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1. Introduction

The experiments with proton-proton collisions at CERN Large Hadron Collider (LHC) are
planned to span the center-of-mass energies from

√
s = 900 GeV to

√
s = 14 TeV, thus entering the

completely new domain of accelerator’s high energy physics. Still, even the top LHC energy is not
high enough to allow for description of the processes solelywithin the framework of perturbative
quantum chromodynamics (pQCD). Many of partonic interactions should proceed at large dis-
tances or, equivalently, with small momentum transfer. Therunning coupling constantαS in such
soft interactions is close to unity, and one has to rely on available non-perturbative approaches. In
the present paper we apply the quark-gluon string model (QGSM) [1], namely, its Monte Carlo
version [2] that permits the treatment of both soft and hard partonic processes on a same footing.
Our main goal is to make predictions for yields and spectra ofcharged particles inpp interactions
at
√

s = 14 TeV. The paper is organized as follows. After the description of basic principles of the
QGSM in Sect. 2, the model results are confronted in Sect. 3 with the experimental data on bulk
particle production, taken from

√
s = 200 GeV up to

√
s = 1800 GeV. From this comparison one

can see that the model adequately reproduces the data. Predictions forpp collisions at
√

s = 14 TeV
are made in Sect. 3 as well. Of special interest are the scaling trends, predicted and partially ob-
served in elementary reactions at energies up to

√
s = 1.8 TeV. The most famous is the Feynman

scaling hypothesis [3]. As shown in Sect. 3, the QGSM unambiguously supports the fulfillment of
Feynman scaling only in fragmentation regionxF > 0.2, whereas strong violation of the scaling is
observed at midrapidity. Conclusions are drawn in Sec. 4.

2. Quark-Gluon String Model

The QGSM [1] is based on Gribov Reggeon Field Theory [4] and employs the 1/N series
expansion of the amplitude for process in QCD, whereN can be number of colorsNc [5] or num-
ber of flavorsN f [6]. The method is also called the topological expansion method, because here
the amplitude of a hadronic process is represented as a sum ofdiagrams of various topologies. It
may be shown (see, e.g. [6, 8]) that these diagrams are similar to processes describing the ex-
change of Regge singularities in thet-channel. Two main classes of the diagrams, planar diagrams
(with the exchange of quantum numbers) and cylinder diagrams (without the quantum number
exchange), correspond to exchange of Reggeons and Pomerons, respectively. To find the ampli-
tude of multiparticle process one has to cut the diagrams in thes-channel. From here the physical
picture of quark-gluon strings arises. The variety of diagrams is rich [2], but the so-called pre-
asymptotic diagrams are important at low and intermediate energies only. They can be disregarded
at plab ≥ 100 GeV/c, because their contribution to the total cross section drops ass−1/2. As a result,
just few inelastic diagrams shown in Fig. 1 survive at ultrarelativistic energies forpp collisions,
namely, the cylinder diagram corresponding to the multi-chain process [Fig. 1(a)], triple-Reggeon
and triple-Pomeron diagrams representing the diffractiveprocess with small-mass [Fig. 1(b)] and
large-mass [Fig. 1(c)] excitation, respectively, and double-diffractive diagram [Fig. 1(d)]. The sta-
tistical weight of each subprocess is expressed in terms of the interaction cross section for the given
subprocessσi(s)

ωi = σi(s)/σinel(s) . (2.1)
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Figure 1: Diagrams of particle production processes included in the modeling ofpp interactions at ultrarel-
ativistic energies. See text for details.

Then, the hadron inelastic interaction cross sectionσinel(s) = σtot(s)−σel(s) is split into the cross
section for single diffractive interactionsσSD(s) and the cross section for non-diffractive reactions
σND(s), as it is usually done in analysis of experimental data. Experimental parameterizations are
used to determine the total hadron interaction cross section σtot(s) and the elastic interaction cross
sectionσel(s). The inelastic non-diffractive interaction cross sectionσND(s) can be expressed via
the sum of the cross sections for the production ofn = 1,2, . . . pairs of quark-gluon strings, or cut
Pomerons, and the cross section of double diffractive process

σND(s) =
∞

∑
n=1

σn(s)+ σDD(s) . (2.2)

To find σn(s) one can rely on the eikonal model [7] which states that

σn(s) =
σP

nz

(

1−exp(−z)
n−1

∑
k=0

zk

k!

)

, k ≥ 1 . (2.3)

Here

σP = 8πγP exp(∆ξ ) , (2.4)

z =
2CγP

(R2
P + α ′

Pξ )
exp(∆ξ ) . (2.5)

The parametersγP andRP are Pomeron-nucleon vertex parameters, quantity∆ ≡ αP(0)− 1, and
αP(0) andα ′

P is the intercept and the slope of the Pomeron trajectory, respectively. The quantityC
takes into account the deviation from the pure eikonal approximation (C = 1) due to intermediate
inelastic diffractive states,ξ = ln(s/s0) ands0 is a scale parameter.

To take into account the jet formation and describe simultaneously the increase of the total and
inelastic hadronic interaction cross section with rising

√
s the eikonal model was properly modified
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Figure 2: (a) Transverse momentum distributions of the invariant cross section inpp collisions for all
energies in question. (b) Soft, hard and combined contributions to pT spectrum inpp collisions at

√
s =

1.8 TeV. Experimental data for ¯pp reactions are taken from [11] and [12].

in [9] by introducing the new term that represents the hard Pomeron exchange. The cut of the hard
Pomeron leads to formation of two hadronic jets, see Fig. 1(e), where the string formation in hard
gluon-gluon scattering and soft Pomeron exchange in proton-proton collision is displayed.

There is no unique theoretical prescription for modeling the fragmentation of a string with a
given mass, momentum and quark content into hadrons. In the presented version of the QGSM
the Field-Feynman algorithm [10] is employed. It enables one to consider emission of hadrons
from both ends of the string with equal probabilities. The break-up procedure invokes the energy-
momentum conservation and the preservation of the quark numbers. The transverse momentum of
the (di)quarks in the vacuum pair is determined by the power-law probability

f (p2
T )d p2

T =
3Db2(s)

π (1+ Dp2
T )4

d p2
T , (2.6)

b2(s) = 0.33+0.016 lns , (2.7)

with D = 0.34 (GeV/c)−2. Details of the theoretical description of the QGSM and its Monte Carlo
realization can be found in [1, 2].

3. Yields and spectra. Comparison with data and predictions for LHC

We used experimental data obtained by the UA5 Collaborationfor proton - antiproton colli-
sions at c.m. energies

√
s = 200 GeV, 546 GeV and 900 GeV [11], and by the CDF Collaboration

for p̄p collisions at
√

s = 1800 GeV [12, 13]. At such high energies the annihilation cross section
is almost zero and the main characteristics of particle production in pp and p̄p interactions are

essentially similar. The transverse momentum distributions of the invariant cross sectionE
d3σ
d p3
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Figure 3: The charged particle pseudorapidity spectra for (a) inelastic and (b) non-single-diffractive events
calculated in QGSM in comparison with the ¯pp data at

√
s = 200 GeV, 546 GeV, 900 GeV and 1.8 TeV. Data

are taken from [11] and [12].

divided toσtot are presented in Fig. 2(left) for all energies in question. We see that the QGSM
reproduces the experimental data pretty well. To study the interplay between the soft and hard
processes we show separately their fractional contributions and combined results forpp collisions
at top LHC energy

√
s = 14 TeV in Fig. 2(right). One can see that the soft processes dominate at

pT ≤ 2 GeV/c, whereas at higher transverse momenta the major contribution to the cross section
comes from the minijets.

The charged particle pseudorapidity spectra
1

σinel

dσinel

dη
and

1
σNSD

dσNSD

dη
for inelastic and

non-single-diffractive events, respectively, are displayed in Fig. 3 together with the ¯pp data at√
s = 200 GeV, 546 GeV, 900 GeV and 1.8 TeV. QGSM predictions for

√
s = 14 TeV are plotted

here also. The model gives good description of these distributions within the indicated energy
range except, maybe, not very distinct dip at midrapidity for two lower energies,

√
s = 200 GeV

and 546 GeV. Forpp collisions at top LHC energy QGSM predicts further increaseof the central
particle densities to

dNinel

dη
|η=0 = 5.3 ,

dNNSD

dη
|η=0 = 5.9 .

Compared to the Tevatron, the rise of the central particle density at LHC is expected to be about
50%.

Let us briefly recall the main assumptions and predictions ofthe hypothesis of Feynman scal-
ing [3]. It requires scaling behavior of particle spectra within the whole kinematically allowed
region of the Feynman scaling variablexF ≡ p||/pmax

|| or, alternatively, c.m. rapidityy∗ at ultrarel-
ativistic energiess → ∞. In addition, the existence of non-vanishing central area|xF| ≤ x0 , x0 ∼
0.1−0.2 is postulated. In terms of rapidity this central region increases with rising

√
s as

(∆y∗)centr ≈ 2 ln
[

x0
√

s/mT
]

(3.1)
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Figure 4: The distributions
1

σNSD

dσNSD

dy
as functions of rapidity differencey− ymax obtained in QGSM for

energies
√

s = 200 GeV, 546 GeV, 900 GeV, 1.8 TeV and 14 TeV.

provided the transverse massmT =
√

m2
0 + p2

T is finite. In contrast, the fragmentation region re-
mains constant

(∆y∗) f rag ≈ ln(1/x0) . (3.2)

From here it follows that (i) in the central area the particledensityρcent(y∗, pT ,s) depends on neither
y∗ nor

√
s, i.e. ρcent ≡ ρcent(pT ), and rapidity spectra of particles have, therefore, a broadplateau;

(ii) this area gives a main contribution to average multiplicity of produced hadrons; (iii) contribution
to the average multiplicity from the fragmentation regionsis energy independent. - From Fig. 3
one can conclude that the QGSM favors violation of the Feynman scaling at midrapidity, otherwise
the particle density there should not depend on

√
s.

Predictions for the charged particle multiplicity inpp collisions at LHC can also be obtained
by the extrapolation of pseudorapidity distributions measured at lower energies. This method [14]
relies on the energy independence of the slopes of pseudorapidity spectra combined with logarith-
mic proportionality to

√
s of both the width and the height of the distributions. Therefore, any

experimental data set from Fig. 3 can be used for the extrapolation, and the results are (see [14])

dNNSD

dη
|η=0 = 4.6±0.4 ,

dNNSD

dη
|η=±2 = 5.25±0.7 .

These predictions are a bit lower than the QGSM ones.
One of the consequences of Feynman scaling is the so-called extended longitudinal scaling

[15] exhibited by the slopes of (pseudo)rapidity spectra. In the QGSM these slopes are identical in

the fragmentation regionybeam ≥−2.5 as shown in Fig. 4, where the distributions
1

σNSD

dσNSD

dy
are

expressed as functionsy− ymax. QGSM indicates that the extended longitudinal scaling remains

6
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Figure 5: Backward-forward multiplicity dependences〈nB(nF)〉 for 0≤ |η | ≤ 4 in non-diffractivepp inter-
actions. Data are taken from [11].

certainly valid at LHC. This result contradicts to the recent prediction based on the statistical ther-
mal model [16]. The latter fits the measured rapidity distributions to the Gaussian, extracts the
widths of the Gaussians and implements the energy dependence of the obtained widths to simulate
the rapidity spectra at LHC. The extrapolated distributionwas found to be much narrower [16]
compared to that presented in Fig. 4. We are eagerly awaitingthe first LHC measurements ofpp
collisions to resolve the obvious discrepancy. Note, that experimentally the extended longitudinal
scaling was found to hold to 10% in a broad energy range from

√
s = 30.8 GeV to 900 GeV [11].

Correlations between charged particles emitted in forward(F) and backward (B) hemispheres
were first observed in [17]. The strength of the correlationsis defined as

b =
〈(nF −〈nF〉)(nB −〈nB〉)〉

[〈(nF −〈nF〉)2〉〈(nB −〈nB〉)2〉]1/2
, (3.3)

wherenF andnB represent multiplicities of charged particles in forward and backward hemispheres,
respectively. In Fig. 5 we show the dependence of the mean charged-particle multiplicity in the
backward hemisphere〈nB〉, measured in the range−4≤ η ≤ 0, on the multiplicity in the forward
hemispherenF for the symmetric range 0≤ η ≤ 4 at all energies in question. Comparison with
experimental data at

√
s = 546 GeV and 900 GeV shows a good agreement between the model

results and the data. This dependence looks pretty linear

〈nB(nF)〉 = a+ bnF . (3.4)

Its slopeb increases with energy. In the QGSM the rise of the strength ofcorrelations is linked
to increase of number of Pomerons, i.e. strings, with energyin the aforementioned pseudorapidity

7
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range. As one can see from Fig. 5, the correlations between〈nB〉 andnF are fully determined by
soft processes.

4. Conclusions

We see that the quark-gluon model simulations of general characteristics of charged particles
in pp collisions, such as pseudorapidy distributions, transverse momentum spectra and backward-
forward correlations, at c.m. energies from 200 GeV to 1.8 TeV agree pretty well with the available
experimental data. Predictions are made for inelastic and non-single diffractivepp collisions at√

s = 14 TeV available for the LHC. QGSM predicts violation of Feynman scaling at midrapid-
ity together with its realization in the fragmentation regions. For instance, extended longitudi-
nal scaling is shown to hold at LHC in accord with experimental observations at lower energies.
Backward-forward multiplicity correlations are shown to be determined by the soft processes. The
correlations will keep its linear dependence〈nB〉 = a+bnF at LHC as well, and their magnitudeb
will increase with energy due to rising number of Pomerons.
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