters (clusters) corresponliiigee first row in Fig.1) [28, 29]. Points and®

- the results of calculations in the framework of the latéemlog of SFM with the local string fusion or the
cluster formation correspondingly (see second row in FigQ, 31, 33, 34].

and (by the same way) in the backward windows.
Note that the resulting distribution on the number of chdngarticles produced in the forward
or backward window

P(ng) = ZW(C)Pc(nF) (3.8)

will be non-poissonian despite the poissonian form (3.6}hef distributionP-(ng) and almost
poissonian (see (2.11) and (2.12)) fluctuations in the nurobeut pomerons at fixed value of the
impact parametel in our model. The reason is the non-poissonian fluctuatioritié number of
cut pomerons originating from the event-by-event fluctratf the impact parametér(see also
[33, 35, 36)).

4. Results

In Figs. 2 and 3 we present as an example the results of ourlaadms of the LRC functions
in pp interactions using the MC algorithm based on the model de=tiabove.

In Fig.2 the results of calculations of LRC between multipies n- andng in separated ra-
pidity windows on the base of the formula (3.3) at the inigakrgies 63 and 900 GeV are pre-
sented. In both cases the rapidity width of the forward arekWard windows is taken the same
Ayr = Ayg = dy = 0.8, what corresponds to the mean multiplicitieg ) = (ng) = (n)=1.5 and 3.0
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Figure 3: The long-range correlation (LRC) function pp collisions between the multiplicityp: in the
forward rapidity window and the corresponding mean trarsyenomentunp,g of ng charged particles in
the backward window calculated on the base of the formuld®) @& the energy 900 GeV for the forward
and backward rapidity windows of the same widiyy = Ayg = dy = 1.6, what corresponds to the mean
multiplicity (ng) = (ng) = (nN)=6.0 in the window. Notations of the points are the same agji8R3. Points
x - the experimental data of the ALICE collaboration [37] oa tlorrelation between the multiplicityand
the mean transverse momentyppof charged particles in the same pseudorapidity integval(—0.8,0.8),
An = 1.6 obtained inpp collisions at 900 GeV.

in such window at these energies. We see in Fig.2 the comdildeincrease of the strength of the
LRC between multiplicities in separated rapidity windows.

In Figs.3 the results on the LRC between the multiplicigyin the forward rapidity window
and the corresponding mean transverse momerggnof ng charged particles in the backward
window on the base of the formula (3.4) at the initial ener@9 eV are presented. The rapidity
width of the forward and backward windows is taken the séiyle= Ayg = Ay = 1.6, what cor-
responds to the mean multipliciti¢s: ) = (ng) = (n)=6.0 in such window at this energy. In Fig.3
we also present the experimental data of the ALICE collaimrd37] on the correlation between
the multiplicity n and the mean transverse momentpnof charged particles in the same pseudo-
rapidity windown € (—0.8,0.8), An = 1.6 obtained inpp collisions at the energy 900 GeV. The
difference between calculated LRC function and the ALICRezimental data at large multiplici-
ties can be explained by the contributions of additionartstramge mechanisms in the case of the
correlation between the multiplicity and the mean transverse momentpnm the same window,
which do not contribute in the case of LRC.

We see also in Figs. 2 and 3 that the results of calculatiotiseof RC strength in the frame-
works of all four versions of SFM (local fusion or cluster rimation and their lattice analogs, see
Figs.1) turn out to be very close to each other. On the one,Haewhuse of the principal techni-
cal differences in the realization of these SFM versionfdicates in favour of the reability of
the obtained results. On the other hand, it obviously meaisane can not distinguish between

10
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versions of the SFM mechanisms on the base of this compaoistive obtained results with the
experimental data and the calculations of other stringfusifects on the physical observables are
needed.

5. Conclusions

The simple model which enables to take into account the teffiecolour string fusion inpp
interactions is suggested. At the formulation of the modelassume that the dependence of the
average number of cut pomerons on the impact parameter im-diffcactive (ND) pp collision
is gaussian (2.15) with the additional condition that weehat/least one cut pomeron (2.16). We
assume also that the event-by-event distribution of thebauraf cut pomerons around this average
value at fixed impact parameteiis poissonian (2.12) with the same condition (2.11).

It is shown that these two simple assumptions after integraiver impact parameter lead
to the well known formula for the cross-sectiap with N cut-pomeron exchange in a Ngp
collision (2.29), (2.31), which was obtained in the quakeeral and Regge approaches [24, 25, 26].
This have enabled us to connect the parameters of our mottetivei parameters of the pomeron
trajectory and its couplings to hadrons (2.33).

The effects of the string fusion [5, 6] on the multipartici®guction were taken into account
in the same way as it was done in the cas@Atollisions [32, 33]. At that the different version of
the string fusion mechanism (local fusion or cluster folioratand their lattice analogs, see Fig.1)
were considered.

On the base of the model the Monte-Carlo algorithm was dpeeland the long-range cor-
relation functions between multiplicities and between dlierage transverse momentum and the
multiplicity in pp collisions at different energies were calculated. It wamfibthat the results of
calculations of the long-range correlation (LRC) strengtthe frameworks of all four versions of
the string fusion model (SFM) turn out to be very close to eattier (see Figs. 3.3 and 3.4).
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