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Abstract

The multiplicity and pseudorapidity distributions of inclusive photons have been measured at forward
rapidities (2.3 < η < 3.9) in proton-proton collisions at three center-of-mass energies,

√
s = 0.9,

2.76 and 7 TeV using the ALICE detector. It is observed that the increase in the average photon
multiplicity as a function of beam energy is compatible withboth a logarithmic and a power-law
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at 2.76 and 7 TeV center-of-mass energies with respect to 0.9TeV are 37.2%± 0.3% (stat)± 8.8%
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distributions are also presented in terms of KNO variables.The results are compared to model
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explored with the data, but is not observed in the measured pseudorapidity range.
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1 Introduction

The Large Hadron Collider (LHC) at CERN offers the possibility to study particle production mech-
anisms in proton-proton (pp) collisions at unprecedented center-of-mass energies. Measurements of
multiplicity and pseudorapidity distributions of produced particles in pp collisions are important for the
study of particle production mechanisms and to obtain the baseline distributions for heavy-ion collisions.
Charged particle measurements in pp collisions at the LHC for central rapidities were reported by the
ALICE [1, 2], CMS [3] and ATLAS [4] collaborations and at forward rapidities by the LHCb collabo-
ration [5, 6]. Inclusive photon measurements provide complementary information to those of charged
particles as the majority of the photons are decay products of neutral pions. Measurements at forward ra-
pidities enable an extension of the study of particle production mechanisms carried out at mid-rapidities.

In the present work, we report the measurement of inclusive photon production in the forward pseudo-
rapidity region, 2.3< η < 3.9, for pp collisions at

√
s = 0.9, 2.76 and 7 TeV, with the ALICE detector.

Multiplicity and spatial distribution of photons are measured on an event-by-event basis by the Pho-
ton Multiplicity Detector (PMD), which exploits the pre-shower photon measurement technique. We
present the beam-energy dependence of the average photon multiplicity and pseudorapidity distributions
of photons. The pseudorapidity distributions, plotted with respect to the corresponding beam rapidities,
are used to test the predictions of the limiting fragmentation behavior [7]. The results are compared to
different tunings of PYTHIA [8] and PHOJET [9, 10] models.

This paper is organized as follows. Section 2 describes the experimental setup for the measurement of
photons using the PMD. Event selection and trigger settingsare discussed in section 3. A discussion on
the event generators and simulation framework is given in section 4. Performance of the PMD modules
for incident charged particle and electron beams are discussed in section 5. Photon reconstruction is
presented in section 6 and the unfolding method used to correct for detector effects is described in
section 7. The study of the systematic uncertainties is outlined in section 8. The results of photon
multiplicities and pseudorapidity distributions are discussed in section 9. We conclude with a summary
and outlook in section 10.

2 Experimental setup

The ALICE detector [11] consists of a large number of detector subsystems, and has a unique potential
for pp physics in terms of excellent primary and secondary vertex reconstruction capabilities. The central
barrel consists of the Inner Tracking System (ITS), the TimeProjection Chamber, the Transition Radi-
ation Detector, the Time of Flight detector and the electromagnetic calorimeter. The two Silicon Pixel
Detector (SPD) layers of the ITS surround the central beryllium beam pipe and cover the pseudorapidity
ranges,|η |< 2 and|η |< 1.4 for the inner and outer layers, respectively. The central barrel also includes
a High Momentum Particle Identification Detector and a Photon Spectrometer. The Muon Spectrometer
and the PMD are both located at forward rapidities, but on opposite sides of the nominal interaction
point. The present analysis uses data from the PMD for photonreconstruction. Several sets of trigger
and multiplicity detectors are placed at forward rapidities, which include the Forward Multiplicity De-
tector, the Zero Degree Calorimeter and detectors for trigger and timing (V0 and T0). The V0 detector
consists of two scintillator arrays, placed on either side of the interaction region, at 2.7 < η < 5.1 and
−3.7 < η < −1.7. It is used for event selection and background rejection. The Minimum Bias (MB)
trigger conditions are achieved by a combination of signalsfrom V0 and SPD.

The PMD [12, 13] is located at a distance of 367 cm from the interaction point and spans a pseudora-
pidity region between 2.3 and 3.9, with full azimuthal coverage. The PMD makes use of the pre-shower
technique where a three radiation length (X0) thick lead converter is sandwiched between two planes of
highly granular gas proportional counters. The granularity and the converter thickness of the PMD are
optimized for high particle density. The PMD consists of 184320 honeycomb shaped gas cells arranged
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in 40 modules in the two planes. Each cell is of 0.22 cm2 area, and has a honeycomb shaped cathode
extended towards a 20µm thick gold-plated tungsten wire at ground potential at thecenter of each cell.
The sensitive medium is a gas mixture of Ar and CO2 in a 70:30 ratio. The front-end electronics con-
sists of MANAS chips for anode signal processing and the Cluster Read Out Concentrator Unit System
(CROCUS) for data acquisition [13]. The PMD is assembled in two equal halves. Each half has indepen-
dent cooling, gas supply and electronics accessories. A photon traversing the converter plate produces
an electromagnetic shower in the pre-shower plane, leadingto a large signal, spread over several cells.
The signal from a charged particle, on the other hand, is confined mostly to a single cell. The differences
in the responses of charged particles to photons are used to reject charged tracks in the analysis.

3 Event selection

The data used in this analysis are from pp collisions at center-of-mass energies of 0.9, 2.76 and 7 TeV,
collected by the ALICE detector with a magnetic field of 0.5 T.The number of analyzed events are 2,
8 and 9 millions at

√
s = 0.9, 2.76 and 7 TeV, respectively. Data were taken in 2010 and 2011 under

conditions where pileup effects were small. The probability of collision pileup per triggered event was
below 3%. Events with more than one vertex reconstructed with the SPD was rejected to minimize the
effect of pileup. This rejection is especially effective atrejecting average and high multiplicity pileup
events which can contaminate the multiplicity distribution.

The interaction vertex is reconstructed using the two silicon pixel layers of the SPD. For the present
analysis, we restrict the measuredz-vertex to be within±10 cm from the nominal interaction point. The
minimum bias data used for the inelastic (INEL) events were collected using a minimum bias trigger
(MBOR) condition, which requires at least one hit in the SPD or in either of the two V0 arrays [1]. This
condition is satisfied by the passage of a charged particle anywhere in the 8 units of pseudorapidity
covered by these detectors. The analysis for non-single diffractive (NSD) events requires a coincidence
between the two sides of the V0 detectors. Except for the trigger selection criteria, identical data analy-
ses procedures were followed for both INEL and NSD events. The experimental results are corrected for
trigger and vertex reconstruction efficiencies, estimatedby means of Monte Carlo (MC) simulations [14].
Table 1 lists the two efficiencies. The systematic errors dueto these efficiencies affect the zero multiplic-
ity bin, but are negligible for other multiplicity bins. Forthe zero bins, these systematic errors are 18%,
29.3% and 26.7% for the data at 0.9, 2.76 and 7 TeV, respectively. Multiplicity-dependent correction
factors are used to obtain the photon multiplicity distributions, whereas an overall correction factor is
applied for pseudorapidity densities of photons.

√
s (TeV) MBOR Trigger Vertex reconstruction

efficiency (%) efficiency (%)
0.9 91.0+3.2

−1.0 91.4± 1.7
2.76 88.1+5.9

−3.5 92.4± 1.1
7.0 85.2+6.2

−3.0 92.8± 1.2

Table 1: The minimum bias trigger efficiency and the vertex reconstruction efficiency for pp collisions.

4 Event generators and simulation framework

Corrections for the instrumental effects in the photon measurement and the estimation of systematic un-
certainties are performed based on simulated events using various tunes of PYTHIA and PHOJET event
generators. The PYTHIA event generator combines perturbative QCD and phenomenologically moti-
vated models. PYTHIA employs several tunable parameters, which result in different tunes of the event
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generator, such as PYTHIA 6.4 [8] tune D6T [15], Perugia-0 [16], and ATLAS-CSC [17]). The PHO-
JET 1.2 generator [9, 10] is based on a two-component approach, that describes high-energy collisions
as an interplay of soft and hard components.

The response of the PMD to the produced particles is studied using PYTHIA and PHOJET event genera-
tors. The AliRoot [18] software package, which includes a detailed information of ALICE apparatus, has
been utilized. Particle transport of the generated particles from the event generators have been simulated
using the GEANT-3 [19] software package, and stored in termsof energy depositions and positions of
the hits. The deposited energy is converted to ADC values using the energy loss conversion relation to
treat the simulated data on a similar footing as the experimental data. The MC description of the cluster
sizes has been validated using test beam data. The distribution of cluster sizes for photon candidates was
found to reproduce well the measured distribution, even in the tail region.

5 Performance of the PMD

The performance of the PMD has been studied by exposing the detector modules to pion and elec-
tron beams at energies ranging from 1 to 6 GeV at the CERN Proton Synchrotron. Two modules were
mounted back to back on a movable stand. A gap was maintained between the modules to place differ-
ent thickness of lead converters for the pre-shower study. Data were readout by using same front-end
electronics and data acquisition as in the real experiment.Special trigger combinations, using scintillator
paddles and Cherenkov counters, were configured for pion andelectron beams separately. Data were
collected for various combinations of beam energy, converter thickness and detector operating voltage.
The responses of the modules to pion and electron beams have been simulated by using GEANT-3 code,
to understand the observed data.

Results for the performance of the PMD modules are presentedin Fig. 1 for an operating voltage of
−1300 V. Energy deposition (in terms of ADC) and number of cells hit for 3 GeV pions are shown in the
top panels of the figure. The most probable value (MPV) of the energy deposition by charged particles
is obtained by fitting to a Landau distribution function, which yields an ADC value of 72±2. This MPV
value is used later in the manuscript to discriminate charged particle contamination in the photon sample.
Pre-shower characteristics were studied by placing the lead converter and by bombarding the detector
with electron beams of different energies. The bottom panels of the figure show the response of the
module to 3 GeV electron beams for a 3X0 converter thickness. The mean energy deposition of∼2000
ADC is much larger than that of the response of the pions. It has also been observed that the signals from
a charged hadrons affect on average∼1.1 cells, whereas signals from 3 GeV electrons affect 11 cells.
Thus, compared to the charged pions, the electrons deposit larger amounts of energies and affect larger
number of cells.

Mean energy depositions in the detector modules have been obtained from both experimental data and
simulations. Fig 2 shows the relationship between the mean energy depositions, obtained from the simu-
lated data (in keV) and the experimental data (in ADC) for pion and electron beams of different energies.
A linear fit gives the conversion relation from the simulatedto experimental data. This relation has been
used in the analysis chain to convert the keV scale of the simulated data to total ADC of the experimental
data.

During the data taking period at the LHC, all the modules of PMD are operated at−1300 V, where
the efficiency for charged pions is∼90%. Responses of the cells to minimum bias particles have been
obtained by storing single isolated clusters from the pp collisions at 7 TeV. Comparison of the MPV
values for the cells give the cell-to-cell gain variation. For the full detector, the cell to cell gain variation
is observed to be within 9%.

4



Inclusive photon production in pp collisions ALICE Collaboration

Energy deposition (ADC)
0 100 200 300 400 500 600 700 800

N
um

be
r 

of
 e

ve
nt

s

0

50

100

150

200                     (a)
ALICE

π3 GeV 
Landau Fit

 2±MPV: 72 

Number of Cells
0 1 2 3 4 5 6 7 8 9 10

C
ou

nt
s

                    (b)
ALICE

Mean: 1.09

RMS: 5.01

0

1000

2000

3000

π3 GeV      (Data)

Energy deposition (ADC)
0 2000 4000 6000 8000 10000

P
ro

ba
bi

lit
y

0

0.05

0.1

0.15

0.2

0.25

0.3
ALICE                               (c)

3 GeV electron (Simulation) 

3 GeV electron (Data)

Number of Cells
0 5 10 15 20 25 30 35 40 45 50

C
ou

nt
s

                    (d)
ALICE

0

20

40

60

Mean: 11.1

RMS: 5.01

3 GeV electron (Data)

Fig. 1: (Color online). Panels (a) and (c) show the energy depositions in the PMD module for 3 GeV pions and
3 GeV electrons, respectively. The pion distribution is fitted with a Landau fit, which gives the most probable value
(MPV) of energy depositions by charged particles. For electrons, the result from the simulation is superimposed
on the experimental data. Panels (b) and (d) show the number of cells hit for 3 GeV pions and 3 GeV electrons,
respectively. Note the large difference in scales in the abscissa for pions and electrons.
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Fig. 2: (Color online). Relationship between the mean energy depositions in the PMD modules obtained from
simulated results (in keV) and experimental data (in ADC) for pion and electron beams of various energies.

6 Photon reconstruction

Particles entering the pre-shower plane of the PMD are expected to affect more than one cell in general.
To analyse the data, the cell hits were first clustered using anearest neighbor clustering algorithm. Thus
a cluster is formed by a number of contiguous cells having non-zero energy deposition. For each event,
total number of clusters are obtained with corresponding cluster parameters, such as, number of hit cells
in a cluster, position of the centroid of each cluster and thetotal energy deposition of the cluster.
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To enrich the photon samples in the data, suitable photon-hadron discrimination thresholds on the number
of hit cells and on the energy deposited in clusters, have been applied. The number of clusters in an event
which pass through the threshold cuts are labelled as photon-like clusters,Nγ−like. Figure 3 shows the
distributions of the number ofNγ−like clusters for the three energies within the detector acceptance of
2.3 < η < 3.9, obtained with the application of discrimination thresholds, the number of cells greater
than 2 and energy deposition greater than 9 times the MPV.
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Fig. 3: (Color online). Probability distribution of the measuredNγ−like clusters (number of clusters above the
photon-hadron discrimination thresholds) in pp collisions at

√
s = 0.9, 2.76 and 7 TeV.

7 Correction for detector effects: method of unfolding

The material budget affects the photons originating at the vertex and travelling to the PMD. Photons
and charged particles suffer from rescattering effects in upstream material and may interact with the
detector material to produce secondary particles. TheNγ−like clusters are photon-rich clusters with a
contamination of charged particles and secondaries which pass the threshold cut. The effects associated
with finite detector acceptance and finite efficiency needs tobe taken into account in the photon counting.
These effects are handled by using detailed simulation and applying unfolding procedures.

The detector effects are modeled using a response function matrix (Rmt). The matrix elementsRmt

represent the conditional probability of measuring a true multiplicity t as a measured multiplicitym.
The measured distribution,M, can thus be expressed as the product of response matrix and the true
distributionT ,

M = RmtT. (1)

One can therefore obtain the true distributionT for givenM:

T = R−1
mt M. (2)

However the matrix,R, may be singular and can not always be inverted analytically. Furthermore, even
if the exact solution exists, it oscillates due to finite statistics in the measured distribution. A regularized
unfolding method based onχ2 minimization is used to overcome this problem [1, 20, 21].

The unfolded multiplicity distribution,U(Nγ), is found by minimizing theχ2 function, which is defined
as:

χ̂2(U) = ∑
m

(Mm −∑t RmtUt

em

)2
+βP(u), (3)
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whereem is the estimated measurement error,P(u) is the regularization term andβ is the regularization
coefficient.βP(u) suppresses high frequency components in the solution.

Figure 4 shows the response matrices, constructed using thePHOJET event generator within 2.3< η <
3.9 in pp collisions at

√
s = 0.9, 2.76 and 7 TeV. They represent the correlation betweenthe true photon

multiplicity (Nγ−true) of incident photons and the measured photon multiplicity (Nγ−like) obtained after
applying the photon-hadron discrimination criteria on thereconstructed clusters. It was found in MC
studies that to unfold the full multiplicity distribution with good precision two differentβ values were
needed, one for the two lowest multiplicity (0 and 1) bins andthe second one for all other multiplicities.
The performance of the unfolding method has been tested using simulated data of pp collisions at

√
s

= 0.9, 2.76 and 7 TeV as shown in Fig. 5. The ratios of the unfolded to true multiplicity distributions
agree within 10% except for the highest multiplicities. Sensitivity of the results were verified by using
different regularization functions, with variousβ values.
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Fig. 4: (Color online). Detector response matrices in pp collisions at
√

s = 0.9, 2.76 and 7 TeV using PHOJET
event generator.Nγ−like andNγ−true denote the measured and true photon multiplicities, respectively.

An alternate method of unfolding based on Bayes’ theorem [22] has also been used, which describes
the definite relationship between the probability of an event with m measured particles conditional on
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(top), 2.76 (middle) and 7 TeV (bottom). The measured, unfolded and true photon multiplicities are presented.
The lower panels show the ratios of unfolded to true multiplicity distributions.
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another event witht true multiplicity. This results in:

R̄tm =
RmtPt

∑t ′ Rmt ′ Pt ′
, (4)

whereR is the response matrix andPt is the apriori distribution of the true spectrum. After obtaining R̄tm,
the unfolded distribution (U ) can be obtained as:

Ut = ∑
m

R̄tmMm. (5)

The resultantUt of an iteration is used as the newa priori distribution for the next iteration.

After unfolding, the results are corrected for trigger and vertex reconstruction efficiencies to obtain the
final results. The above procedure is used to obtain the photon multiplicity. To obtain the pseudorapidity
distribution of photons, the unfolding method has been employed separately in eightη bins of width 0.2.

8 Systematic uncertainties

The systematic uncertainties on the photon multiplicity have contributions from several effects. A major
source for the systematic uncertainty to photon counting comes from the uncertainty in the implemen-
tation of all the known material between the vertex and the PMD in AliRoot. The material budget at
forward rapidities was intensely studied in connection with the charged particle multiplicity measure-
ments in Pb-Pb collisions [23]. Special sub-sample of events, where the vertex was displaced between
−187.5 cm to 375 cm, so that the material budget in front of the FMD and V0 detectors was almost neg-
ligible, was used to benchmark the MC description of the detector material. Discrepancies of the order
of 6% were found in the same rapidity region covered by the PMD. Based on this study, a conservative
uncertainty on the material budget of 10% has been used in theanalysis. Events with default material
description and with the 10% increase in material have been simulated. The response matrix, using the
PHOJET event generator, is obtained from the default material setting and the unfolding procedure is
followed for both the default material setting and with 10% increase of material. The difference between
the two unfolded multiplicities is quoted as the systematicuncertainty to the multiplicity distribution of
photons. The same procedure has been adopted for eachη bin to obtain the systematic uncertainties for
pseudorapidity distributions of photons.

The sensitiveness of the PMD to incident photons of different momenta depends primarily on the conver-
sion efficiency of photons in the detector and then on the discrimination criteria. Simulation studies have
shown that the detector is sensitive to transverse momenta as low as∼50 MeV. The photon multiplic-
ity is extracted after the unfolding method, where incidentphotons of all energy are considered, which
makes the present photon measurement inclusive. Systematic uncertainties arising because of the choice
of discrimination threshold and event generators need to beconsidered for the photon counting.

The photon-hadron discrimination conditions in terms of number of cells hit and energy depositions
were optimized to minimize the contamination from charged particles and secondaries. The purity of
the photon sample with the default discrimination condition (number of cells greater than 2 and energy
deposition greater than 9 times the MPV) is 65%, which is consistent with the design value [12, 13].
The uncertainty due to the choice of the thresholds have beenobtained by changing the discrimination
conditions, that is, the number of cells greater than 2 and energy depositions greater than 6 times MPV.
In this condition, the purity of the photon sample reduces to60%. Photon counting is also affected by
the non-uniformity in the PMD, which is taken care of by obtaining the cell-to-cell gain variation. Its
effects on the photon multiplicity and pseudorapidity distributions have been included as a part of the
systematic uncertainty.

The choice of the event generator may affect the photon counting. Two different generators, PHOJET and
PYTHIA (tune D6T), have been used as a source of systematic uncertainty. The choice of the unfolding
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method may also add to the uncertainty. This is studied by using two different unfolding methods,χ2

minimization and Bayesian methods. In addition, differentregularization functions during the unfolding
procedure also add to the systematic uncertainty.

Sources 0.9 TeV 2.76 TeV 7 TeV
(%) (%) (%)

Material effect 3 - 18 3 - 18 3 - 18
Discrimination 0.4 - 4.1 4.3 - 6.7 0.1 - 1.6

thresholds
Event 7.5 - 14.6 8.9 - 27.8 7.8 - 24.7

generators
Unfolding 3.6 - 6.2 5.7 - 6.4 5.4 - 6.5
methods

Regularization 4.1 - 9.5 1.9 - 9.6 3.0 - 10.7
functions

Cell-to-cell 2.7 2.7 2.7
gain variation

Total 10.1 - 26.4 12.4 - 35.8 10.8 - 33.2

Table 2: Systematic uncertainties in the photon multiplicity for INEL collisions at three center-of-mass energies.
The range of the errors corresponds to lowest and highest multiplicity values for each energy.

Source 0.9 TeV 2.76 TeV 7 TeV
(%) (%) (%)

Material effect 7 7 7
Discrimination 1 - 2 1 - 2 1 - 2

thresholds
Event 1 - 3 1 - 1.6 3 - 5

generators
Unfolding 0 - 0.7 0 - 0.8 0 - 0.9
methods

Regularization 0 - 0.6 0 - 0.8 0 - 0.4
functions

Cell-to-cell 0.3 0.3 0.3
gain variations

Total 7 - 7.9 7 - 7.5 8 - 8.6

Table 3: The magnitude of the sources of systematic uncertainties and their contributions to the pseudorapidity
distributions of photons for INEL collisions at each energy, spanning the range, 2.3< η < 3.9.

Separate response matrices were generated to evaluate the systematic uncertainties for each of the sources,
e.g., for PYTHIA and PHOJET. Although the contributions from these sources are calculated separately,
most of the uncertainties are likely to be correlated. The contributions from different sources of system-
atic uncertainties are quoted for photon multiplicity and pseudorapidity distributions of the photons in
Table 2 and Table 3, respectively. The total systematic uncertainties are obtained by adding in quadrature
systematic uncertainties from the various sources.

9 Results and discussions

In this section, we present multiplicity and pseudorapidity distributions of photons within 2.3< η < 3.9.
The results are compared to predictions from PHOJET and various tunes of PYTHIA.
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Fig. 6: (Color online). Multiplicity distributions of photons within 2.3< η < 3.9 for inelastic events in pp col-
lisions at

√
s = 0.9 (top), 2.76 (middle) and 7 TeV (bottom). Predictions from different event generators are

superimposed. Lower panels show the ratios between the dataand MC distributions. The error bars are statistical
and the shaded regions represent the systematic uncertainties.

Figure 6 shows the multiplicity distributions of photons for inelastic pp collisions within 2.3<η < 3.9 at√
s = 0.9 (top), 2.76 (middle) and 7 TeV (bottom). The statistical and systematic uncertainties of the data
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points are shown by the error bars and shaded bands, respectively. The average photon multiplicities for
the collisions at 0.9 TeV are 4.46±0.02 (stat)±0.20 (sys), for 2.76 TeV collisions are 6.12±0.01 (stat)
±0.47 (sys), and for 7 TeV collisions are 7.19±0.01 (stat)±0.45 (sys). The relative increase in average
photon multiplicity for 2.76 and 7 TeV energies with respectto that of the 0.9 TeV are 37.2%± 0.3%
(stat)± 8.8% (sys) and 61.2%± 0.3% (stat)± 7.6% (sys) for inelastic collisions.

The multiplicity distributions are compared to the photon multiplicities obtained from PHOJET, PYTHIA
Perugia-0, PYTHIA Perugia-2011, and PYTHIA ATLAS-CSC. Thebottom panel for each collision
energy shows the ratios of experimental data to the event generators. PHOJET explains the data at
0.9 TeV, but overestimates the data at all other energies. Overall, the ATLAS-CSC tune of PYTHIA
explains the data better at all the energies compared to other event generators. This is consistent with the
charged particle multiplicity data at central rapidities [1, 2].
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Fig. 7: (Color online). Multiplicity distribution of photons for inelastic collisions, fitted to single NBD functions
for pp collisions at

√
s = 0.9, 2.76 and 7 TeV. The error bars are statistical and the shaded regions represent the

systematic uncertainties.

Multiplicity distributions have traditionally been fittedby Negative-Binomial-Distributions (NBD) to
extract information regarding the nature of the particle production mechanism [24, 25]. The photon
multiplicity distributions are fitted with a NBD function ofthe form:

P(m,k;n) =
Γ(n+ k)

Γ(n+1)Γ(k)
(m/k)n

(m/k+1)n+k , (6)

wheren is the photon multiplicity,m = 〈n〉, k is a parameter responsible for shape of the distribution.
The data, fitted with NBD function are shown in Fig. 7. The fitting is performed forNγ > 0. Fits with the
sum of two NBDs (not shown) do not significantly improve the description of the data. The parameters
of the single NBD fit functions are reported in Table 4. With the increase of beam energy, the average
photon multiplicity〈n〉 increases, whereas the values ofk, related to dispersion of multiplicity, decrease.

Scaling property of multiplicity distributions of produced particles had been proposed in 1972 by Koba,
Nielsen and Olesen (KNO) [26], based on the assumption of Feynman scaling of particle production [27].
The multiplicity distributions, plotted in terms of the KNOvariable,z = Nγ/〈Nγ〉, are expected to be
independent of collision energy [26, 28]. To test this scaling at the forward rapidities at the LHC energies,
the photon multiplicity distributions have been presentedin terms of the KNO variable. The upper panel
of Fig. 8 shows the distributions ofz for the three energies,

√
s = 0.9, 2.76 and 7 TeV. The distributions

12
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√
s in TeV k 〈n〉

0.9 1.89± 0.11 5.39± 0.14
2.76 1.72± 0.10 7.73± 0.22

7 1.35± 0.07 9.03± 0.24

Table 4: Fit parameters of single NBD fitting to the photon multiplicity distribution.
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Fig. 8: (Color online). Upper panel shows the photon multiplicity distributions in terms of KNO variable for pp
collisions at

√
s = 0.9, 2.76 and 7 TeV for inelastic collisions. Lower panel shows the ratios of the distributions for

2.76 and 7 TeV with respect to 0.9 TeV.
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Fig. 9: (Color online). Average photon multiplicity within 2.3< η < 3.9 as a function of center of mass energy
for pp collisions. The data points from UA5 experiment [32] are superimposed on the ALICE data. The energy
dependence for the NSD events is consistent with both a logarithmic and a power-law fit.

are similar for low values ofz, while for higherz values (z > 3), the three distributions deviate from
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each other. The deviations are studied by plotting the ratios of thez values for
√

s = 2.76 and 7 TeV
with respect to

√
s = 0.9 TeV, shown in the lower panel of Fig. 8. Because of the difference in thez

values, the nearest values ofz are considered at other energies. The ratios are close to unity up to a
value ofz = 3 and deviate from unity forz > 3. Although the error bars at high multiplicities are large,
there is an indication of a mild deviation from the KNO scaling, similar to what has been observed for
charged particles at mid-rapidity [1]. Violations of KNO scaling for charged particle multiplicities had
been observed earlier for pp and p p̄ collisions at

√
s = 30 GeV to 1800 GeV at the Fermilab Tevatron and

also in UA5 experiment at CERN at 546 GeV [29–31]. The presentobservation at the LHC energies is
consistent with these findings.
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Fig. 10: (Color online). Pseudorapidity distribution of photons for inelastic events for pp collisions at
√

s = 0.9
(top), 2.76 (middle) and 7 TeV (bottom). Results from different event generators are superimposed. The statistical
errors are within the symbol sizes and the shaded regions represent the systematic uncertainties.

The energy dependences of the average photon multiplicity in INEL and NSD events within 2.3< η <
3.9 are presented in Fig. 9. The NSD events are obtained using a special trigger condition as discussed in
Sec. 3. At lower center of mass energies of 0.2, 0.546 and 0.9 TeV, the average photon multiplicities for
NSD events have been measured by the UA5 experiment [32] within the same pseudorapidity region. It
is seen that the average photon multiplicity increases withincreasing

√
s. The nature of the increase has

been studied in order to understand the particle productionmechanism and for extrapolating to higher
energy collisions. A logarithmic increase in average multiplicity with respect to

√
s has been predicted

by the Feynman scaling of particle production [27, 33]. For the NSD events, a logarithmic fit of the form
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A +B ln
√

s yields A= −5.9± 1.2 and B= 1.6± 0.17, where
√

s is expressed in GeV. On the other
hand, phase space considerations give a power law dependence of particle multiplicity [34]. A power-
law function of the form a(

√
s)b gives an equally good fit to the NSD data points with a= 0.87±0.17

and b= 0.26±0.02. Thus, the present data cannot distinguish between the logarithmic and power law
dependence on

√
s. At higher energies, the power-law fit predicts somewhat larger photon multiplicity

compared to the logarithmic function. Data points at higherenergies are needed to draw a conclusion on
the nature of the increase of photon multiplicity, and in this context future LHC runs will be useful.
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Fig. 11: (Color online). Pseudorapidity distribution of photons for inelastic events as a function ofη − ybeam

for pp collisions at
√

s = 0.9, 2.76 and 7 TeV. Corresponding distributions from PYTHIA (tune ATLAS-CSC) are
superimposed. The statistical uncertainties are within symbol sizes and the shaded regions represent the systematic
uncertainties.

9.2 Pseudorapidity distributions and limiting fragmentation

Pseudorapidity distributions of photons for the INEL collisions have been obtained after applying the un-
folding method in eachη bin. In Fig. 10, the results for pseudorapidity density are plotted as a function of
pseudorapidity. Results from PHOJET 1.2 and three different tunes of PYTHIA 6.4 event generators are
superimposed on the data points. At

√
s = 0.9 TeV, all the calculations except PYTHIA (tune Perugia-0)

describe the data within uncertainties, whereas at
√

s = 2.76 TeV, PHOJET and PYTHIA (tune ATLAS-
CSC) show a better agreement compared to other event generators. At

√
s = 7 TeV, PYTHIA (tune

ATLAS-CSC) are close to the data points, whereas all other calculations under-predict the data. Thus
PYTHIA (tune ATLAS-CSC) results on the pseudorapidity distributions are the most compatible with
the measured data points, within the present uncertainties.

Particle productions at forward rapidity in pp and in heavy-ion collisions are expected to follow the
limiting fragmentation behavior. This means that particleproduction in the rest frame of one of the col-
liding hadrons is independent of center-of-mass energy [7,35, 36]. This phenomenon is attributed to
the longitudinal scaling of particle multiplicities. Thisbehavior is studied by shifting the pseudorapidity
bins by the beam rapidity,ybeam. The UA5 experiment at CERN has observed the limiting fragmenta-
tion behavior in pp and p p̄ inelastic collisions from 53 GeV to 900 GeV [37] for charged particles in
|η − ybeam|> −2.5. Such observations have also been made for nucleus-nucleus collisions at RHIC en-
ergies [38–40]. For the present analyses, theybeamvalues are 6.86, 7.98 and 8.97 at

√
s = 0.9, 2.76 and 7

TeV, respectively. The results of the pseudorapidity distributions of photons, after shifting for the beam
rapidity, are presented in Fig. 11. The distributions from PYTHIA (tune ATLAS-CSC) event generator
are also presented in Fig. 11 for all three energies, which indicate that the limiting fragmentation behavior
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of photons hold for|η − ybeam|<−4.5. In the range of the present measurement, limiting fragmentation
behavior is not expected and not observed. This suggests that at the LHC this behavior may be confined
to a pseudorapidity interval closer to beam rapidity.

10 Summary

We have measured the multiplicity and pseudorapidity distributions of photons in pp collisions at
√

s =
0.9,2.76 and 7 TeV in the forward rapidity region (2.3< η < 3.9) using the PMD installed in the ALICE
detector. The results are compared to the photon multiplicity distributions obtained with different event
generators. It is observed that PHOJET explains the multiplicity distributions at

√
s = 0.9 TeV, but under-

predicts the data at other energies. At
√

s = 2.76 TeV and 7 TeV, the results from the ATLAS-CSC tune of
PYTHIA are closer to the data compared to all other event generators. Photon multiplicity distributions
are well described by single NBD functions. We observe deviations from KNO scaling forz > 3. The
energy dependence of the average photon multiplicity within 2.3< η < 3.9 increases with the increase
in

√
s, and is consistent with both a logarithmic and a power-law dependence. The pseudorapidity distri-

butions of photons have been presented and compared to the results from event generators. Results from
PYTHIA (tune ATLAS-CSC) are most compatible with the measured data points compared to other
generators. Longitudinal scaling of photon production is not observed within the measured pseudora-
pidity range. Future measurements at larger rapidities will help in better understanding of the limiting
fragmentation behavior.
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Korea (NRF); CONACYT, DGAPA, México, ALFA-EC and the EPLANET Program (European Parti-
cle Physics Latin American Network) Stichting voor Fundamenteel Onderzoek der Materie (FOM) and
the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO), Netherlands; Research Council
of Norway (NFR); Polish Ministry of Science and Higher Education; National Science Centre, Poland;
Ministry of National Education/Institute for Atomic Physics and CNCS-UEFISCDI - Romania; Min-
istry of Education and Science of Russian Federation, Russian Academy of Sciences, Russian Federal
Agency of Atomic Energy, Russian Federal Agency for Scienceand Innovations and The Russian Foun-

16



Inclusive photon production in pp collisions ALICE Collaboration

dation for Basic Research; Ministry of Education of Slovakia; Department of Science and Technology,
South Africa; CIEMAT, EELA, Ministerio de Economı́a y Competitividad (MINECO) of Spain, Xunta
de Galicia (Consellerı́a de Educación), CEADEN, Cubaenergı́a, Cuba, and IAEA (International Atomic
Energy Agency); Swedish Research Council (VR) and Knut & Alice Wallenberg Foundation (KAW);
Ukraine Ministry of Education and Science; United Kingdom Science and Technology Facilities Coun-
cil (STFC); The United States Department of Energy, the United States National Science Foundation, the
State of Texas, and the State of Ohio; Ministry of Science, Education and Sports of Croatia and Unity
through Knowledge Fund, Croatia.

References

[1] ALICE Collaboration, K. Aamodtet al., “Charged-particle multiplicity measurement in
proton-proton collisions at

√
s = 0.9 and 2.36 TeV with ALICE at LHC,”

Eur. Phys. J. C 68 (2010) 89–108,arXiv:1004.3034 [hep-ex].

[2] ALICE Collaboration, K. Aamodtet al., “Charged-particle multiplicity measurement in
proton-proton collisions at

√
s = 7 TeV with ALICE at LHC,” Eur. Phys. J. C 68 (2010) 345–354,

arXiv:1004.3514 [hep-ex].

[3] CMS Collaboration, V. Khachatryanet al., “Transverse-momentum and pseudorapidity
distributions of charged hadrons inpp collisions at

√
s = 7 TeV,”

Phys. Rev. Lett. 105(2010) 022002,arXiv:1005.3299 [hep-ex].

[4] ATLAS Collaboration, G. Aadet al., “Charged-particle multiplicities inpp interactions at√
s = 900 GeV measured with the ATLAS detector at the LHC,”Phys. Lett. B 688(2010) 21–42,

arXiv:1003.3124 [hep-ex].

[5] LHCb Collaboration, R. Aaijet al., “Measurement of charged particle multiplicities inpp
collisions at

√
s = 7TeV in the forward region,”Eur. Phys. J. C 72 (2012) 1947,

arXiv:1112.4592 [hep-ex].

[6] LHCb Collaboration, R. Aaijet al., “Measurement of charged particle multiplicities and densities
in pp collisions at

√
s = 7 TeV in the forward region,”Eur. Phys. J. C 74 (2014) 2888,

arXiv:1402.4430 [hep-ex].

[7] J. Benecke, T. Chou, C.-N. Yang, and E. Yen, “Hypothesis of Limiting Fragmentation in
High-Energy Collisions,”Phys. Rev. 188(1969) 2159–2169.

[8] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,”
JHEP 0605(2006) 026,arXiv:hep-ph/0603175 [hep-ph].

[9] R. Engel, “Photoproduction within the two component dual parton model. 1. Amplitudes and
cross-sections,”Z. Phys. C 66 (1995) 203–214.

[10] R. Engel, J. Ranft, and S. Roesler, “Hard diffraction inhadron hadron interactions and in
photoproduction,”Phys. Rev. D 52 (1995) 1459–1468,arXiv:hep-ph/9502319 [hep-ph].

[11] ALICE Collaboration, K. Aamodtet al., “The ALICE experiment at the CERN LHC,”
JINST 3 (2008) S08002.

[12] ALICE Collaboration, G. Dellacasaet al., “ALICE technical design report: Photon multiplicity
detector (PMD),”CERN-LHCC-99-32 (1999) .

[13] ALICE Collaboration, P. Corteseet al., “ALICE: Addendum to the technical design report of the
Photon Multiplicity Detector (PMD),”CERN-LHCC-2003-038 (2003) .

17

http://dx.doi.org/10.1140/epjc/s10052-010-1339-x
http://arxiv.org/abs/1004.3034
http://dx.doi.org/10.1140/epjc/s10052-010-1350-2
http://arxiv.org/abs/1004.3514
http://dx.doi.org/10.1103/PhysRevLett.105.022002
http://arxiv.org/abs/1005.3299
http://dx.doi.org/10.1016/j.physletb.2010.03.064
http://arxiv.org/abs/1003.3124
http://dx.doi.org/10.1140/epjc/s10052-012-1947-8
http://arxiv.org/abs/1112.4592
http://dx.doi.org/10.1140/epjc/s10052-014-2888-1
http://arxiv.org/abs/1402.4430
http://dx.doi.org/10.1103/PhysRev.188.2159
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1007/BF01496594
http://dx.doi.org/10.1103/PhysRevD.52.1459
http://arxiv.org/abs/hep-ph/9502319
http://dx.doi.org/10.1088/1748-0221/3/08/S08002


Inclusive photon production in pp collisions ALICE Collaboration

[14] ALICE Collaboration, B. Abelevet al., “Measurement of inelastic, single- and double-diffraction
cross sections in proton–proton collisions at the LHC with ALICE,”
Eur. Phys. J. C 73 (2013) 2456,arXiv:1208.4968 [hep-ex].

[15] M. G. Albrow et al., “Tevatron-for-LHC Report of the QCD Working Group,”
FERMILAB-CONF-06-359 (2006) ,arXiv:hep-ph/0610012 [hep-ph].

[16] P. Z. Skands, “The Perugia Tunes,”FERMILAB-CONF-09-113-T (2009) 284–297,
arXiv:0905.3418 [hep-ph].

[17] ATLAS Collaboration, A. Moraeset al., “ATLAS CSC (306) tune,”ATLAS Note
ATL-COM-PHYS-2009-119 (2009) .

[18] R. Brun, P. Buncic, F. Carminati, A. Morsch, F. Rademakers, et al., “Computing in ALICE,”
Nucl. Instrum. Meth. A 502(2003) 339–346.

[19] R. Brun, F. Carminati, and S. Giani, “GEANT Detector Description and Simulation Tool,”
CERN-W5013, CERN-W-5013 (1994) .

[20] V. Blobel, “An Unfolding method for high-energy physics experiments,”DESY-02-078 (2002)
258–267,arXiv:hep-ex/0208022 [hep-ex].

[21] J. F. Grosse-Oetringhaus, “Measurement of the Charged-Particle Multiplicity in Proton-Proton
Collisions with the ALICE Detector,”CERN-THESIS-2009-033, urn:nbn:de:hbz:6-11589544049 .

[22] G. D’Agostini, “A Multidimensional unfolding method based on Bayes’ theorem,”
Nucl. Instrum. Meth. A 362(1995) 487–498.

[23] ALICE Collaboration, E. Abbaset al., “Centrality dependence of the pseudorapidity density
distribution for charged particles in Pb-Pb collisions at

√
sNN = 2.76 TeV,”

Phys. Lett. B 726(2013) 610–622,arXiv:1304.0347 [nucl-ex].

[24] C. Fuglesang, “UA5 Multiplicity Distributions and Fits of Various Functions,”CERN-EP-89-135,
C89-03-20.3 (1989) .

[25] P. Ghosh, “Negative binomial multiplicity distribution in proton-proton collisions in limited
pseudorapidity intervals at LHC up to

√
s = 7 TeV and the clan model,”

Phys. Rev. D 85 (2012) 054017,arXiv:1202.4221 [hep-ph].

[26] Z. Koba, H. B. Nielsen, and P. Olesen, “Scaling of multiplicity distributions in high-energy hadron
collisions,” Nucl. Phys. B 40 (1972) 317–334.

[27] R. P. Feynman, “Very high-energy collisions of hadrons,” Phys. Rev. Lett. 23 (1969) 1415–1417.

[28] W. D. Walker, “Multiparton interactions and hadron structure,”Phys. Rev. D 69 (2004) 034007.

[29] T. Alexopoulos, E. Anderson, N. Biswas, A. Bujak, D. Carmony,et al., “The role of double parton
collisions in soft hadron interactions,”Phys.Lett. B435(1998) 453–457.

[30] UA5 Collaboration, R. Ansorgeet al., “Charged Particle Multiplicity Distributions at 200-GeV
and 900-GeV Center-Of-Mass Energy,”Z.Phys. C43 (1989) 357.

[31] S. Hegyia, “KNO scaling 30 years later,”Nucl. Phys. Proc. Suppl. 92 (2001) 122.

[32] UA5 Collaboration, R. Ansorgeet al., “Photon Production at c.m. Energies of 200-GeV and
900-GeV,”Z. Phys. C 43 (1989) 75–89.

18

http://dx.doi.org/10.1140/epjc/s10052-013-2456-0
http://arxiv.org/abs/1208.4968
http://arxiv.org/abs/hep-ph/0610012
http://arxiv.org/abs/0905.3418
http://dx.doi.org/10.1016/S0168-9002(03)00440-6
http://arxiv.org/abs/hep-ex/0208022
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://dx.doi.org/10.1016/j.physletb.2013.09.022
http://arxiv.org/abs/1304.0347
http://dx.doi.org/10.1103/PhysRevD.85.054017
http://arxiv.org/abs/1202.4221
http://dx.doi.org/10.1016/0550-3213(72)90551-2
http://dx.doi.org/10.1103/PhysRevLett.23.1415
http://dx.doi.org/10.1103/PhysRevD.69.034007
http://dx.doi.org/10.1016/S0370-2693(98)00921-6
http://dx.doi.org/10.1007/BF01506531
http://dx.doi.org/10.1016/S0920-5632(00)01026-4
http://dx.doi.org/10.1007/BF02430612


Inclusive photon production in pp collisions ALICE Collaboration

[33] J. F. Grosse-Oetringhaus and K. Reygers, “Charged-Particle Multiplicity in Proton-Proton
Collisions,”J. Phys. G 37 (2010) 083001,arXiv:0912.0023 [hep-ex].

[34] E. L. Berger and A. Krzywicki, “Kinematic aspects of inclusive phenomenology,”
Phys.Lett. B36 (1971) 380–384.

[35] R. Beckmann, S. Raha, N. Stelte, and R. Weiner, “Limiting Fragmentation in High-energy Heavy
Ion Reactions and Preequilibrium,”Phys. Lett. B 105(1981) 411.

[36] F. Gelis, A. M. Stasto, and R. Venugopalan, “Limiting fragmentation in hadron-hadron collisions
at high energies,”Eur.Phys.J. C 48 (2006) 489–500,arXiv:hep-ph/0605087 [hep-ph].

[37] UA5 Collaboration, G. Alneret al., “Scaling of Pseudorapidity Distributions at c.m. Energies Up
to 0.9-TeV,”Z.Phys. C33 (1986) 1–6.

[38] STAR Collaboration, J. Adamset al., “Multiplicity and pseudorapidity distributions of charged
particles and photons at forward pseudorapidity in Au + Au collisions at s(NN)**(1/2) =
62.4-GeV,”Phys. Rev. C 73 (2006) 034906,arXiv:nucl-ex/0511026 [nucl-ex].

[39] PHOBOSCollaboration, B. Backet al., “Charged-particle pseudorapidity distributions in Au+Au
collisions ats(NN)1/2 = 62.4-GeV,”Phys.Rev. C74 (2006) 021901,
arXiv:nucl-ex/0509034 [nucl-ex].

[40] BRAHMS Collaboration, I. Beardenet al., “Pseudorapidity distributions of charged particles
from Au+Au collisions at the maximum RHIC energy,”Phys.Rev.Lett. 88 (2002) 202301,
arXiv:nucl-ex/0112001 [nucl-ex].

19

http://dx.doi.org/10.1088/0954-3899/37/8/083001
http://arxiv.org/abs/0912.0023
http://dx.doi.org/10.1016/0370-2693(71)90730-1
http://dx.doi.org/10.1016/0370-2693(81)91194-1
http://dx.doi.org/10.1140/epjc/s10052-006-0020-x
http://arxiv.org/abs/hep-ph/0605087
http://dx.doi.org/10.1007/BF01410446
http://dx.doi.org/10.1103/PhysRevC.73.034906
http://arxiv.org/abs/nucl-ex/0511026
http://dx.doi.org/10.1103/PhysRevC.74.021901
http://arxiv.org/abs/nucl-ex/0509034
http://dx.doi.org/10.1103/PhysRevLett.88.202301
http://arxiv.org/abs/nucl-ex/0112001


Inclusive photon production in pp collisions ALICE Collaboration

A ALICE Collaboration
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P. Dillenseger49 , R. Divià34 , D. Di Bari31 , S. Di Liberto105 , A. Di Mauro34 , P. Di Nezza68 , Ø. Djuvsland17 ,
A. Dobrin53 , T. Dobrowolski73 , D. Domenicis Gimenez115 , B. Dönigus49 , O. Dordic21 , S. Dørheim88 ,
A.K. Dubey126 , A. Dubla53 , L. Ducroux124 , P. Dupieux66 , A.K. Dutta Majumdar97 , T. E. Hilden42 ,
R.J. Ehlers131 , D. Elia100 , H. Engel48 , B. Erazmus109 ,34, H.A. Erdal35 , D. Eschweiler39 , B. Espagnon47 ,
M. Esposito34 , M. Estienne109 , S. Esumi122 , D. Evans98 , S. Evdokimov108, D. Fabris104 , J. Faivre67 ,
D. Falchieri26 , A. Fantoni68 , M. Fasel89 ,70, D. Fehlker17 , L. Feldkamp50 , D. Felea58 , A. Feliciello107 ,
G. Feofilov125 , J. Ferencei79 , A. Fernández Téllez2 , E.G. Ferreiro16 , A. Ferretti25 , A. Festanti28 , J. Figiel112 ,
M.A.S. Figueredo119, S. Filchagin95 , D. Finogeev52 , F.M. Fionda31 , E.M. Fiore31 , E. Floratos84 , M. Floris34 ,
S. Foertsch61 , P. Foka93 , S. Fokin96 , E. Fragiacomo106 , A. Francescon28 ,34, U. Frankenfeld93 , U. Fuchs34 ,
C. Furget67 , A. Furs52 , M. Fusco Girard29 , J.J. Gaardhøje76 , M. Gagliardi25 , A.M. Gago99 , M. Gallio25 ,
D.R. Gangadharan70 ,19, P. Ganoti80 ,84, C. Gao7 , C. Garabatos93 , E. Garcia-Solis13 , C. Gargiulo34 ,
I. Garishvili71 , J. Gerhard39 , M. Germain109 , A. Gheata34 , M. Gheata34 ,58, B. Ghidini31 , P. Ghosh126 ,
S.K. Ghosh4 , P. Gianotti68 , P. Giubellino34 , E. Gladysz-Dziadus112 , P. Glässel89 , A. Gomez Ramirez48 ,
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S.K. Pal126 , A. Palmeri103 , D. Pant44 , V. Papikyan1 , G.S. Pappalardo103, P. Pareek45 , W.J. Park93 , S. Parmar83 ,
A. Passfeld50 , D.I. Patalakha108 , V. Paticchio100 , B. Paul97 , T. Pawlak128 , T. Peitzmann53 ,
H. Pereira Da Costa14 , E. Pereira De Oliveira Filho115 , D. Peresunko96 , C.E. Pérez Lara77 , A. Pesci101 ,
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J. Vrláková38 , B. Vulpescu66 , A. Vyushin95 , B. Wagner17 , J. Wagner93 , V. Wagner37 , M. Wang7 ,109,
Y. Wang89 , D. Watanabe122 , M. Weber117 ,34, S.G. Weber93 , J.P. Wessels50 , U. Westerhoff50 , J. Wiechula33 ,
J. Wikne21 , M. Wilde50 , G. Wilk73 , J. Wilkinson89 , M.C.S. Williams101 , B. Windelband89 , M. Winn89 ,
C.G. Yaldo129 , Y. Yamaguchi121, H. Yang53 , P. Yang7 , S. Yang17 , S. Yano43 , S. Yasnopolskiy96 , J. Yi92 ,
Z. Yin7 , I.-K. Yoo92 , I. Yushmanov96 , A. Zaborowska128, V. Zaccolo76 , A. Zaman15 , C. Zampolli101 ,
S. Zaporozhets62 , A. Zarochentsev125, P. Závada56 , N. Zaviyalov95 , H. Zbroszczyk128, I.S. Zgura58 ,
M. Zhalov81 , H. Zhang7 , X. Zhang7 ,70 , Y. Zhang7 , C. Zhao21 , N. Zhigareva54 , D. Zhou7 , F. Zhou7 ,
Y. Zhou53 , Zhou, Zhuo17 , H. Zhu7 , J. Zhu7 ,109, X. Zhu7 , A. Zichichi12 ,26, A. Zimmermann89 ,
M.B. Zimmermann50 ,34, G. Zinovjev3 , Y. Zoccarato124, M. Zyzak49

Affiliation notes
i Deceased
ii Also at: St. Petersburg State Polytechnical University
iii Also at: Department of Applied Physics, Aligarh Muslim University, Aligarh, India
iv Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear Physics,

Moscow, Russia
v Also at: University of Belgrade, Faculty of Physics and ”Vinča” Institute of Nuclear Sciences, Belgrade,
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Collegato INFN, Alessandria, Italy
31 Dipartimento Interateneo di Fisica ‘M. Merlin’ and SezioneINFN, Bari, Italy
32 Division of Experimental High Energy Physics, University of Lund, Lund, Sweden
33 Eberhard Karls Universität Tübingen, Tübingen, Germany
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