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Spectra of pions, kaons, and protons are measured in pPb collisions at \/syy = 5.02 TeV with
the CMS detector at the LHC. The particle identification in the laboratory rapidity of |yjp| < 1
and transverse momentum of 0.1-1.7 GeV/c is performed using energies deposited in the silicon
tracker. The average transverse momentum is found to increase with particle mass and charged
multiplicity of the events. Comparisons to Monte Carlo event generators are performed. The
EPOS LHC model, which incorporates additional hydrodynamic evolution of the created system,
is able to reproduce most of the data features, unlike HIJING and AMPT. The measured transverse
momentum spectra and integrated particle yields are also compared to those observed in pp and
PbPb collisions in classes of charged multiplicity at various collision energies. The results indicate

that particle production at LHC is strongly correlated with event multiplicity.
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1. Introduction

The study of hadron spectra is a fundamental part of exploring particle collisions at new centre-
of-mass energies. Hadron spectra provide a wealth of constraints and testing opportunities for the
implementation of non-perturbative quantum chromodynamics (QCD) processes like hadronization
and soft-parton interactions in various Monte Carlo (MC) event generators. Spectra measured
in proton-nucleus collisions are also important references for studies of high-energy heavy-ion
collisions, where final-state effects are known to modify the spectral shape and yields of different
hadron species [1, 2, 3, 4].

2. Detector

A detailed description of the CMS (Compact Muon Solenoid) detector can be found in Ref. [5].
The CMS experiment uses a right-handed coordinate system, with the origin at the nominal inter-
action point (IP) and the z axis along the counterclockwise-beam direction. The pseudorapidity
and rapidity y of a particle (in the laboratory frame) with energy £, momentum p, and momentum
along the z axis p, are defined as = InJtan(6/2)], where 6 is the polar angle with respect to the
zaxis and y = $In[(E + p,)/(E — p,)], respectively. The central feature of the CMS apparatus is
a superconducting solenoid of 6 m internal diameter. Within the 3.8 T field volume are the silicon
pixel and strip tracker, the crystal electromagnetic calorimeter, and the brass/scintillator hadron
calorimeter. The tracker measures charged particles within the pseudorapidity range |n| < 2.4.
It has 1440 silicon pixel and 15148 silicon strip detector modules. In addition to the barrel and
endcap detectors, CMS has extensive forward calorimetry. Steel/quartz-fiber forward calorimeters
(HF) cover 3 < |n| < 5. Beam Pick-up Timing for the eXperiments (BPTX) devices were used to
trigger the detector readout. They are located around the beam pipe at a distance of 175 m from
the IP on either side, and are designed to provide precise information on the Large Hadron Collider
(LHC) bunch structure and timing of the incoming beams.

3. Experimental methods

A /syy = 5.02 TeV pPb data sample of an integrated luminosity of 1 ub~! (corresponding
to a total of 2 M collision events) were used for the measurement of hadron spectra. Due to the
asymmetric beam energies the centre-of-mass of the colliding system moves with a rapidity of
y = —0.465. The particle yields reported in this proceedings have been measured for |yjp| < 1.

Events for analysis were selected by requiring the presence of a track with a transverse mo-
mentum (pr) of at least 0.4 GeV/c reconstructed with the pixel detector in events where both proton
and lead beams were present according to BPTX. As part of the offline event selection at least one
tower with energy above 3 GeV in each of the HF calorimeters and a reconstruced vertex were
required. Beam-halo and beam-induced background events are suppressed following Ref. [6].

The efficiencies for event selection, tracking, and vertexing were evaluated using simulated
event samples produced with the HIJING 2.1 MC event generator using the CMS detector simula-
tion framework. Simulated events were reconstructed in the same way as the collision data.
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The final results were corrected to a particle level selection applied to the MC output, which is
very similar to the data selection described above: at least one particle (proper lifetime 7 > 1078 s)
with E > 3 GeV in the range —5 < 11 < —3 and at least one in the range 3 < 1 < 5.

The track reconstruction used for the measurement extends to pt ~ 0.1 GeV/c by exploiting a
special tracking algorithm [7, 8]. In order to identify particles at low pr an analytical parametriza-
tion [9] was used to approximate the energy loss in the silicon detectors. The method provides
the probability density P(Al|g,l) of energy deposit A, if the most probable energy loss rate € at a
reference path-length /y and the actual path-length / are known. It was used in conjunction with
a maximum likelihood estimation method. For an accurate determination of &, the response of all
readout chips in the tracker was calibrated with multiplicative gain correction factors. The mea-
sured energy deposits were compared to the energy loss parametrization and hit-level corrections
were introduced. The best value of € for each track was calculated with the corrected energy de-
posits by minimizing the joint energy-deposit negative log-likelihood of all hits on the trajectory.
The Iné€ values in (7], pr) bins were used to unfold the particle yields. The full description of the
procedure can be found in Ref. [8].

4. Results

All the results presented here are from Ref. [10]. In order to extrapolate to pr = 0 in transverse
momentum, and to extract yields dN /dy and average transverse momentum (pr) a Tsallis-Pareto-
type distribution [10, 11] was fitted to the data. The (pr) and its uncertainty were obtained by
numerical integration with the fitted parameters.

The pr distributions of positive pions, kaons, and protons together with the Tsallis fits can
be seen in the left panel of Fig. 1. The right panel shows the measurements in comparison to
the predictions of the AMPT 1.26/2.26 [12], EPOS LHC [13, 14], and HIJING 2.1 [15] event
generators. EPOS LHC gives a reasonable description of the data, while AMPT and HIJING predict
steeper pr distributions than observed. The distributions for the negative particles are similar [10].

Particle yields are also studied as a function of event multiplicity. This approach is motivated
by the observation made in Ref. [8]: in pp collisions the particle production seems to be strongly
correlated with event multiplicity rather than with the collision energy. The event multiplicity Nyec
is obtained from the number of reconstructed tracks in the |n| < 2.4 region. The fully corrected
charged particle multiplicity Nycks 1S also determined for each Ny event class.

The multiplicity dependence of the ratio of particle yields and the (pr) is shown in the left and
right panel of Fig. 2, respectively. EPOS LHC provides a reasonable description of the data, while
the other generators significantly underpredict the measured (pr).

The comparison of the the particle yields and average transverse momentum to pp [8] and
PbPb [16] measurements as a function of event multiplicity can be seen in Fig. 3. The ALICE PbPb
data cover a much wider range of Nycks than is shown in the plot. The horizontal band indicates
the diversity of the ALICE results from peripheral to cental collisions. Up to an Nycks == 40 pp and
pPb collisions behave very similarly, while at higher multiplicities the (pr) is lower for pPb than in
pp, but both are higher than the ones measured in PbPb. This behaviour can probably be explained
by having a different mix of soft and hard collisions at a given Nyqcks in the different systems. The
ratios of yields are very similar in pp and pPb collisions.
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Figure 1: Transverse momentum distributions for positive pions, kaons and protons in the range |y| < 1.
The left panels shows the Tsallis fits superimposed on data. The right panel presents the comparisons to MC
predicitions. Error bars indicate the uncorrelated statistical uncertainties, while boxes show the uncorrelated
systematic uncertainties. The fully correlated normalization uncertainty (not shown) is 3.0%
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Figure 2: Ratio of particle yields (left) and average transverse momentum (right) as a function of event
multiplicity in |y| < 1. Error bars indicate the uncorrelated combined uncertainties, while boxes show the
uncorrelated systematic uncertainties.
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Figure 3: Ratio of particle yields (/eff) and average transverse momentum (right) as a function of event mul-
tiplicity measured in pPb collisions shown in comparison to pp [8] and PbPb [16] data. Error bars indicate
the uncorrelated combined uncertainties, while boxes show the uncorrelated systematic uncertainties. Lines
are drawn to guide the eyes.

Motivated by the success of Boltzmann-type distributions in nucleus-nucleus collisions the
pr distributions were also fitted with a function proportional to prexp(—mr/T’), were T’ is the
inverse slope parameter. This inverse slope parameter as a function of the hadron mass for various
multiplicity bins is presented in Fig. 4. The left panel shows the measured values, while the right
panel presents the MC expectations. The linear dependence displayed by data is not reproduced
by the MC models. The models predict a flat or slowly rising behavior as a function of mass and
only limited changes with track multiplicity. In case of nucleus-nucleus collisions the linear trend
is attributed to the effect of radial flow velocity boost [1]. However, interestingly both pp data and
pp MC generators [8] show features very similar to those observed in the pPb data.
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