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Abstract

Quarks and gluons which are thought to be a elementary particle are confined in the nucleon, and
it is impossible to extract only quark from the nucleon. However they are freed from confined state
with a condition of extreme high temperature and high density. There was the high temperature
and dense condition immediately after the big bang of the birth of the universe, and quarks and
gluons could move around freely. This state is called Quark-Gluon Plasma (QGP). A high-energy
heavy-ion collisions experiment can create the QGP experimentally. Particles passing through the
QGP lose energy by the strong force. In the results, produced particles are modified their own
yields.

Strong suppression of high-pr particles has been observed in heavy-ion collisions at LHC energies,
which can be interpreted by invoking various processes involving transport properties of the QCD
medium and initial-state effects. Proton-nucleus (p-A) collisions are intermediate between proton-
proton (pp) and nucleus-nucleus (A-A) collisions in terms of system size and number of produced
particles. Comparing particle production in pp, p-A, A-A reactions has frequently been used to
separate initial-state effects of colliding nuclei from final-state effects in quark matter created by
the collisions. The study of neutral meson production in proton-lead (p-Pb) collisions at /sy~
= 5.02 TeV is of importance to confirm that the strong suppression observed in central lead-lead
(Pb-PDb) collisions is a final-state effect of the produced hot and dense medium.

This paper will presents 70 and 7 meson production in p-Pb collisions at /sxy = 5.02 TeV and
nuclear modification factor (Rppp,) for 7 from the LHC-ALICE experiment for the first time. The
7° meson is measured in pr range of 0.3 — 20 GeV/c via completely methods, using the ALICE
electromagnetic calorimeters, PHOS and EMCal, and by the central tracking system, identifying
photons converted into eTe™ pairs in the material of the inner barrel detectors, TPC and ITS,
called photon conversion method (PCM) In addition, PCM via y-Dalitz decay channel is denoted
as PCM-Dalitz. The n meson is measured in pp range of 0.7 — 20 GeV /¢ via EMCal and PCM.

The 7° and 7 meson final spectra are achieved via combination of individual analyses with weight
according to their uncertainties. Both 7° and 1 meson invariant yields are a nice agreement by the
Tsallis fit and all measurements are consistent with each other within the uncertainties. EPOS3
event generator based on hydrodynamical calculation reproduces well in the almost entire p region
for 70 and intermediate-pr region for 1 meson.

The n/7° ratio increases at pr < 4 GeV/c and arrives a plateau of 0.47 + 0.02 at pt > 4 GeV/e. Tt
is consistent with the ALICE pp and Pb-Pb measurements and the world results. The mr scaling
for the n/7° ratio is good description at pt > 4 GeV/e, but discrepancy is observed in low-pr
region. The EPOS3 generator is good reproduction for data in low-pr region and is closer than the
mr scaling prediction. But it fails to reproduce data in high-pt region.

The 7° nuclear modification factor in p-Pb collisions (Rppp) increases with pr in low-pr region
and consists with unity at pr > 2 GeV/c. It is not observed particle yield suppression as observed
in Pb-Pb collisions. In addition, the 7° nuclear modification factor in p-Pb collisions at LHC energy
and in d-Au collisions at RHIC energy have no obvious difference. Theoretical model via using
EPS09s NLO calculations and CGC model calculation are able to describe Rppy,. These results
provide direction that strong suppression of high-pt 7% observed in Pb-Pb collisions comes from
final-state effects due to parton energy loss in the hot QCD medium rather than initial-state effects.
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Chapter 1

Introduction

Quantum Chromodynamics (QCD) predicts a phase transition at heavy-ion collisions from
hadronic matter to a deconfined state of quarks and gluons called Quark-Gluon Plasma (QGP) [1].
Hadrons with high transverse momentum (pr) are produced from the fragmentation of hard scat-
tered quarks or gluons in high-energy heavy-ion collisions. Quarks and gluons interact strongly
with the QGP and lose energy in the process of pass through the medium. This phenomena called
“jet quenching” depletes hadron production at high-pt. The study of high-pt hadron production
is essential to investigate the properties of the QCD medium created in heavy-ion collisions.

Neutral mesons, 7 and 7 meson, are produced from parton fragmentation in the QCD vacuum
in proton-proton (pp) collisions. The neutral mesons measurement is important for test of pertur-
bative QCD (pQCD) predictions and understanding particle production. On the other hand, the
measurements in lead-lead (Pb-Pb) collisions are studied for interpretation of the hadron suppres-
sion and parton energy loss in the QGP. Strong suppression of high-pt 7" has been observed in
central Pb-Pb collisions at /sy = 2.76 TeV [2]. This suppression observed at LHC is stronger than
at RHIC or at SPS [3-5]. However the suppression mechanism can be explained by various processes
involving transport properties of final-state effects like the hot QCD medium and the initial-state
effects because the heavy-ion collisions include both effects of initial-state and final-state. The pp
collisions characterize production process in the absence of both initial and final-state effects, and
proton-lead (p-Pb) collisions characterize the process in absence of only final-state medium effects.
So studies in p-Pb collisions which are intermediate between pp collisions and heavy-ion collisions
in terms of system size and number of produced particles, are important to disentangle the sup-
pression comes from initial condition of colliding nuclei of final-state effects in Pb-Pb collisions [6].

1.1 Quark Gluon Plasma (QGP)

The big bang theory says the universe was created about 137 hundred million years ago by the
big bang expanded rapidly (called inflation). It had been state of high temperature and energy
density in early time on the creation of the universe after the inflation. Then, quark pair, gluon,
photon and lepton were generated and the universe at present was formed in this manner. In this
high temperature and energy density state, quark and gluon could move about freely and the state



History of the Universe

z

& 5 3 ANE
- ey

<

1ss0d

: Inﬂatlol‘ gq\g-zz
D a m

A [\ (€]

e}

W sjuep 0|

Ty
9
17
g
y
_K
T_
q

QD
=
@
2
29
&

a
< °
IQ1s)
"SIN Uoneipe; semoson WSO

@
< x

W, Z bosons  \/\; photon
4% meson # galaxy
g gluon e e baryon

star
e clecton oo on  ME

Ll muon Ttau
o atom @@ black
V neutrino hole | Particle Data Group, LBNL, © 2013.  Supported by DOE and

Figure 1.1: History of the universe [7]

is called Quark-Gluon Plasma (QGP). History of the universe is shown in Fig.1.1. It is important
to study of the matter state on high temperature and energy density in early time on the creation
of the universe in order to understand evolutional process of the universe.

It is considered quark and gluon are elementary particle, and it can’t take out them independently
according to the QCD. It is impossible to generate QGP in common temperature and energy density
to the property of quark confinement. The way of break confinement is achieving high temperature
and/or high energy density. Figure 1.2 presents the QCD phase diagram. The high-energy heavy-
ion collisions experiment is only way to be able to generate QGP by artificial means.

The lattice QCD calculations predict that the phase transition to the QGP state occurs at a
critical temperature, 7., of about 200 MeV. Figure 1.3 shows the theoretical calculation of the
entropy density s/T2 as a function of temperature 7' [9]. The entropy density increase stepwise the

deconfinement of the matter.

1.2 High-energy heavy-ion collisions

High-energy heavy-ion collisions are powerful and unique tool to study strongly interacting matter
at a high temperature and densities which is predicted by QCD a phase transition from hadronic

matter to a deconfined state of quarks and gluons called QGP.
The first heavy-ions acceleration at CERN which is derived from the acronym for the French

“Conseil Européen pour la Recherche Nucléaire” or European Council for Nuclear Research, has
been started with Super Proton Synchrotron (SPS) in 1986 to study possibility of QGP. The SPS
accelerated protons and lead ions, and achieved collision energy in pp collisions at /s = 450

10
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GeV and in Pb-Pb collisions at /snn = 158 GeV with fixed target experiment. J/1 suppression
measured in Pb-Pb collisions at SPS suggested production for deconfinement state of quarks and
gluons. Relative Heavy Ion Collisions (RHIC) at Brookhaven National Laboratory (BNL) is the
first colliding beam accelerator which accelerates protons, deuterons, copper ions and gold ions up
to in pp collisions at /s = 510 GeV and in gold-gold (Au-Au) collisions at /sxy = 200 GeV.
Many kinds of signatures such as suppression of high-pr particle (jet-quenching) and azimuthal
anisotropy (elliptic flow) at RHIC indicated evidence for QGP generation. However there remains
many unknown puzzles. Large Hadron Collider (LHC) at CERN which has started operation from
2009, has energy region of TeV scale about 10 times higher energy than RHIC. The heavy-ion
experiment at LHC enables us precise measurement and provides quantitative understanding to
figure out the properties of QGP.

1.3 Time evolution of heavy-ion collisions

This section describes collisions geometry and time evolution for high-energy heavy-ion collisions
(Fig.1.4). Before the collisions, the two nuclei accelerated to near the light speed are compressed into
a pancake shape due to the Lorentz contraction. High-pt particles and heavy quarks are produced
in hard interaction by partons scattering at the instant of the collisions. After the collisions, the
nuclei with extremely high energy sneak through each other. The space after sneaking through
reaches a high temperature and energy density. In this state, quarks and gluons are freed from
confinement of nucleon and can move freely named QGP which is formed immediately after the
collisions (7 ~ 1 fm/c). Subsequently the hot and dense medium starts to expand and cools down
with expansion. The medium is converted to hadronic state by formation of a large amount of
hadrons, when the temperature becomes lower than the phase transition value. The hadronization
happens at ~ 10 fm/c. These hadrons undergo inelastic and elastic collisions during the hadronic
evolution. When the inelastic collisions cease, the hadron abundances are fixed (chemical freeze-
out). When the elastic collisions cease, the momentum distributions of the various hadrons is
determined defined as thermal freeze-out (or kinematic freeze-out).

Time —>
Initial  Energy Stopping Hydrodynamic Hadron
State Hard Collisions Evolution Freezeout

Figure 1.4: The time evolution of a high-energy heavy-ion collisions [10]
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1.4 Nuclear Matter effects

Proton-nucleus collisions are effective to scrutinize cold nuclear matter (CNM) effects which mod-
ifies nuclear parton distribution functions (nPDF). The CNM effects contain cold nuclear matter
energy loss, gluon saturation, gluon shadowing and so on. Measurement of hadron production with
a wide pr range in p-Pb and Pb-Pb collisions are essential to constrain gluon shadowing at region
of small values of the longitudinal parton momentum fraction .

The shadowing is an apparent depletion of the structure function in the nucleus at small x (x
< 1072) as compared to the corresponding nucleonic ones. The structure function ratio of nuclei
relative to deuterium, Rﬁ = F2A / FQD , is expressed in terms of nuclear parton distributions by the
lowest order relation in the QCD improved parton model. The nuclear effects for each flavour in
the parton distributions are defined by following formula,

A 0N fi/A($7Q2)

R @Y = Ao (L.1)
where f; is parton distribution function in the free proton of the each flavour ¢ [11]. The functions
are formed to explain Bjorken scaling in deep inelastic scattering (DIS) data. As illustrated in
Fig.1.5, it roughly indicates which z-regions are meant by the commonly used terms. For FQA <
FP (f; /4 < fi), the ratio is smaller than unity, R}, <1 (R < 1). This depletion is known as
shadowing at < 107!, The ratio is larger than unity, RéQ >1 (Rf‘ > 1), by a few percent; this
enhancement is sometimes called anti-shadowing at @ ~ 107! [12]. This effect is usually attributed
to coherence effects or to gluon saturation. The gluon saturation refers to the nonlinear dynamics
of gluons at small z where due to large densities, they tend to fuse rather than split. The Color
Glass Condensate (CGC) model [13,14] is a classical description of this saturation effect.

The CGC model describes properties of the gluon saturated state which occurs at the high energy.
The function of gluon is to confine quarks to the nucleon by binding with strong force. However, the
gluons are generated in large amounts in the nucleon as energy increases to the LHC energy. Then
the nucleon becomes saturated state of gluons with high density, called Color Glass Condensate.

The CNM effects can be studied via nuclear-modified parton distribution functions in collinearly
factorized pQCD calculations. The recent version of nPDF obtained by global fits at next-to-
leading order (NLO) to DIS, Drell-Yan, or 7° RHIC data are EPS09 [15], EPS09s [16], HKNO7 [17],
nDS [18] and nCTEQ15 [19]. The CGC theory provides agreement in results in p-A (d-A) collisions
measured by LHC (RHIC), like charged particle multiplicity density or yield suppression relative
to pp collisions. It is suggested to be realized in high-energy heavy-ion collisions since z ~ 1072
at RHIC and x ~ 5 x 10~ at LHC. Cronin effect [20], be also called pr broadening, is an
enhancement of particle yield in p-A collisions compared to the binary collisions scaled pp results
at intermediate-py (pr ~ 4 GeV/c) region due to multiple interactions which is that incoming
(soft) partons, both quarks and gluons, undergo multiple scatterings with surrounding nucleons via
soft gluon exchanges, in nuclear matter [21]. This effect brings about a nuclear modification factor
above unity at intermediate-p [22].

The EPS09s is a framework of the spatial dependence of the nPDF. Both the LO and NLO cases
have been considered, and with EPS09 the spatial dependence has been extracted also for all the
30 error sets. The spatial dependence is introduced in terms of powers of the nuclear thickness
functions T4 (s) which gives the total amount of nuclear matter in a colliding nucleus A in the beam
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Figure 1.5: The ratio of nuclear parton distribution to nucleon as function of fraction x [15]

direction z at a transverse position s based on the Woods-Saxon distribution [16]. The collision
geometry assumes the Glauber model [23].

Final-state effects in p-A collisions may origin from energy loss or interactions between the final-
state particles in a possible collective expansion. The detail study of identified particle spectra in
a broad pr range is useful to constrain theoretical models that try to reproduce measured spectra.
The EPOS3 theoretical model [24] based on a viscous hydrodynamical evolution starting from flux
tube initial conditions including radial flow in p-Pb collisions describes better the identified particle
pr spectra for all multiplicity classes than models without flow. This model can be additionally
tested against 70 and 7 meson.

1.5 Photon and neutral meson measurement

A huge number of charged and neutral hadrons, leptons and photons are produced in high energy
nucleus collisions. In various particles, photon measurement is one of the important because photons
in high-p, called prompt photon, prevail for validation of perturbative QCD (pQCD), and photons
in low-pr, called thermal photon, become a probe to convey information of initial-state for QCD
matter such as QGP. The advantages of photon measurement are directed probe to propagate
purely informations of collision process because the photon does not participate strong interaction.

Prompt photon
The prompt photon is generated in early state of collisions. Generation origin is hard scattering,
the quark-gluon compton scattering (¢+ g — ¢+ ), quark-antiquark annihilation (¢+¢ — g +7)
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and so on. The Feynman diagrams are shown in Fig.1.6. These generation ratios are calculated by
pQCD.

(a) (b)

Figure 1.6: Feynman diagrams of prompt photon production by a) quark-gluon compton scattering
and b) quark-antiquark annihilation [25]

Thermal photon
The thermal photon is generated in thermal radiation of QGP. This radiation ratio is shown in

following:
dR 5 oo T%‘%n(zgw E

i 1.2
d3p 9 an? g° T) (12)

This equipment indicates that the thermal photon exists with e T in low-pr region [26]. This
distribution is important for measuring temperature of QGP. However thermal photon measurement
is so difficult on enormous background.

Decay photon

The decay photon is generated by decay of hadron reasonable state. This photon constitutes about
90 % of total photons and its main origin is decay photons from 7 and 7 meson. Therefore it is of
importance to understand generation mechanism of decay photon and the understand is necessary
for thermal photon measurement. The properties of 7 and 1 meson are shown in Tab.1.1.

0

™ n
Mass (MeV/c?) 134.9766 + 0.0006 547.862 + 0.017
14(J°¢) 1=(0=%) 0+ (0=)

Decay mode (BR) vy (98.823 + 0.034) % vy (39.41 £ 0.20) %
ete ™y (1.174 £ 0.035) %

Table 1.1: Properties of neutral mesons [27]
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1.6 Experimental results

1.6.1 Hadron measurement at RHIC

Experimental results indicating production of QGP was confirmed at STAR and PHENIX. STAR
and PHENIX are one of the experiments with Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL), and performs heavy-ion collisions, such as copper (Cu), gold (Au) and
SO On.

The STAR experiment has measured azimuthal particle yields in pp, d-Au and Au-Au collisions.
When hot medium is created in heavy-ion collisions, nucleon and other hadrons passing through in
the medium have strong interaction and their momentum are changed due to parton energy loss.
Therefore measured momentum spectrum in heavy-ion collisions is modified relative to pp collisions
(Fig.1.7). Schematic diagram of a hard scattering particles in pp and Pb-Pb collisions is shown

0.2 h*+h * d+Au FTPC-Au 0-20% (@) |
- | A d+Au min. bias .

02 — p+p min. bias (b) i
- 1l *  Au+Au central §

(1 -"Ntrigger) dN/d(A¢)

Ad (radians)

Figure 1.7: Two-particle azimuthal distributions in pp, d-Au and Au-Au collisions [28]

in Fig.1.8. In pp and d-Au collisions, the azimuthal particle yields have clear two jet-like peaks.
Jets are observed both near-side and away-side because jet is generated back-to-back direction by
two-body scatter and fragmentation of hard partons. On the other hand, in Au-Au collisions, the
azimuthal yields of away-side are suppressed relative to pp and d-Au collisions. The away-side peak
is vanished due to jet modification effects in the medium [28].
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Figure 1.8: Schematic diagram of a hard scattering particle in pp collisions and Pb-Pb collisions

PHENIX has measured the 70 yields and has observed suppression of the 7° yields in central
(Centrality 0 — 10 %) Au-Au collisions at /sy = 39 GeV, 62.4 GeV and 200 GeV as compared
to measurement in pp collisions with same centre-of-mass energy [3,4]. This suppression can be
described for the same reason with jet modification as before. The modification of the spectrum is
presented quantitatively using nuclear modification factor Raa.

Nuclear modification factor Raa
Raa is given as ratio of the measured invariant yields in nucleus-nucleus collisions to binary
collision scaled the invariant yields in pp collisions, defined as:

dQN/dedy\AA
TAA> X C].Q(J'/dedy’pp7

where d?N /dprdy|aa is the invariant yields measured in heavy-ion collisions and d?¢/dprdy|yp is
the cross section measured in pp collisions [29]. The nuclear overlap function (Thp) is related to
the average number of inelastic nucleon-nucleon collisions defined as:

(Taa) = (Neon) /o™, (1.4)

where (Ngopn) is the number of binary nucleon-nucleon collisions given from Glauber Monte Carlo
simulation [30,31] and oy, is the production cross section in pp collisions. The Raa measures the
deviation of nucleus-nucleus data from an incoherent suppression of binary collisions. When Ra 4 is
less than unity, it indicates interaction between nucleon and produced QCD matter such as QGP.
When R4 is consistent with unity, it indicates that the particle production yields can be explained
by superposition of production yields in pp collisions and medium is not produced.

(1.3)

Raa(pr) = <
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Suppression of high-pr 7° at RHIC energy

The nuclear modification factor in Au-Au collisions Rpuay for 7° at RHIC energy is presented in
Fig.1.9 and 1.10. Figure 1.9 shows 7 Rauau at VSNN = 200 GeV with different centrality classes.
The Rauauw becomes small with more central collisions and reaches 0.2 in 0 — 10 % centrality at pr
> 5 GeV/c. Figure 1.10 shows 7° Raua, averaged for pr > 6 GeV/c as a function of the number of
participants with three different centre-of-mass energy. It indicates that 7° yields at V/SNN = 62.4
and 200 GeV are similar suppression at high-pr. This suppression is stronger than that at /sy
= 39 GeV. These results lead us one of suggestions that particles have energy loss caused by the
dense QCD medium.
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Figure 1.9: Nuclear modification factor of 7° in Au-Au collisions at \/sxy = 200 GeV [3]
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Figure 1.10: Nuclear modification factor of ¥ in Au-Au collisions with different centre-of-mass
energy [4]

1.6.2 Neutral meson measurement at LHC

This section summarizes experimental results for neutral mesons measurement at LHC. The
ALICE experiment measures neutral meson yields in pp and Pb-Pb collisions at TeV energy region.

Neutral meson yields in pp and Pb-Pb collisions

The ALICE experiment has measured the 7 and 7 meson invariant yields in pp collisions at /s
=0.9, 2.76, 7 and 8 TeV and /s = 0.9, 2.76 and 7 TeV, respectively [2,32,34]. The invariant yields
in pp collisions shown in Fig.1.11, are described by NLO pQCD predictions which is MSTW parton
distribution functions (PDFs) and DSS14 fragmentation functions (FF) describing hadronization
process of quark, for 7%, and CTEQ6M5 PDFs and AES FF for 1 meson. The ratio of data
corresponding to fit is presented in the bottom panel in Fig.1.11. It is reasonable agreement
between data and NLO pQCD predictions for /s = 0.9 and 2.76 TeV. But discrepancy between
data and pQCD predictions increases with increasing pr and centre-of-mass energy. In addition
to neutral mesons measurement in pp collisions, ALICE has measured 7% and 7 meson yields in
Pb-Pb collisions at /sy = 2.76 TeV (Fig.1.12 and 1.13) [2,33,34]. Figure 1.12 shows 7° invariant
yields produced in pp collisions in 2011 LHC run and Pb-Pb collisions in 2010 LHC run with six
centrality classes, 0 —5 %, 5 — 10 %, 10 — 20 %, 20 — 40 %, 40 — 60 % and 60 — 80 % [2]. Clear
modification of the spectrum is seen in the central Pb-Pb collisions.

Figure 1.13 shows the 7¥ and 7 meson invariant yields in Pb-Pb collisions in 2011 LHC run
[34]. The 2011 data has about 10 times as much statistics as the 2010 data and it leads us
7° measurements with a wide pr range up 20 GeV/c and first 7 meson measurement in Pb-Pb
collisions at the LHC. The 7 and 1 meson yields are compared to scaled NLO pQCD calculations
with MSTW PDF's and different FFs, DSS14 for 7° and DSS07 for 1 meson, and both measurements
are suppressed respect to NLO pQCD calculations [35].
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Figure 1.11: Cross section of 7 in pp collisions with four centre-of-mass energies (left) and cross
section of 77 meson in pp collisions with three centre-of-mass energies (right), and compared to NLO
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Figure 1.12: The 7° invariant yields in pp collisions (2011 LHC run) and in Pb-Pb collisions (2010
LHC run) at \/syn = 2.76 TeV with six centrality classes

The n/7 ratios are calculated in pp collisions at two centre-of-mass energies, /s = 2.76 and
7 TeV (Fig.1.14) and Pb-Pb collisions at /syy = 2.76 TeV (Fig.1.15). All ratios grow in low-pr
region (pr < 3 GeV/c) and reach a plateau of about 0.5 above 3 GeV/c. The pQCD calculations
which use CTEQ6M5 PDFs, and DSS FF for 7 and AEF FF for 1 meson, describe data in pp
collisions in Fig.1.14. The ratios measured at ALICE is compared to world results in pp collisions
at all energies from 13.8 GeV to 200 GeV measured at RHIC or at SPS in Fig.1.16 and is consistent
with others. Figure 1.15 shows the /7 ratio measured in Pb-Pb collisions with two centrality
classes [34]. It is compared to pp measurement [32] and K* /7% ratio measurement in central
Pb-Pb collisions at the same centre-of-mass energy [36]. The n/7" ratio in Pb-Pb collisions is
comparable value and similar behavior with that in pp collisions and K* /7% ratio. The pQCD
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Figure 1.13: Invariant yields in Pb-Pb collisions (2011 LHC run) at \/sxy = 2.76 TeV for 79 (left)
and for 7 (right)

NLO calculations at high-pt with energy loss reproduce the data.

Strong suppression of high-pt 7 at LHC energy

Strong suppression of high-pt 7° is observed in Pb-Pb collisions (Fig.1.17 and 1.18). ALICE has
measured 7° nuclear modification factor defined by Eq.1.3 with six centrality classes. Figure 1.17
shows 7m0 Raa at three centrality classes, 0 — 5 %, 20 — 40 % and 60 — 80 %. Measured Raa at
all centrality classes have a maximum around 1 — 2 GeV /¢, decrease with pp and reach a constant
value in high-pp region. In peripheral collisions (60— 80 %) moderate suppression (Raa ~ 0.5—0.7)
is observed. The suppression becomes stronger with increasing pr and the strongest suppression
(Raa ~ 0.1) with no pr dependence at pr > 5 GeV/c is observed in most central collisions (0 — 5
%). The difference of centre-of-mass energy in 79 Raa is shown in Fig.1.18. The Raa measured at
LHC (ALICE collaboration, Pb-Pb collisions at /sy = 2.76 TeV) is compared to that measured
at RHIC (PHENIX collaboration, Au-Au collisions at \/snn = 39, 62.4 and 200 GeV) and at SPS
(WA98 collaboration, Pb-Pb collisions at /sxy = 17.3 GeV). Decreasing Raa with increasing
centre-of-mass energy is observed and the suppression at LHC is stronger than others.

1.6.3 Direct photon measurement

Direct photon spectra in Pb-Pb collisions at /syy = 2.76 TeV for 0 — 20 %, 20 — 40 % and
40 — 80 % centrality classes compared to pQCD NLO calculations is shown in Fig.1.19. An excess
of direct photon at the low-pr region, pp < 4 GeV/c, is observed in central and mid-central
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collisions with respect to the pQCD predictions. The excess in central collisions is larger than that
in mid-central collisions and this excess might be related to thermal photons. The inverse slope
for the excess reflects effective temperature averaged over the different temperatures during the
space-time evolution of the medium. The low-pT region is selected in order to extract the slope
parameter because the prompt photons contributions are small. Remaining excess yield is fit with
an exponential function (o< exp(-pr/Tefr)) after subtraction of pQCD component. The extracted
inverse slope parameter is T5§P" = 297 4 1251t + 4155% MeV in the range 0.9 < p < 2.1 GeV//c for
the 0 — 20 % centrality class. In the case of extraction without the subtraction of pQCD photons,
the inverse slope parameter is Tog = 304 4 1153t 4 405Vt MeV for the 0 — 20 % centrality class
(Fig.1.20) [37]. The direct photon spectra are compared with results in Au-Au collisions at /sNn
= 200 GeV at RHIC-PHENIX measurements with two centrality classes in Fig.1.20. In the central
collisions, the ALICE results have larger slope parameter than the PHENIX results (T.g = 239 +
255tat 4 75¥5t MeV) [38,39]. This result means that the medium with a higher initial temperature
is created at the larger centre-of-mass energy.

In addition, nuclear modification factor for direct photon is measured in Pb-Pb collisions with
0 — 20 % centrality class (Fig.1.21). At the low-pp region (pr < 6 GeV/c), it is clearly seen the
enhancement corresponding to contributions from thermal photons. On the other hand, at the
high-pr region (pr > 6 GeV/c), although the 7° is strongly suppressed (as described before), the
direct photon is not suppressed and its Raa is consistent with unity. This result provides photons
pass through in the medium without interactions. Therefore these results support the hot medium
created in the heavy-ion collisions has strong interaction.

1.7 Physics motivation

Neutral mesons (7° and 7 meson) are produced from parton fragmentation in the QCD vacuum
in pp collisions. The neutral meson measurement is important for test of the pQCD predictions
and understanding particle production mechanism. On the other hand, the measurement in Pb-
Pb collisions is studied to interpret the hadron suppression and parton energy loss in the QGP.
In addition, the precise 7% and 7 meson measurement over a large pr range is a essential for
understanding the decay photon background for a direct photon measurement.

The ALICE experiment has measured 7° and 7 meson in pp and Pb-Pb collisions. The 7¥ cross
sections measured in pp collisions with various collision energies, /s = 0.9, 2.76, 7 and 8 TeV have
reasonable agreement with pQCD model calculations. The 7° measurement in Pb-Pb collisions
is observed strong suppression at high-pr relative to that in pp collisions. The 7° suppression in
the most central collisions reaches factor of 8 — 10 at a maximum at intermediate-pt region and
that in Pb-Pb collisions at LHC is stronger than in Au-Au collisions at RHIC for all centralities.
This phenomena suggests us creation of the hot and dense QCD matter, e.g. QGP. However, there
are various processes involving transport properties of the QCD medium and initial-state effects
to explain the suppression mechanism. Therefore studies in p-Pb collisions which does not create
the QGP, become important because it is intermediate collisions between pp collisions and Pb-Pb
collisions in terms of system size and number of produced particles.

This thesis reports the 7 and 7 meson measurement in p-Pb collisions at V/SNN = 5.02 TeV. The
70 and 7 meson invariant yields, n/7° ratio and nuclear modification factor for 7° as a function of
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Figure 1.19: Direct photon spectra in Pb-Pb collisions at \/snn = 2.76 TeV with different centrality
classes compared to NLO pQCD calculations [37]
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pr are shown in this paper. These results could support to disentangle particle yield suppression
originating from initial-state effects in the colliding nuclei or from final-state effects in the Pb-Pb
collisions at LHC energies.
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Chapter 2

Experimental setup

2.1 LHC accelerator

Large Hadron Collider (LHC) is a two-ring-superconducting-hadron accelerator and collider, which
exists under the ground of border between France and Switzerland. It is the largest accelerator in
the world installed in the 26.7 km long circular. It is designed to collide protons with a centre-
of-mass energy of 14 TeV (y/s = 14 TeV) and an unprecedented luminosity of 103%cm=2s7!. It
can also collide heavy ions with an energy 2.8 TeV per nucleon (y/sny = 2.8 TeV) and a peak
luminosity of 102’ecm~2s~! [40]. The LHC had run from 2009 and ALICE took physical data of pp
collisions at /s = 900 GeV. It took data of pp collisions at /s = 2.76, 7 and 8 TeV and Pb-Pb
collisions at \/sNn = 2.76 TeV from 2010 to 2013. In addition, data of p-Pb collisions at \/sny =
5.02 TeV was taken in beginning of 2013.

The protons stripped atoms of their electrons by electric field at Linear accelerator 2 (Linac
2) which is the starting point for the protons used in experiments at CERN. The protons are
accelerated by the Linac 2 to the energy of 50 MeV (first acceleration in the chain), and then enter
the Proton Synchrotron Booster (PSB). The beams of protons are accelerated to energy of 1.4 GeV
at PSB, and injected to the Proton Synchrotron (PS) which gains to 25 GeV. After that protons
are carried to the Super Proton Synchrotron (SPS) which accelerates them to 450 GeV. Finally,
the protons are sent to the two ring beam pipe of the LHC. This is accelerator chain in the CERN.
On the other hand, lead ions start from Linac 3 and enter the Low Energy Ion Ring (LEIR) which
transforms them from long pulses into the short and dense bunches suitable for injection to the
LHC. The lead ions beams are moved to PS and then they follow the same route as the protons [42].

2.2 The ALICE experiment

ALICE (A Large Ion Collider Experiment) is an experiment at the LHC. The ALICE experiment
is designed to address the physics of strongly interacting matter and QGP at extreme values of
energy density and temperature in nucleus-nucleus collisions. The ALICE detector is built by a
collaboration including currently 1600 members from 164 institutes 41 countries [43]. The AL-
ICE apparatus has overall dimensions are 16 x 16 x 26 m? with a total weight of approximately
10000 t. The seventeen ALICE detector systems fall into three categories, central barrel detec-
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Figure 2.1: CERN’s accelerator complex [41]
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tors, forward detectors and the muon spectrometer. The central barrel detectors include Inner
Tracking System (ITS), Time Projection Chamber (TPC), Transition Radiation Detector (TRD),
Time Of Flight (TOF), PHOton Spectrometer (PHOS), Electro-Magnetic Calorimeter (EMCal)
and High Momentum Particle Identification Detector (HMPID). The forward detectors include the
Photon Multiplicity Detector (PMD) and the silicon Forward Multiplicity Detector (FMD), quartz
cherenkov detector (T0) and Zero Degree Calorimeter (ZDC).

ZDC
-116m from LP,

~’“‘~;»

Figure 2.2: The ALICE detector

2.3 Detector Description

2.3.1 PHOS (PHOton Spectrometer)

PHOS (PHOton Spectrometer) [45,46] which is developed communally by the quark experimental
laboratory at the Hiroshima University and the Russian group, is an electro-magnetic calorimeter
designed to measure energy and hit coordinates of photons and electrons (Fig.2.3). During the
LHC-Runl (2009 — 2013), PHOS is installed 3 modules at a distance of 4.6 m from the ALICE
interaction point and covers |n| < 0.13 in pseudorapidity and the acceptance of 260° < ¢ < 320°
in azimuthal angle. Each module has 3584 detection channels in a matrix of 64 x 56 cells. Each
detection channel consists of a 2.2 x 2.2 x 18 cm? lead tungsten, PbWO, (PWO), crystal coupled
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to an Avalanche Photo Diode (APD) and a low-noise Charged-Sensitive Preamplifier (CSP) shown
in Fig.2.4. The PWO crystal size has been chosen to be almost equal to the Moliere radius (2
cm). The height of the crystal (18 cm) corresponds to 20 radiation lengths. PHOS operates

Figure 2.4: PWO crystal (left) and APD mounted on the preamplifier (right)

at a temperature of —25°C which the yield of PWO crystal will be increased by about a factor
of 3 compared to room temperature (20°C) and furthermore the electronic noise of the photon
detector will be reduced. The result is reported in Fig.2.5. Both effects will lead to improved
energy resolution. We have chosen —25°C as the working temperature for the PHOS, which can
be obtained easily and economically. APD has active area of 5 x 5 mm?. The spectral response
exhibits a maximum at around 600 nm with a quantum efficiency around 85 %. The CSP on a
printed circuit board of area 19 x 19 mm? is mounted to the back side of the APD. It is supplied
from 412 to —6 V with power consumption of 64 mW.

Energy and position of incoming particles are reconstructed from the amplitudes of signals
in the cells measured by the front-end-electronics (FEE). Photon and electron measurement uses
interaction between in the crystal by electron-positron pair production and bremsstrahlung. This
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interaction is forbidden to react in the vacuum and is permitted to react by grace of Coulomb
field in the nucleus. The pair production reacts when photon energy exceeds sum of the mass
of electron 2m.c?. The incident high energy photon in PHOS generates electron and positron by
pair production and they generate secondary photons by bremsstrahlung. The secondary photons
generate electron-positron pair. This process continues so far as their energies become small less
than ionization energy. This phenomenon is called electro-magnetic shower. Light yield in crystal
increases via iteration of pair production and bremsstrahlung and is proportionate to incident
photon. Energy of the incident photon is measurable to detect all photons generated by electro-
magnetic shower.
The energy resolution can be parameterized as

R a\?2 b \? 9 91

= = — - c .

5=\ (5) (@) * (2.1)
where energy F is in GeV, and a represents noise term dominated at the low-pt region, b represents
stochastic term due to characteristic of detector dominated at the high-pr region, and constant
term c is due to readout inhomogeneity and calibration error. These parameters are determined as
follows by electron beam tests with PHOS prototype for a 3 x 3 detector array, a = 0.0130 £ 0.0007

GeV, b=0.036 £ 0.002 vGeV, and ¢ = 1.12 £ 0.3 % (Fig.2.6) [47].
The position resolution can be parameterized as

A
Oy 7B + B. (2.2)
The result of beam tests found A = 3.26 mm and B = 0.44 mm (Fig.2.7). The resulting two-photon
invariant mass resolution at the 7° peak is 3.5 %.
The dynamic range (0.005 — 80 GeV) is achieved by selecting an appropriate detector length
that minimizes shower leakage for the highest particle energies without deteriorating the energy
resolution for the lowest particle energies due to light attenuation.
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2.3.2 EMCal (Electro-Magnetic Calorimeter)

EMCal is a lead-scintillator sampling electro-magnetic calorimeter [48]. The EMCal covers pseu-
dorapidity range of |n| < 0.7 and azimuthal coverage of 80° < ¢ < 180°. Super modules are installed
10 full size with size of Anp = 0.7 and A¢ = 20°, and 2 one-third size with size of An = 0.7 and
A¢ = 7°. The full size super module is assembled from 12 x 24 = 288 modules and the one-third
size super module is assembled from 4 x 24 = 96 modules. Each module contains 2 x 2 = 4 towers
built up from 76 alternating layers of 1.44 mm Pb absorber and 77 layers of 1.76 mm scintillating
materials which are penetrated by wavelength shifting fibers. The EMCal consists of 12288 towers
(1152 towers per the full size super module and 768 towers per the one-third size super module)
which are approximately projective in 1 and ¢ to the interaction point. The front face dimensions
of the towers are 6 x 6 cm? which is chosen to be about twice as large as the Moliere radius and the
cell length is 20 radiation lengths. Photons and electrons hitting the surface of the EMCal produce
an electromagnetic shower which spreads out in longitudinal and transversal direction, depositing
energy in multiple towers. Clusterizer algorithms are used to reconstruct the total energy of the
impinging particle.

Figure 2.8: EMCal overview [48]
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2.3.3 ITS (Inner Tracking System)

ITS [49] consists of six layers of silicon detectors and is located directly around the interaction
point covering full azimuth. The two innermost layers are formed by the Silicon Pixel Detectors
(SPD) positioned at a radial distance of 3.9 cm and 7.6 cm, followed by two layers of Silicon Drift
Detectors (SDD) at 15.0 cm and 23.9 cm, and two layers of Silicon Strip Detectors (SSD) at 38.0 cm
and 43.0 cm. While the two SPD layers cover a pseudorapidity range of || < 2 and |9ap| < 1.4,
respectively, the SDD and SSD subtend |n.p| < 0.9 and |map| < 1.0, respectively. The geometrical
dimensions and the technology used in the various layers of the ITS are summarized in Tab.2.1.

The ITS provides information for determination of the primary vertex and the secondary vertices
for the charm and hyperon reconstruction, track reconstruction and particle identification.

SSD

SDD

SPD

Figure 2.9: ITS overview [45]

Layer  Type r(cm) 4z(cm)  Area(m?) Ladders  Total channels

1 pixel 4 16.5 0.09 80 5242880
2 pixel 7 16.5 0.18 160 10485760
3 drift 14.9 22.2 0.42 14 43008
4 drift 23.8 29.7 0.89 22 90112
5 strip 39.1 45.1 2.28 34 1201152
6 strip 43.6 50.8 1.88 38 1517568

Total area = 6.74 m?

Table 2.1: Dimensions of the ITS detectors (active area) [45]
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2.3.4 TPC (Time Projection Chamber)

TPC is the main tracking detector in the central barrel of the ALICE experiment and is a large
cylindrical drift detector filled with a Ne/CO2 (90/10%) gas mixture during the period of this
data taking. It covers a pseudorapidity range of |np| < 0.9 over the full azimuthal angle for the
maximum track length of 159 reconstructed space points. With the magnetic field of B = 0.5
T, the TPC provides track finding with efficiency larger than 90 %, charged particle momentum
measurement with resolution better than 2.5 % for electrons at pt ~ 4 and particle identification
via the measurement of the specific energy loss (dE/dz) with a resolution of 5.5 %.

The combination of the different analysis methods leads to the benefit of a direct independent
crosscheck of the results. Additionally, all advantages of the different methods are combined, like
the good momentum resolution of PCM at low-pt or the higher pt reach of calorimeters.

HV electrode (100 kV)

Inner and Outer
Containment Vessals
(150 mm, CO,)

field cage

readout chamber

Endplates housing |
2x2x 18 MWPC ... (R}

= 845 < r < 2466 mm
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« gas volume 95 m*

= 557568 readout pads

Figure 2.10: TPC overview [50]

2.3.5 VO detector

The VO system consists of two plastic scintillator arrays with read out via optional fibers (V0-A
and V0-C) [51]. The V0-A and VO0-C are located in 2.8 < n < 5.1 and —3.7 < n < —1.7, respectively.
Each of the V0 arrays is segmented in four rings in the radial direction, and each ring is divided
in eight sections in the azimuthal direction. The main functionality of the VO system is to provide
the luminosity, particle multiplicity, centrality and event plane direction in heavy-ion collisions. An
additional function is to contribute to the monitor LHC beam conditions and to the rejection of
asymmetric beam-gas events, although the modest timing performance of this detector (= 0.6 ns)
does not yield precise vertex or event timing information.
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Chapter 3

Analysis

3.1 Run selection

This paper presents the 70 and 1 meson measurements in p-Pb collisions at VSNN = 5.02 TeV
collected in the beginning of 2013. Run periods are LHC13b, reconstruction pass3, and LHC13c,
reconstruction pass2, the run list is shown in Appendix 1.

Data taking and detector condition may evolve with time. It is important to estimate the periods
when the PHOS detector and data taking conditions are stable. In particular, the bad channel list
may be not persistent because different modules of the detector may fail and be repaired afterwards.
A way to monitor this long-term evolution is to study the dependence of basic physics observables
versus time. In this paper, the good runs are selected by the following observables.

1. Average cluster energy
2. Average number of reconstructed clusters per event
3. Average number of cells per reconstructed cluster

These observables are delivered from the physics objects reconstructed in PHOS. The selection
criteria for the clusters should be the same as the ones used in the physics analysis. The cluster
energy is required to be above the minimum ionization energy Ejuster > 0.3 GeV and the minimum
number of cells in a cluster is 3 cells to reduce the contribution of non-photon clusters and noise.
The observational results (Fig.3.1, 3.2 and 3.3) show the average cluster energy, the number of
clusters per event and the number of cells per cluster, respectively. The average cluster energy is
about 0.6 GeV for both modules. Average number of clusters per event is about 0.15 in Module2
and about 0.1 in Module4. This difference occurs from the number of stable cells. Average number
of cells per cluster is about 7 cells in Module2 and about 6 cells in Module4, because Module2 is
calibrated well as compared to Module4. Most runs are stable in each module but some runs have
abnormal behavior. Run number 195596 is empty data because this run does not include PHOS.
We can notice that run number 195346, 195532 and 195675 have abnormal behavior compared to
other runs. Especially, run number 195346 has abnormal shape in the number of cells in cluster.
These runs corresponding to about 2% of full statistics are excluded from this analysis because
they may cause a negative effect for results.
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In addition, the 7 behaviors are checked in run-by-run. Here, the 7% mesons are counted in bins
within +30 from the peak position at pp > 1 GeV/c after background subtraction. The background
is estimated and subtracted with the event mixing technique. The details will be described in a
later section. The invariant mass distributions per run are shown in Fig.3.4, 3.5, 3.6 and 3.7. Figure
3.4, 3.5 and 3.6 are mass distribution reconstructed within same module, and Fig.3.7 is sum of mass
distribution reconstructed with only module4 and only module2. As it is obvious from Fig.3.5, we
cannot find signal peak around the 7° mass region due to a lot of hot channels in module3. We
remove module3 from this analysis. The number of the 7% per event, the peak position and peak
width as a function of the run number are shown in Fig.3.8, 3.9 and 3.10. The above four runs
have abnormal behaviors in the number of 70, peak position and peak width.

3.2 Cluster selection

The number of analyzed events of the minimum bias triggered class is about 90 million after
run selection, corresponding to an integrated luminosity Ly = 43.4 £ 0.7 ub~!'. The integrated
luminosity Liy is calculated as Nppp MB/0ppb,MB Where Nppp, mp is the number of p-Pb collisions
events passing the minimum bias trigger and o,pp MB is the cross section of the VO trigger, which
was measured to be 2.09 £+ 3.5% (syst) with the p-Pb Van Der Meer scan [53]. The ALICE mini-
mum bias trigger requires a coincidence signal in both scintillator arrays of the V0-A and the VO0-C,
which is used by the standard physics selection with offline trigger AliVEvent:: kKINT7 for the event
selection. The coincidence signal is required to reduce the contamination from single diffractive
(SD) and electromagnetic events [54]. To select the primary collisions vertexes, the z-coordinate of
each vertex (along the beam direction) is required to be within +10 cm (|zytx| < 10 cm) with re-
spect to the nominal interaction point, see Fig.3.11. The resulting event sample consists of mainly
non-single diffractive (NSD) events [55], but there remains still SD and electromagnetic events.
The remaining contamination is evaluated by the cocktail of MC models in earlier analyses [54].

PHOS generates electromagnetic showers by repeating the electron-positron pair creation, Comp-
ton scattering, bremsstrahlung and photoelectric effect of incident photons and electrons. The
electromagnetic showers spreads out in longitudinal and transverse direction and deposits energy.
Adjacent fired cells with energies above Eg;ﬁl were grouped together into clusters. The clusteriza-
tion process started from cells with an energy exceeding Fgseeq. The choice of the values of Fyeeq
and E(‘felhn was driven by the energy resolution and noise of the front-end electronics. PHOS choices
Fyeq = 50 MeV and E™M = 15 MeV.

cell
To select photon candidate clusters, we apply the following cuts.

1. The low energy threshold is set at 0.3 GeV.
This criterion is a natural choice in order to focus on electro-magnetic shower and therefore

discard the signal from minimum ionizing particles (MIPs) which deposits energy in the range
around 0.25 GeV.

2. The minimum number of cells in a cluster is 3 cells.
This is selection for reduction of contributions of non-photon clusters and noise. To measure
energy precisely, clusters which deposit maximum energy within 2.5 cm from a bad cell, are
removed.
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Figure 3.4: The invariant mass distribution of module4 in each run
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3.7: The invariant mass distribution of module4 and module2 in each run
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Figure 3.11: Vertex distribution in p-Pb collisions at /syny = 5.02 TeV

3. The time-of-flight is applied within +100 ns (|tcjuster| < 100 ns).
The TOF cut is effective to avoid clusters from next or previous bunch crossings. The TOF
cut is applied within £100 ns because the bunch crossing time is 200 ns in p-Pb collisions at
LHC-Runl (Fig.3.12).

To avoid noisy and dead channels, I apply the good channels map (Fig.3.13) registered in Tender
which supplies recalibration for data and MC simulation and modifying geometrical alignment.
Green colored area indicates good cells and red colored area indicates bad (dead or noisy) cells.
In addition, PHOS clusters having a center of gravity within 2.5 cm from a bad cell were removed
for more precise measurement. The determination algorithm of basic bad channel is described
in [56]. The Tender includes energy calibration and timing calibration. With applying Tender,
the ¥ peak position comes close to the expected mass value and the peak width becomes smaller
with increasing pr. The comparison of peak position and width with applying Tender and without
applying Tender is shown in Fig.3.14. In Fig.3.15, the small hump existing in right hand of main
peak of time-of-flight distribution before applying timing calibration is vanished after applying
timing calibration in Tender. These calibrations allow precise measurement for the ¥ yields.
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3.3 Raw yield extraction

Raw spectrum of 7¥ is measured in PHOS using invariant mass analysis with cluster pairs. To
extract the 7° signals and to count their yields from the two clusters invariant mass distribution,
first the mixed event background is subtracted from same event mass distribution. In addition
to same cluster criteria and z-vertex criteria, clusters detected in exact same cell are removed in
the event mixing. The event mixing method reproduces well the combinatorial background. The
mass distribution in event mixing method is reconstructed from pairs by taking one cluster from an
event and the other cluster from another event. The mixed mass distribution has no peaks because
cluster pairs don’t have any relationship with each other. The combinatorial background estimated
by the event mixing technique is normalized to the initial invariant mass distribution (where you
are normalizing) and then subtracted. After background subtraction, the signal peak is fitted by
the Gaussian function (Fig.3.16):

—(m — M)?

Flm) = A eap(—"—

)+c (3.1)
where A, M, o and c represent the height of the peak, the peak position, the peak width and
constant free parameter, respectively. Raw yields are counted with numerical integral of the number
of entries in the mass range from M — 30 to M + 3¢ in the Gaussian fitting parameters.

In addition, the invariant mass spectra are fitted by a Crystal Ball (Fig.3.16) and the raw yields
are also counted in the same way, in the range from M — 30 to M + 30 in the Crystal Ball fitting
parameters. The Gaussian does not properly reproduce the signal shape, see e.g. left wing of the
79 peak. Therefore we try the Crystal Ball parameterization too:

(m —m)? m—m
=N

f(m)— m—m - m-—-m
A(B— ) , < —a

(3.2)

g

n
where A = (ﬁ) - exp (—%2) and B = ﬁ —|a|.  The Crystal Ball parameterization includes two
more parameters (o, n), describing energy loss. The energy loss is expected by conversion electrons
and energy leak in clustering. We look at the pp dependence of these parameters (see Fig.3.17)

and fix their values for the raw yield extraction:

a = 1.56, (3.3)
n = 3.28, (3.4)

The parameters a and n for pp > 10 GeV /c have large value with large errors and thus are excluded
from the determination.

We estimate the signal description for the background normalization and subtraction by compar-
ing raw yields with two assumptions about the signal shape, the Gaussian and the Crystal Ball [57].
The raw yields are calculated with bin counts of the histogram and analytical yield calculation in
the two assumptions. Ratio of the raw yields to their average is shown in the left plot of Fig.3.18.
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The yield calculated with analytical yield calculation of the Crystal Ball is larger than one calcu-
lated with analytical yield calculation of the Gaussian. However, this difference becomes smaller in
comparing efficiency corrected yields, see the right plot of Fig.3.18. The efficiency is calculated in
the same way, same peak assumption, as the data. The difference between yields calculated with
integral of the histogram is smaller than one in the analytical yield calculation. This means that
actual shape of the peak is intermediate between the Gaussian and the Crystal Ball. We use the
Gaussian function in yield calculation, and two these extremes to calculate systematic uncertainties
of raw yield extraction.

The raw spectrum of the reconstructed 7° obtained from the invariant mass analysis is shown

O O
B15F No Efficiency Correction 31 5F. Efficiency Corrected
& [ —e— Gaussian & [ —e— Gaussian
S 128 —e— Gaussianint S L2F  —e— Gaussian int
< F < E
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Figure 3.18: Comparison of the 7° yield with different assumptions
Left figure represents ratio of the raw yield to their average and right figure presents ratio of the
efficiency corrected yield to their average.

in Fig.3.19. As mentioned above, the invariant mass distributions are constructed from cluster
pairs of the same event while the combinatorial background is estimated in event mixing method.
The combinatorial background is normalized by a scaling parameter which is estimated by fitting
the ratio of the same event mass distribution to the mixed mass distribution with the 2nd order
polynomial in the mass range 0.07 —0.22 GeV/c?. After background subtraction, the signal peak is
fitted by the Gaussian function and the yields are counted by taking the numerical integral of the
bins within £30 from the peak position, for all pt bins. The yield difference derived from different
calculation assumptions is discussed later and is taken into account as a systematic uncertainty.

o1



ﬁ 10°E - p-Pb, |s, =5.02 TeVv
& S § Minimum bias trigger
T fe N PHOS
o ]
T 10% )
5 F %
% L Y
b - -
=5 . Y
— 105? ™
F o
10‘GJ
g —e—
107
: —
_ this thesis
-8 I T R P P |
107, 5 10 15

20
P, (GeV/c)

Figure 3.19: 7% raw spectrum in p-Pb collisions at /sny = 5.02 TeV

3.4 Photon and meson reconstruction in EMCal

EMCal generates electromagnetic showers in response to incident photons and electrons, like the
PHOS detector. Detail is described in Ref. [59]. The corresponding thresholds for EMCal is Fgeeq
= 500 MeV and E’C“elﬁl = 100 MeV. The minimum number of cells in a cluster is set to two to reduce
contributions of non-photon clusters and noise and the low energy threshold is set to 0.7 GeV to
discard signals from MIPs and hadron showers. EMCal requires further photon identification to

obtain more pure photon clusters by the cluster shape parameter )\(2) which is the principal eigen

value of the cluster covariance matrix A3 = (o + 046)/2 + \/(07777—0¢¢)2/4 + J?W , where 0;; =

(ij) — (i){j) (i, j = m or ¢) is the second moment of the cluster covariance matrix along the axes
n, ¢ and (i, j) is the first moment weighted with the cell energy logarithm [63]. Photon clusters
in EMCal were defined by the cluster axial symmetry cut 0.1 < A2 < 0.5. Cluster timing cut, is
applied in order to avoid clusters from next and previous collisions. In the EMCal the cell time of
the leading cell of the cluster have to be within [¢| < 50 ns of the collision time.

The 7° and 1 meson are reconstructed by v pair candidates and calculated their invariant
mass in transverse momentum bin. The invariant mass distribution measured in EMCal is shown
in Fig.3.20 and Fig.3.21 for 7 and 7 meson, respectively. The 7% and 7 meson raw yields are
extracted from background subtracted invariant mass. The background subtracted signal is fitted
to reconstruct the mass position and width of the 7° and 7 meson. The fit function consisted
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of a Gaussian function convoluted with an exponential low-energy tail to account for electron
bremsstrahlung [64] and an additional linear function to consider a possible remaining background.
The reconstructed 7° and 1 meson peak and width as a function of pp compared to GEANT3 MC
simulations are shown in Fig.3.22 and 3.23. The energy of the EMCal is not calibrated to the 7°
mass, but the cluster energy in MC is shifted such that it corresponds with the reconstructed mass
in data. The systematic difference of about 3.0 % (6.0 %) that is observed for the EMCal 7° (1)
analysis, is taken into account in the systematic uncertainties.

The 7° and 7 meson raw yields are obtained by integrating the background subtracted invariant
mass distribution around the reconstructed meson mass determined by the fit function. The in-
tegrating ranges are selected according to the resolution of respective methods. The mass ranges
from M o — 0.032 GeV/c? to Mo + 0.022 GeV/c? and from M, — 0.060 GeV/c? to M, + 0.050
GeV/c? are used.

Correction for secondary 7’s from weak decays or hadronic interactions, mainly K?, is taken into
account. This correction is of the order of 2.5 % at low-pr and 2 % at high-pr.

3.5 Photon and meson reconstruction in PCM and PCM-Dalitz

PCM and PCM-Dalitz reconstructed photons converted to eTe™ pairs in the material of the ITS
and TPC [60,61]. To ensure good track quality, following cuts are applied to the charged tracks. A
minimum track pr is more than 0.05 GeV/c with kink daughters cut. The ratio of reconstructed
TPC clusters to all findable clusters requires to be at least 0.6 for both tracks. A secondary vertex
finding algorithm (VY finder) [62] is used for building candidates from charged track pairs with
opposite sign (V%s). The main contributions to the VY candidates are K%, A, A and ~. In order to
extract photons from VY candidates, electron selection and pion rejection cuts on the track level
are performed. Therefore, the specific energy loss dE/dx in the TPC is used. The TPC dFE/dx
distribution in p-Pb collisions is shown in Fig.3.24. For the vy decay channel only tracks with a
dFE/dz lying in a band of [-30; +50] around the electron hypothesis and above the average pion
dE/dx are considered for the further analysis. The cut on the pion band is only applied for tracks
with a momentum larger than 0.4 GeV/c. For the Dalitz decay channel, an electron selection of
[—40; +50] and a pion rejection of 20 (0.50) above the pion hypothesis for tracks with 0.5 GeV /¢
< p < 3.5 GeV/e (p > 3.5 GeV/e) is performed. The reconstructed conversion point had to lie
in the fiducial volume restricted by a maximal conversion radius of 180 cm. When reconstructing
neutral mesons via the vy decay channel, an additional cut on a minimal conversion radius of 5 cm
is applied to prevent contamination from Dalitz decays. Furthermore, the charged tracks as the
reconstructed photon candidates are required to be in the pseudorapidity range of || < 0.9.
Primary electrons and positrons from the virtual photon (v*) in the Dalitz decay are reconstructed
with both the ITS and the TPC. Additional cuts are applied in order to ensure their track quality.
Tracks are required to cross at least 70 TPC pad rows and the ratio between found and expected
(according to the geometry of the track) TPC crossed row pads has to be a larger than 0.8. The
x2/NDF which determines the quality of the fit between the track and the TPC (ITS) clusters are
required to be less than 4 (36). The x4 pc_;rg defined in [58] which is used to improve the purity
of the primary tracks at high-pr is restricted to be smaller than 36. To ensure that the selected
tracks come from the primary vertex, their distance of closest approach to the main vertex in lon-
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gitudinal direction (DCA,) has to be smaller than 2 cm. In addition, in order to reject ete™ pairs
from photon conversions within the pipe, only tracks with at least one hit in any layer of the SPD
are accepted. Electron identification is performed using the TPC dE/dz. Electrons are accepted
within [—40; +50] around the electron hypothesis. For the pion rejection at intermediate-p the
same cut as described for the conversion electron tracks is used while at high-pt the cut is not
applied to maximize the efficiency. Only primary electron candidates with a minimum pt of 125
GeV/c are taken into account.

In the Dalitz decay channel, the pion contamination in the primary electron sample is reduced
by cutting on the v* invariant mass, M,+.- < 0.015 GeV/c? at pyr < 1 GeV/c and M+, < 0.035
GeV/c? at pr > 1 GeV/c, exploiting that most of the pairs from 7° Dalitz decays have a very small
invariant mass, as given by the Kroll-Wada formula [65].

The 7° and 7 meson are reconstructed by 747 or 7*y pair candidates and calculated their in-
variant mass in transverse momentum bin. Their raw yields are extracted signal from background
subtracted mass distribution. The 7% invariant mass distributions by PCM and PCM-Dalitz mea-
surements are shown in Fig.3.20 and 7 meson invariant mass distributions by PCM measurement
are shown in Fig.3.21. The combinatorial background which is estimated by event mixing technique
is scaled to match the background outside the main signal region, and subtracted. The signal is
fitted to 7° and 1 meson mass peak position and width. The PCM and PCM-Dalitz measurements
use fit function with Gaussian function convoluted with an exponential low-energy tail to take into
consideration of electron bremsstrahlung [64] and additional linear function to consider a possible
remaining background. Mass peak position and width for reconstructed 7° and 7 meson are com-
pared to MC simulations are shown in Fig.3.22 and 3.23.

The raw yields are obtained by integrating bin entries of the background subtracted v or v*v
invariant mass distribution around the mass peak which is determined by the fit function. The
integration ranges from Mo —0.035 GeV/c? to Mo +0.010 GeV/c? and from M, — 0.048 GeV /c?
to M, +0.22 GeV/c? are used in both PCM and PCM-Dalitz.

Secondary 7 correction from weak decays or hadronic interactions are estimated and subtracted.
This correction is of the order of 7 % at low-pr and 1 % at high-pp for PCM and negligible for
PCM-Dalitz. The PCM analysis is affected by pile-up due to the relatively large drift time of the
TPC, and the correction is applied as described in [2]. (The pile-up contribution is negligible for the
other methods.) The PCM-Dalitz analysis used MC simulations to apply an additional correction
for the remaining contamination ~ 2.5 % of the 7% — v in the 7% — v*v decay channel.
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Figure 3.22: 7¥ mass (left) and width (right) as a function

PCM-Dalitz
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Chapter 4

Efficiency calculation

4.1 Acceptances and reconstruction efficiencies

The raw spectrum is obtained from invariant mass analysis. It is corrected with PHOS acceptance,
finite geometrical coverage and the probability of loosing 7’s due to photon conversion in the
medium, and the efficiency of the number of extracted 7% from the invariant mass analysis of cluster
pairs. All these corrections, being applied to the raw spectrum, should result in the 7% production
spectrum which is the final goal of the measurements. The acceptance and reconstruction efficiency
are defined by the following formulae.

70 generated in PHOS acceptance(|y| < 0.13, 260° < ¢ < 320°)

= 4.1
Fhce Generated 70(|y| < 0.5, 0° < ¢ < 360°) (4.1)
70 reconstructed in PHOS (4.2)
ERec = .
Ree ™ 70 generated in PHOS acceptance(|y| < 0.13, 260° < ¢ < 320°)
€AccxRec = €Acc X ERec (4'3)

The acceptances and reconstruction efficiencies are calculated with the ALICE official Monte Carlo
productions. The productions are LHC13b2_efix which is DPMJET [66] minimum bias generator
anchored to LHC13b and LHC13c, and LHC13e7 which is HIJING [67] generator with added
7% generated per event in the pr range 1 to 30 GeV/c in uniform distributions over azimuthal
angle 260° < ¢ < 320° and rapidity range |y| < 0.13. The y — ¢ distributions for the 7’s from the
underlying events generated by HIJING and for the added 7% are shown in the top plots of Fig.4.1.
The pr distribution within |y| < 0.5 and full azimuthal of underlying events 7%s is shown in the left
bottom plot of Fig.4.1 and the pr distribution of the added 7% (260° < ¢ < 320° and |y| < 0.13)
is shown in the right bottom plot of Fig.4.1. It can be seen that separates the added signals from
the underlying events in LHC13e7. The DPMJET minimum bias event generator is suitable for
the efficiency calculation at low-pr. However the 7¥ spectrum in this generator vanishes at high-pr
due to the lack of available statistics. So, HIJING generator with added 7%s becomes important,
and the efficiencies are calculated with the HIJING plus added signals generator at pp > 7 GeV/c.
In addition, the added 7Ys are weighted with a Tsallis function (Eq.6.1) in order to reproduce a
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realistic pr spectrum (Fig.4.2). The parameters of the function have been defined by an iterative
procedure, so as to better describe the realistic spectrum. The 70 spectra with varying Tsallis
parameter “n” are compared in Fig.4.3. Other parameters are fixed in this iteration. The ratio of
the weighted generated 7° spectrum to the final 7° spectrum is flat with the x2/NDF of the zero
order polynomial (constant function) fitting is minimum when parameter is n = 7.50. We have
decided that this value of the parameter “n” is optimal and calculated the efficiency by weighting
the flat distribution of the added 7’s with the corresponding Tsallis function. The mass (peak
position) and the width of the 7 in MC are compared with the corresponding quantities in real
data (Fig.4.4). In these figures of Fig.4.4, DPMJET is used up to 7 GeV/c and added 7° signals
from LHC13e7 are used from 7 GeV /c. DPMJET is tuned with an energy calibration to reproduce
the real PHOS response. The tuning method is described in a later section (section 5.4). The mass

and width in MC are consistent with that in real data (Fig.4.4).
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Figure 4.2: Generated 7 spectrum with weight (red) and without weight (black)

The acceptances and reconstruction efficiencies are calculated independently by using DPMJET
and added signals. The acceptance of added signals is obtained by the numerical calculation.
After those independent calculations, efficiencies are merged into one efficiency. Figure 4.5 shows
the acceptance and reconstruction efficiencies calculated by DPMJET and added signals, and the
merged efficiency as well (pr < 7 GeV/c: DPMJET, pr > 7 GeV/c: added signals). The 7° raw
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yield is converted to an invariant spectrum with using this efficiency.
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Figure 4.5: Acceptances and reconstruction efficiencies
Blue square shows the acceptance and reconstruction efficiencies calculated by DPMJET
(LHC13b2_ efix) and green circle shows efficiencies calculated by additional signal in HIJING
(LHC13e7). Black marker shows merged efficiencies

4.2 Time-of-flight cut efficiency

The ¥ spectrum is corrected with the Time-Of-Flight (TOF) cut efficiency. The cluster timing
distribution in MC simulation does not reproduce data correctly. Therefore, TOF cut efficiency
eTor is estimated via real data and is defined as below,

None cluster ( 4 4)

ETOF = ’
Nboth clusters

where, None cluster 1S the 70 spectrum if TOF cut is applied to at least one cluster and Npoth clusters
is the 70 spectrum if TOF cut is applied to both clusters. Having eror, the TOF cut efficiency
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corrected yield is calculated following:

Nboth clusters

. (4.5)
ETOF X ETOF

TOF cut efficiency corrected yield =

The ratio of the raw yields when TOF cut is applied to one cluster only or to both clusters and
when no TOF cut is applied is shown in Fig.4.6. Both ratios have no pr dependence.
The purity of TOF cut is used to estimate the probability whether a 7° has been produced by

—o—— TOF cut for one cluster/no TOF cut

=
N

—e&—— TOF cut for both clusters/no TOF cut

=
H

=

Fp ettt tiert | T

0.9

with TOF cut to one or to both clusters
No TOF cut

0.8

tlhis thesis

P, (GeV/c)

1 10
Figure 4.6: The yield ratio of with TOF cut to without TOF cut

the next bunch. The TOF cut probability “Prob” is defined as the probability of a photon in the
main bunch crossing to pass the TOF cut or not to pass the TOF cut, and it is estimated as

1 NO1
Prob x (1 — Prob) = 2 X N1+ N0+ NoL-

(4.6)

Here NO is the number of 7°s when both photons pass the cut |teuster| <100 ns, N1 is the number
of 7% when both photons pass the cut |tcluster — 200| < 100 ns, and NO1 is the number of 7% when
one photon pass the cut |tcuster] <100 ns and second photon pass the cut |tcjuster — 200| < 100 ns
or second photon pass the cut |tcjuster| < 100 ns and first photon pass the cut |tejuster — 200 <100
ns. From this equation (Eq.4.6) we get following two solutions.

1 1 /N1+NO—Nol
P L 4
roby 2+2\/N1+N0+N01’ (4.7)
1 1 /N1+NO—Nol
Prob_ =5 - 2\/N1 +NO + NO1 (4.8)
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Prob, (i.e. 1 —Prob_) indicates the probability of a photon in the main bunch crossing to pass
the TOF cut, and Prob_ (i.e. 1— Proby) indicates the probability of a photon in the main
bunch crossing not to pass the TOF cut. We estimate the ratio of the contributions come from
second peak of bunch crossing as N1 x (1 — Prob;)/NO and the purity of the TOF cut estimated
as (NO — N1 x (1 — Proby))/NO0. The former is shown in the left of Fig.4.7 and the latter is shown
in the right of Fig.4.7. It can be neglected because the contribution from the neighbouring bunch
crossing is negligible compared to the number of 7% from the main bunch crossing (NO).
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Figure 4.7: Contamination (left) and purity (right) for time-of-flight cut

4.3 Off-vertex 7’s production

Measurement for the 7° yields is influenced by secondary 7° from weak decays, mainly K?
— 279, Detail is described in Ref. [57] and co-analyzer’s (B. Polishchuk) ALICE analysis note.
Invariant mass is reconstructed via photon candidates pairs assuming all photons come from the
primary vertex. Therefore it includes photons from 7% by hadron decay which happen close the
primary vertex. This effect is not considered well in the experimentally and is estimated with single
simulations.

Relative contributions of 7¥ yields from non-7" hadrons are shown in the left plot of Fig.4.8. The
contribution from hadrons other than K? is negligible. The contamination to yields from K?Y is
about 4 ~ 10 % in low-pt and less than 2 % in high-pr shown in Fig.4.8.
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Figure 4.8: Relative contributions to 7¥ yields (left) and feed-down correction (right)

4.4 Efficiency calculation in EMCal, PCM and PCM-Dalitz

Acceptance and reconstruction efficiencies for the 7° and 1 meson measurements are estimated
with DPMJET event generator for EMCal and HIJING event generator for PCM and PCM-Dalitz.
The statistics at high-pr in the HIJING sample is improved by adding extra 7° and 7 signals with
a flat pp distribution. The PCM-Dalitz used a custom MC simulation also with HIJING as an
event generator where the branching ratio 7% — ~4*v is increased by almost a factor 10 to gain
statistics at a reasonable computing time. Using these simulations the pr-dependent acceptance
is calculated by taking the ratio between the number of 7° () mesons with the daughters in the
detector acceptance and the total number of generated 7¥ (n) in the given rapidity interval. The
pr-dependent reconstruction efficiency is obtained by calculating the ratio of reconstructed 7's to
the generated 7% in MC simulations.

65



Chapter 5

Systematic uncertainties

The relevant sources of systematic uncertainties on the 7° measurement in p-Pb collisions at
v/SNN = 5.02 TeV have been identified and discussed below.

1. uncertainties due to different assumption in the raw yield extraction

2. uncertainties due to background estimation

3. uncertainties due to the absolute scale of the energy measurements in PHOS
4. uncertainties due to unknown non-linearity of the energy response of PHOS
5. uncertainties due to cluster timing cut

6. uncertainties in the 7° yields due to the loss of the reconstructed 7 due to the photon
conversion in the ALICE medium

7. uncertainties due to finite acceptance of PHOS

5.1 Raw yield extraction

The systematic uncertainty due to the raw yield extraction is estimated by changing the assump-
tion on the shape of the mass peak. We compare the efficiency corrected yield calculated by taking
the numerical integral of the number of entries within +£2¢ and £30 from the peak position in the
Gaussian fit and the Crystal Ball fit for signal peak (Fig.5.1). For both cases, background around
signal peak is subtracted by estimating with using the event mixing technique described in the
chapter 3. The yields in the MC simulation are counted as in the real data, by assuming the same
functions for the signal and by varying the fit limits within the same intervals (+20, +30). The
yields differences are compared via the ratio of the individual yield to the average yield and the
RMS/Mean at each pr bin is attributed to the systematic uncertainty of the yield extraction.
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Figure 5.1: Comparison of 7° raw yield with different assumptions

5.2 Background estimation

The background is estimated by the event mixing technique. The mixed mass distribution is
normalized to the same mass distribution with a second order polynomial. However the 70 yields
are changed slightly by using function in the normalization. The systematic uncertainty due to
background subtraction is calculated by comparing the difference of the efficiency corrected yields,
if a first order polynomial or a second order polynomial is used in the fitting. Besides the yield
depends on the fitting range. To estimate the contributions of this effect, two different ranges
have been selected. The fit mass ranges are 0.07 - 0.22 GeV/c? and 0.09 - 0.25 GeV/c?. In
MC simulation, the same procedure is followed. The ratio of the efficiency corrected yield to
their average is shown in Fig.5.2. In each pp, the RMS/Mean in Fig.5.2 is selected as systematic
uncertainty due to background estimation. This uncertainty becomes larger in the low-pr region
because the background becomes larger at low-pr and it is hard to estimate it.

5.3 Absolute energy scale

The absolute energy scale has two components. To fix absolute energy scale we use 7° peak.
As a result, this scale depends on the uncertainty in geometrical position of PHOS. We estimate
this uncertainty using charged track extrapolations to PHOS, as described in the ALICE internal
analysis note for pp [57] and PbPb [68]. Within this approach we estimated uncertainty as 0.2 %.
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Figure 5.2: Comparison of 7° efficiency corrected yield with different fit functions and fit ranges

Later we cross-checked absolute energy scale using electron energy-momentum F /p ratio. Electron
analysis demonstrated somewhat worse agreement between PHOS and tracking system energy scale:
0.5 %, what partially can be attributed to imperfections in TPC calibration and uncertainty in the
material budget between PHOS and TPC. The 0.5 % uncertainty is used in the absolute energy
scale and this uncertainty is estimated with following formula:

Error = Maz(1 — f(pr + dpr)/f(pr), f(pr —dpT)/f(PT) — 1) (5.1)

Here, the function “f(pr)” is the Tsallis function described by Eq.6.1. The result of f(pt £ dpt)/f(pT)
is shown on the left plot of Fig.5.3. The largest deviation from unity is shown on the right plot of
Fig.5.3 and is used as the systematic uncertainty related to the absolute energy scale.

5.4 Non-linearity

The 7° mass depends on the pp. This dependence appears due to two effects. The first is related
to the final resolution and variable slope of the 7° spectrum. The second and most important is the
non-linearity of PHOS [57]. This effect is non-linearity response coming from discrepancy of energy
measurement between real and simulation. The non-linearity effect in energy response in PHOS is
calculated by the Monte Carlo simulations used for the efficiency calculation. MC simulations and
a simple non-linearity model are used to correct the measured cluster energy:

Ecor:Ef(E)v f(E):C<1+1+gw2/b2) (52)
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where FE.q, is the corrected cluster energy, E is the measured cluster energy and others (a, b and ¢)
are correction parameters. Besides, the additional PHOS mis-calibrations have been simulated by
smearing the energy of each cell in the cluster with a Gaussian of dispersion w around the original
value. The best value of the correction parameters are defined by x? calculation of the difference
between the peak position in MC simulation and real data. Since here we are interested only in
the difference in shape, we first calculate the ratio of peak positions R,,. Then we calculated mean

of this ratio: R .
< R >:ZE/ZE (5.3)

where o; is an error in a given bin. Then we calculate x? as a deviation from the mean:

2

X2 :Z (Ri* < R, >)

0

(5.4)

The dependence of the x? on the parameters a and b is shown in the Fig.5.4. The masses as a
function of pr for different parameters a and b, are shown in Fig.5.5 and Fig.5.6. In the left figure
of Fig.5.5 and Fig.5.6, black marker represents the real data and other colors represent the MC
simulation varying parameter. The values of the parameters a and b for which the y? is minimum
are a = 0.087 and b = 1.01. So the nearest parameters are used as optimal parameters,

a=0.085, b=1.00. (5.5)

The optimal value of parameter c is determined by general x? calculation of the difference between
the peak position and width in MC simulation and real data which is shown in Fig.5.7. In the left
figure of Fig.5.7, black marker represents the real data and other colors represent the MC simulation
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varying parameter. The value of the parameter ¢ for which the y? is minimum is ¢ = 1.03. The
final non-linearity correction with optimal parameters is following:

0.085
Eex = E- f(E), f(E)=1.03 (1 - m) : (5.6)

This correction is applied to the MC simulation in order to reproduce non linearity effect in the
MC simulation.

Figure 5.4: Parameter dependence of x? calculation

The 7% mass peak and width by using optimal values for the correction parameters are shown
in Fig.5.8. Both mass peak position and width become close to the real data by using the optimal
parameters. Then the efficiencies are estimated with (a & da,b) and (a, b+ 6b) combinations (see
left plot in Fig.5.9) and found the maximum deviation from the default (see right plot in Fig.5.9)
which is fitted by the following,

for) =22 4y (5.7)
br
where pg and p; are free parameters, and n is indefinite parameter. The optimal n is found by
requiring x2/NDF of the fit is minimum. The x?/NDF is minimum at n = 9. So Eq.(5.8) is use as
the systematic uncertainty related to non linearity.

fpr) = @ +0.03 (5.8)
Py

5.5 Cluster timing cut

The systematic uncertainty due to the cluster timing cut is estimated by a TOF cut at 100 ns, 50
ns and 80 ns. The TOF cut at 50 ns and 80 ns are slightly severe cuts than the default cut. The
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TOF cut efficiency corrected yields are compared in the left plot of Fig.5.10 and the ratio of RMS
to Mean in each pr is selected as systematic uncertainty shown in the right plot of Fig.5.10. It is
under 0.1 % for almost entire pr range and found to be negligible because it is smaller than the
other uncertainties.
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Figure 5.10: Comparison of efficiency corrected yield with a TOF cut at 100 ns, 80 ns and 50 ns
(left), and RMS/Mean (right)

5.6 Conversion

The uncertainty related to conversion (3.5 %) is taken from pp published paper [32] because the
detector setup does not change. According to Ref. [32] and its ALICE internal analysis note [57],
the conversion probability is estimated by comparing 7 measurement with and without magnetic
field. Photon conversion can reduce the number of 7's detected by PHOS. However PHOS can
detect electron and positron which are pair-created in the surface of PHOS. The distance between
the electron and positron on the surface of PHOS depends on the distance from the conversion
point to PHOS, 7° energy and strength of the magnetic field. If the distance between the electron
and positron on the surface of PHOS is small enough, the conversion electron-positron pair may
produce only one single cluster. It is too close hit points to separate clusters. In this case the cluster
energy is comparable to the energy of original photon, and the original 7° can still be reconstructed.
For a more complicated situation, we may reconstruct two 7° from one 7. When the converted
photon carried out only a small portion of 70 momentum and the electron-positron hit slightly
different places on the PHOS surface, we can have three clusters created by the electron and the
positron and the other photon. Two cluster pairs, electron-photon pair and positron-photon pair,
can be reconstructed with the effective mass close to the 7° mass, and then one 7° is recognized
as two 7 with a little smaller mass.

If the magnetic field is off, the converted electron and positron via photon conversion with the
inner detectors hit close points on the PHOS and create only one cluster because the opening of
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them are usually quite small. Thus the number of 7¥ without the magnetic field is equal to one
without the inner detectors. The number of 7° with and without the magnetic field are examined
in order to estimate the material budgets between the collision vertex and PHOS.

5.7 Acceptance

The influence of PHOS acceptance on the 7¥ is studied and it is taken into account as an
uncertainty. Raw yields and efficiency are calculated by varying the distance from the closest bad
channel and this uncertainty is estimated by comparing efficiency corrected yields. PHOS hit maps
of clusters located 1, 2 and 3 cells away from the closest bad channel are shown in Fig.5.11, 5.12
and 5.13. The 7° raw yields in data and MC are calculated for each distance to the bad channel
with the same method described in the chapter 3 and it is shown in Fig.5.14. The uncertainty
related to the different acceptance is estimated by comparing efficiency corrected yields. The ratio
of each efficiency corrected yield to the average yield is shown in Fig.5.15 and each ratio is fitted
by a constant function in pp range from 2 to 10 GeV/c. The largest deviation from unity in fitting
is 2.8 % and it is used as systematic uncertainty due to the acceptance.

In summary, the different contributions to the total systematic uncertainty are presented in
Fig.5.16 and Table.5.1. The largest contribution to the total systematic uncertainties comes from
the material budget (conversion) in front of the PHOS.

pr(GeV/e) 11 [ 52 ] 9 | 14 | 18

Raw yield extraction(%) 26 | 1.0 | 1.9 | 3.7 | 16.2
Background Estimation(%) | 2.8 | 0.2 | 0.9 | 1.5 1.5
Conversion (%) 35 | 35 | 35 | 35 3.5
Acceptance(%) 28 | 28 | 28 | 28 2.8
Non-linearity (%) 52 | 31 | 3.1 | 3.1 3.1
Absolute energy scale(%) 1.5 ] 3.0 | 33 | 3.5 3.6
Time-of-flight cut(%) 0.1 | <0.1|<01]| 1.2 | 0.1
Total(%) 78 | 63 | 67 | 7.7 | 175

Table 5.1: Summary table of different contributions to systematic uncertainties

5.8 Systematic uncertainty in EMCal analysis

Systematic uncertainties for 7% and 1 meson measurement in p-Pb collisions at V/SNN = 5.02 TeV
for EMCal analysis are estimated by varying the cut parameters (more description in Ref. [59]).
The variations are chosen such that a reasonable deviations can be accessed. All uncertainties
within one cut variation are calculated bin by bin as maximum negative or positive deviation from
the standard cut and then the average of the maximum deviations in both directions is taken as the
systematic uncertainty for this particular cut variation in the corresponding pt bin. Uncertainty
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Figure 5.16: Summary of different contributions to systematic uncertainties

on photon reconstruction is varied parameters of cluster formation, which are track matching, min-
imum cluster energy, the minimum number of cells of cluster and shower shape parameter Myso.
Uncertainty related to meson reconstruction is estimated by varying parameters, opening angle
and rapidity range. Uncertainty due to material budget is estimated by comparing the results for
70 spectrum in each module with and without Traditional Radiation Detector (TRD) in front of
EMCal, resulting in a 3 % uncertainty. The TRD material budget represents =~ 1/2 of the total
material in front of EMCal, thus such an estimation does not allow to access the full uncertainty.
The next largest contribution would to the material should be the Time-Of-Flight detector (TOF),
which is so close to EMCal that most of the converted photons will still be reconstructed in the
same cluster. An initial estimation on this uncertainty is 5 %, which is added quadratically to the
uncertainty from the TRD material budget. Thus the systematic uncertainty related to the mate-
rial budget in front of EMCal is 5.83 %. Uncertainty due to yield extraction is estimated varying
the integration window for the signal extraction as well as the range for the normalization of the
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background. It contains a constant uncertainty of 4 % to account for the difference the validate
and pure reconstruction efficiency. The uncertainty of yield extraction is one of the largest sources.

Cluster energy calibration is estimated by using a different method to obtain cluster energy cor-
rection. The correction can be obtained by reconstructing 7° where both photons are reconstructed
with EMCal or one with EMCal and the other with PCM. The fully corrected spectra for the 7°
using both correction methods give access to the systematic uncertainty. In addition, uncertainty
of 0.95 % is attributed to the cell timing cut. Once again, this uncertainty is obtained by comparing
the fully corrected spectra of the 7% where different cell timing cuts are applied. The standard
timing cut is |teen| < 500 ns, and variation cuts are |teen| < 100 ns and |tcen| < 200 ns.

5.9 Systematic uncertainty in PCM and PCM-Dalitz analyses

Systematic uncertainties for 7° and 7 meson measurement in p-Pb collisions at VSN = 5.02
TeV for PCM [60] and PCM-Dalitz [61] analyses are estimated by varying the cut criteria within
reasonable ranges. Uncertainty due to material budget is estimated comparing measurements
without magnetic field to the standard measurements with magnetic field and used 9 % for PCM
analysis, and 4.5 % for PCM-Dalitz as only one photon is present in the Dalitz decay channel.
Uncertainty related to yield extraction is estimated the difference between originating range and a
narrow or a wider ranges for the integration window. Uncertainty of track reconstruction includes
the contribution from transverse momentum cut on the electrons and ratio of found the number of
TPC clusters to findable the number of TPC clusters. For PCM-Dalitz, in addition, it contains the
contribution from DCA cut, transverse momentum cut, ratio of found the number of TPC clusters
to findable the number of TPC clusters and the number of TPC clusters for primary electrons.
The cut criteria are different between primary electrons and non-primary electrons. Uncertainty
related to electron selection and hadron rejection contains the dE/dx cuts and momentum range
to apply the different number of o. Contribution from background is estimated via variation of the
number of tracks in event mixing.

5.10 Summary of systematic uncertainties

Systematic uncertainties of 7 measurement for different methods are summarized in Tab.5.2. The
largest contribution to the total systematic uncertainties for PHOS and EMCal comes from the
material budget in front of the calorimeters, the raw yields extraction and the cluster selection cuts,
and that for PCM and PCM-Dalitz are the material budget and photon extraction. The systematic
uncertainties for the 7 meson measurement is slightly larger than 7% measurement. The reason is
that mainly the uncertainty related to the yield extraction increases. The systematic uncertainties
of the /7 ratio are evaluated independently such that the material budget uncertainty is canceled
out.
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PHOS EMCal PCM PCM-Dalitz

pr (GeV/c) 1.5 7.5 1.5 7.5 1.5 7.5 0.9 3.1
Material budget 3.5 3.5 5.8 5.8 9 9 4.5 4.5
Yield extraction 1.0 1.8 0.8 0.8 0.7 2.8 3.5 1.1
~ reconstruction 3.3 3.8 1.2 5.2 2.3 1.8
et / e~ reconstruction 0.7 4.8 2.7 2.3
Track reconstruction 0.6 2.9 1.6 2.0
et / e sec. rejection 45 2.8
Dalitz branching ratio 3.0 3.0
Cluster energy scale 1.8 3.2 3.0 3.0
Cluster non-linearity 3.2 3.1 1.0 1.3
Cluster shape 1.6 3.2
7Y reconstruction 1.6 1.8 0.4 1.5 1.9 2.0
Generator efficiency 4.0 4.0
Acceptance 2.8 2.8
Background estimation 2.8 1.1 0.3 2.1 1.8 2.0
Pile-up correction 0.3 0.3
Total 6.5 6.7 | 88 94 | 9.2 12.4 ‘ 9.2 7.7

Table 5.2: Summary of systematic uncertainties of 7% measurement for PHOS, EMCal, PCM and
PCM-Dalitz
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Chapter 6

Results

6.1 7° and 7 meson invariant yield

The reconstructed 70 raw yield is converted to an invariant yield spectrum by applying the
acceptance and reconstruction efficiencies. The efficiencies are calculated by MC simulation which
are reproducing the real detector. The 7¥ invariant yield measured by PHOS in p-Pb collisions at
V/snN = 5.02 TeV is shown in Fig.6.1. The 70 invariant yield in p-Pb collisions at V/SNN = 5.02

p-Pb \s,, =5.02 TeV
Minimum Bias trigger

(GeVic)?

— Tsallis fit
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[Eny
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Figure 6.1: The 7% invariant yield in p-Pb collisions at /sNy = 5.02 TeV
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TeV is fitted by the Tsallis parameterization as defined

1 &N A (n-1)(n-2) 1,<1+W_m>", (6.1)

27p7 Nep dprdy - %nC’[nC + m(n —2)] ¢? nC

where A, C' and n are fit parameters, and m is the meson rest mass. To measure the 7%, the
ALICE experiment has individual ways, PHOS, EMCal, PCM and PCM-Dalitz. The 7° in PHOS
and EMCal are reconstructed by detecting photon pairs. The PCM and PCM-Dalitz reconstruct
the 7° via their photon decay channel 7 — vy — ete~eTe™ and via their Dalitz decay channel
70 — ete ™, respectively with using the ALICE inner detectors, the Inner Tracking System (ITS)
and the Time Projection Chamber (TPC). The comparison of the 7¥ invariant yield from the
individual analyses, PHOS, EMCal, PCM and PCM-Dalitz, is shown in Fig.6.2.

The PCM covers the low-pr region from 0.3 to 14 GeV/c and PHOS covers the high-pt region
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Figure 6.2: Comparison of 70 invariant yields in p-Pb collisions at /sy = 5.02 TeV obtained by
the different methods.

from 1 to 20 GeV/c. PHOS, EMCal, PCM and PCM-Dalitz analyses are consistent within their
uncertainties for almost entire pr.

Individual four 7° invariant yields in p-Pb collisions are combined to a common invariant yield.
Since all 7¥ analyses do not cover the same pr range and do not have the same pr binning,
the finest possible binning for the combined yield is chosen. The two last EMCal points do not
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Figure 6.3: The 7% and 7 meson invariant yield in p-Pb collisions with Tsallis fit.
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contribute to the combination as the MC efficiencies suffer from too low statistics and are just not
reliable there. The yields are combined bin by bin with weight according to their statistics and
systematic uncertainty. For 1 meson, invariant yields measured by EMCal and PCM are combined
to a common invariant yield with same procedure. The combined invariant 7° yield normalized to
the total number of NSD collisions with a normalization factor of 96.4 £ 3.1 % [54]. The combined
79 and 7 meson invariant differential yields in p-Pb collisions at VSnN = 5.02 TeV is shown in
Fig.6.3. The combined 7° yields are measured by PHOS, EMCal, PCM and PCM-Dalitz within
the pr range 0.3 — 20 GeV/c and the combined 1 meson yields are measured by EMCal and PCM
within the pp range 0.7 — 20 GeV/c. There is not enough statistics and small acceptance for
1 meson measurement in PHOS and PCM-Dalitz. The invariant yields are fitted by the Tsallis
function 6.1 and the ratio of measured yield to the corresponding fit is shown in the bottom panel
of the Fig.6.3. The Tsallis fit describes well the meson yield and the fit parameters and x?/NDF
are collected in Tab.6.1. The fit is used to perform bin shift correction in z-direction for the finite
bin width of spectrum. Ratio of individual 7% (left plot) and 1 meson (right plot) invariant yield
to the Tsallis fit to combined yield are presented in Fig.6.4

A C (GeV/e) n x?/NDF
7V spectrum fit | 820+ 0.44 | 0.17 £0.01 | 7.19 + 0.09 0.43
n spectrum fit 0.91 £0.13 | 0.27 £0.02 | 7.50 & 0.39 0.31

Table 6.1: Tsallis fit parameters of 7° and 7 meson invariant yield in p-Pb collisions

Figure 6.5 presents comparison of combined invariant yields for the 7% and 7 meson to EPOS3
theoretical calculations. The model calculation reproduces well the 7° yields in entire pt range
but pr > 10 GeV/c, and overestimates the data by a few percent in this region. For n meson, the
model reproduces the yields in only intermediate-pr region, 2.5 — 4 GeV/c. Differences of 40 % at
a maximum are observed in low-p, and the model calculation is overestimated the data by almost
a factor 2 at pr > 10 GeV/ec.

6.2 n/7 ratio

The n/7 ratio in p-Pb collisions has been measured and it is shown in Fig.6.6. The pr binning of
the 7¥ is coordinated and reconstructed in the same binning as the 7 meson in this calculation. The
ratio is calculated individually with PCM and EMCal and then combined because some systematic
uncertainties of the yield measurement cancel this way. The ratio in p-Pb collisions increases with
pr in the low-pr region below 4 GeV/c and reaches a plateau of 0.47 4+ 0.02 in the high-pr region
from 4 GeV/c. The plateau value for /7" ratio in the world result reaches 0.48 4 0.03 (0.47 +
0.03) above 2 GeV /c measured in pp (d-Au) collisions with PHENIX [69] and agrees with the world
n/7° ratio for pp, p-A and A-A collisions. Figure 6.6 is compared to the ALICE pp measurement
at /s = 7 TeV [32] and it is good agreement between pp and p-Pb collisions. In addition, ALICE
has measured 7/7° ratio in Pb-Pb collisions with two centrality classes (0 — 10 % and 20 — 50 %
centrality classes) [34] and K* /70 ratio in central Pb-Pb collisions [36], and 7/7° ratio in p-Pb
collisions is consistent with them. It means that the ratio does not depend on the collision system
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and the collision energy.
Moreover, the data is compared to the n/7° ratio with mr scaling (transverse mass: mr =

\/P% +m?) [70]. Identified particle spectra are described successfully by a universal parameteriza-

tion. This phenomenon is known as mt scaling. The Tsallis fit to the combined 7¥ yield is used
as parameterization and the n meson yield is calculated as

d3 N7
E 7 Con - fro(y/PF +m2) (6.2)

with an absolute normalization factor C,, = 0.48 +0.03. The shown ratio is the fraction of this mr
scaled 7 meson yield and the 7° with the Tsallis fit. The mr scaling curve has good description
of measured ratio above 4 GeV /¢, but discrepancy between measured ratio and the mr scaling is
observed in low-pr region. Therefore measured 1 meson yield especially at low-pr is crucial as m
scaling from the measured 7¥ yield fails to describe the 7 meson correctly. Comparison to EPOS3
model calculations is shown in the right of Fig.6.6. The model calculation is good description
for data in low-pr region and is closer than the mt scaling prediction. However, it continues to
increasing instead of reaching a plateau behavior observed in data. This model is nonetheless able
to describe the charged pions and charged kaons spectra.

6.3 Nuclear modification factor

The modification of the hadron yields for different pt intervals in p-Pb collisions with respect to
pp collisions can be quantified with the nuclear modification factor,

d*N /dprdylpps
Tppb> X C120'/dedg/|pp7

Rypy(pT) = < (6.3)
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where the nuclear overlap function (Tppy,) is related to the average number of inelastic proton-
nucleon collisions, calculated by applying the Glauber model, which gives

(Tppp) = (Neon)/onn = 0.0983 £ 0.0035 mb ™, (6.4)

with the number of binary nucleus-nucleus collisions (Ncon) = 6.9 £ 0.7 and the production cross
section in pp collisions onx = 70 = 5 mb [22]. There is no reconstructed pp spectrum for referenced
70 cross section at /s = 5.02 TeV. So we calculated it by interpolation of invariant 7° cross section
in pp collisions at /s = 2.76 TeV and 7 TeV.

It is found out that the /s = 7 TeV data still includes some pile-up influence which is not
known at the time of the publication. The pile-up effect for the interpolated ¥ spectrum and the
70 Rypy is estimated. For PHOS measurement, it is assumed /s = 7 TeV 7Y spectrum has —5
% difference at a maximum by influence of pile-up correction, and added —5 % uniformly to the
70 spectrum in pp collisions at /s = 7 TeV. The interpolated 7° spectrum with pile-up correction
has about 3 % difference as compared to one without pile-up correction in Fig.6.7. The 7° Rypy
which is calculated by the interpolated spectrum with and without adding —5 % as assumption
of pile-up correction has about 3 % difference, shown in Fig.6.8. In the result of estimation for
pile-up correction, the pile-up effect is less than about 25 % of the systematic uncertainty and is
within the statistical uncertainty. The pile-up effect on the Rypy, is even smaller. In addition, the
pile-up effect is also considered from another approach by PCM measurement. The ratio between
the invariant 7¥ cross section in pp collisions at /s = 7 TeV with and without applied pile-up
correction is shown in Fig.6.9. Except for the very low-pr part, the differences on the PCM Rpy,
are of the order of 2 % which is well covered within the systematic uncertainties. As the pile-up
effect mainly influences the lowest p region, it has been decided to reject this part in the combined
Rypp, and perform a cut at 1 GeV/c.

In the estimation of interpolated 7¥ spectrum as input, it is fitted the 7° cross section in pp
collisions at /s = 2.76 TeV and 7 TeV in each pr bin by a function of power law f(z) = A x zP
where A and B are free parameters. Evaluated the ¥ cross section at /s = 5.02 TeV is shown in
Fig.6.10. The referenced data to calculate the interpolated spectrum for the PHOS measurement
is used 7% spectrum measured by PHOS only, not combined 7% spectrum. Figure 6.11 shows the
interpolated ¥ cross section at /s = 5.02 TeV and the 7° cross section at /s = 2.76 TeV and
7 TeV. The 7° Rypy, is calculated individually in each method and combined them to the final
result of R,py, instead of calculating the combined R,py, directly from the combined 70 spectrum.
The PHOS part of the published pp spectra is used as input for the reconstruction of the PHOS pp
reference, and the PCM part of the published pp spectra is used as input for that of the PCM pp
reference. As there is no own pp reference for the EMCal and PCM-Dalitz analyses, the combined
PHOS and PCM published pp spectra are used as input for EMCal, and the PCM part of the pub-
lished pp spectra are used as input for PCM-Dalitz which allows to partially cancel out the material
budget uncertainty. This approach has advantages. For the PHOS analysis, uncertainties for the
material budget, non-linearity and global energy scale partially cancel out. For PCM analysis, the
material budget uncertainty completely cancels out. The individual 7° Rypy, measured by different
methods are shown in Fig.6.12 For the combination of the individual Rpy,, the same procedure
is used as for the combined meson spectra. The result of combined Rpy, is shown in Fig.6.13. The
uncertainties of the p-Pb and pp spectra are added in quadrature, separately for the statistical and
systematic uncertainties. The uncertainty of the T},py, is shown as overall normalization uncertainty
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represented as blue box around unity at low-pr. As described before, the combined Rypy, is not
shown below a pr of 1 GeV/c due to the missing pile-up correction in the published pp data at
Vs = 7 TeV. The 7° Rypy, increases with pr in the low-pr region and consists with unity at pr
> 2 GeV/c within uncertainties. At the low-pt region (pr < 3 GeV/c), Rypy, increment at low-pr
is attributed to a soft physics (Npart scaling) not due to Neoy scaling. It seems that there is a
slight enhancement (less than 10 %) of the Cronin effect at pt ~ 3 — 4 GeV/c due to initial-state
multiple scattering or anti-shadowing. The result that R,py, consists with unity indicates that
particles production in p-Pb collisions can be explained by that scaled in pp collisions. Therefore
there is negligible or no system size dependence in collision for the initial-state effects to modify
pr-spectrum of the 70,

For comparison, Fig.6.14 presents the R,py, calculated with combined 70 spectrum as input. At
the time of verifying this difference, it was not fully considered canceling the systematic uncertain-
ties. We focus only on the difference of their magnitudes. The results for two approaches (one
is method using combined 7° p-Pb spectrum and published pp spectrum and another is method
using individual Rppp, and combining them) are agreement.

In Fig.6.15 and 6.16, the nuclear modification factor for 7% in p-Pb collisions is compared to
the nuclear modification factor for 7= [71] and charged particles [22] in p-Pb collisions at \/sSNn =
5.02 TeV and also to that for 7° [2] and 7% [36] in central (0 — 5 % centrality) Pb-Pb collisions
at \/sNN = 2.76 TeV. The 70 R,py, is good agreement with the R,py, for 7+ and charged particles
for the entire pr range. It means that the 7°, 7* and charged particles have same production
mechanism. Strong suppression of high-pp 7 observed in central Pb-Pb collisions is not observed
in 7° measurement in p-Pb collisions at \/syny = 5.02 TeV.

Figure 6.17 represents comparison of R,py, and Rga, for 7V in d-Au collisions at VSN = 200 GeV
with minimum bias trigger measured by RHIC-PHENIX. There is no obvious difference between
Rypy, and Rgay for 0.
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The 7° Rypy is compared to pQCD NLO model predictions in Fig.6.18. The predictions are
calculated by EPS09s that is a set of spatially dependent nPDF's and three different FF: KKP [72],
AKK [73], fDSS [74] which do not lead to a significant difference in the Rpp,. KKP is FF for 7%,
K* and proton at both LO and NLO calculations, AKK is FF for 7%, K*, proton, anti-proton,
KY and A/A at NLO calculation, and fDSS is FF for 7%, 7%, K* and KY at NLO calculation
with their uncertainties. The CGC calculation is able to reproduce the Rypy. All shown model
predictions describe the data satisfactorily although the data points slightly exceed both predictions
for intermediate-pr region, 2 — 4 GeV/c. So there may be a small enhancement, not visible when
comparing to unity, but compared to the models that do not predict the R,py, being at one in this
pr region. Therefore I conclude the suppression observed in Pb-Pb collisions comes from final-state
effects such as hot and dense matter rather than initial-state effects.
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Chapter 7

Conclusion

This paper presents measurement of the 7% and 1 meson production in p-Pb collisions at V/SNN =
5.02 TeV and the nuclear modification factor (Rypp) for 7° from the LHC-ALICE experiment for
the first time. The 7¥ invariant yield is measured in pr range of 0.3 — 20 GeV/c by individual four
methods via the ALICE electromagnetic calorimeters, PHOS and EMCal, and photon conversion
methods (PCM and PCM-Dalitz), and the n meson invariant yield is measured in pr range of
0.7 — 20 GeV/c via EMCal and PCM. I contributed to this analysis via using the PHOS detector.
The final spectra are achieved via combination of individual analyses with weight according to their
uncertainties. Both 7° and 7 meson invariant yields are a nice agreement by the Tsallis fit and all
measurements are consistent with each other within the uncertainties. The EPOS3 event generator
reproduces well in the almost entire p region for 7¥ and the intermediate-pr region for 7 meson.
But it does not describe high-pr region (pr > 10 GeV/c) for both 7% and 7 meson.

The n/7 ratio increases at pp < 4 GeV/c and arrives a plateau of 0.47 4 0.02 at pr > 4 GeV/c. It
is consistent with the ALICE pp and Pb-Pb measurements and the world results. The m scaling
for the n/7% ratio is good description at pr > 4 GeV/c, but the discrepancy is observed in low-pr
region. The EPOS3 generator is good reproduction for data in low-pr region and is closer than the
mr scaling prediction. But it fails to reproduce data in high-pt region.

The 7° nuclear modification factor in p-Pb collisions increases in low-pr region and consists with
unity at pp > 2 GeV/c. It is not observed particle yield suppression as observed in Pb-Pb colli-
sions and system size dependence for the initial-state effects to modify pr-spectrum of the 7%, In
addition, the 7° nuclear modification factor in p-Pb collisions at LHC energy and in d-Au collisions
at RHIC energy have no obvious difference. Theoretical model via using EPS09s NLO calculations
and CGC model calculation are able to describe R,py,. These results provide direction that strong
suppression of high-pt 7 observed in Pb-Pb collisions comes from final-state effects due to parton
energy loss in the hot QCD medium rather than initial-state effects.

However, in this time, I studied about the 7° measurement in p-Pb collisions with only minimum
bias triggered data and am unaware of data with high energy photon triggered events, high mul-
tiplicity events and different centrality classes, especially most central collisions due to a lack of
statistics and small detector acceptance. Since operation of the LHC-Run2 has started from the
Spring of 2015, the ALICE experiment has recorded data with LHC full energy, in pp collisions at
Vs = 13 TeV, in p-Pb collisions at /sy = 8 TeV and in Pb-Pb collisions at \/snn = 5.02 TeV.
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Moreover all detectors are restored and improved. The PHOS detector improved readout speed
so that it can be accommodated to high rate data taking and also achieved wide acceptance by
installing additional half module. I expect the LHC-Run2 data enables more precise measurements
in distinguishing events as described above.
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102




Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Gaussian fitting in p-Pb collisions at /snn
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Figure 1: Invariant mass distribution with the Gaussian fit in the real data 1

= 5.02 TeV
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Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Gaussian fitting in p-Pb collisions at /snn
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Figure 3: Invariant mass distribution with the Crystal Ball fit in the real data 1
Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Crystal Ball fitting in p-Pb collisions at

v/SNN — 5.02 TeV
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Figure 4: Invariant mass distribution with the Crystal Ball fit in the real data 2
Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Crystal Ball fitting in p-Pb collisions at

\A/SNN = 5.02 TeV
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Figure 6: Invariant mass distribution with the Gaussian fit in the DPMJET 1
Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Gaussian fitting in the DPMJET
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Figure 7: Invariant mass distribution with the Gaussian fit in the DPMJET 2
Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Gaussian fitting in the DPMJET
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Figure 8: Invariant mass distribution with the Crystal Ball fit in the DPMJET 1
Signal and background(black line), scaled background estimated by event mixing method(blue),
and signal after background subtraction(red) with the Crystal Ball fitting in the DPMJET
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Figure 11: Invariant mass distribution with the Gaussian fit in the added signals 1
Signal(black) with the Gaussian fitting in the added signals
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Signal(black) with the Gaussian fitting in the added signals
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Signal(black) with the Crystal Ball fitting in the added signals
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Abstract

The ALICE experiment is mainly devoted to the study of QGP expected to be created in heavy-ion collisions at
the LHC. In the early stage of such collisions, partons can be scattered and photons can be produced in energetic
hard processes. High energy partons will interact with the QGP, and from the measurement of the particles originated
from the parton fragmentation in vacuum, one can infer transport properties of the QGP. Therefore, studyef high-
hadrons production is important to constrain the properties of the hot and dense medium. The strong suppression of
the highpr hadrons in heavy-ion collisions has been explained by the energy loss of the partons in medium and it can
be investigated experimentally via the nuclear modification factor of hadrons.

ALICE measured neutral mesong (andz) at mid-rapidity in a widepr range in pp, p-Pb and Pb-Pb collisions.
Neutral mesons are reconstructed via complementary methods, using the electromagnetic calorimeters, PHOS and
EMCal, and by the central tracking system, identifying photons convertetietopairs in the material of the inner
barrel detectors (ITS and TPC). Measurement of neutral meson spectra in pp collisigss=a0.9, 2.76, 7 and
8 TeV provides valuable comparison data for pQCD calculations and allows to study scaling properties of hadron
production at the LHC energies. The study of neutral mesons production in p-Pb collisions helps to disentangle initial
and final stateffects on the suppression itself. The latest results of neutral meson measurement in pp, p-Pb and Pb-Pb
collisions will be shown in this paper.

Keywords: jet quenching, energy loss, NLO pQCD, CGC, QGP, particle ratio

1. Introduction parton fragmentation in the QCD vacuum in pp colli-
sions. The neutral meson measurement is important to

Quantum Chromodynamics (QCD) predicts a phase test p_erturbat_ive QCD (pQCD) predictions and under-
transition at sfficiently high temperature and density standing partlclg productlon._ _On the other_ hand,_ the
like heavy-ion collisions from hadronic matter to a de- measurements in Pb-Pb collisions are studied to inter-
confined state of quarks and gluons called Quark-Gluon Prete the hadron suppression and parton energy loss in
Plasma (QGP) [1]. Higtp; hadrons are produced from the QGP. Studies in pr collisions wh|.ch are _m_termg-
the fragmentation of hard scattered quarks or gluons in diate between pp collisions and heavy-ion collisions in
high-energy heavy-ion collisions. Quarks and gluons terms of sy_stem size and num_ber of produceo_l particles,
interact strongly with the QGP and lose energy while are essential to disentangle if the suppression comes
passing through the medium. This phenomena, called from the initial condition of the colliding nuclei or from
jet-quenching [2, 3], is a powerful tool to investigate the final state éects. This paper presenFs the latest results
properties of the QCD medium created in heavy-ion col- ©f the neutral meson measurement in pp, p-Pb and Pb-
lisions. Pb collisions.

Neutral mesonsy® and; meson, are produced from
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2. Meson reconstruction in ALICE integration of the background-subtracted invariant mass

distribution of photon candidate pairs. Final spectra are
The ALICE experiment measured and; mesons obtained via the qombinatio_n of the individugl meson
in pp, p-Pb and Pb-Pb collisions with complemen- measur_ements using the weighted average with the total
tary methods which are the electromagnetic calorime- Uncertainties.
ters PHOS [4] and EMCal [5], and the Photon Conver-
sion Method (PCM). PHOS consists of lead tungstate, 3 Neutral meson invariant yields
PbWQ,, crystals coupled to an Avalanche Photo Diode
(APD) with a high granularity and high energy reso-  ALICE has measured® invariant yields in pp col-
lution of g(cevyE = 0.0YE @ 0.04 VE @ 0.01. The lisions at S = 0.9, 2.76, 7 and 8 TeV (Fig.1, left)
PHOS detector covefs; | < 0.13 and 260< ¢ < 320° [8, 9, 10] with a widepr range, and; meson invari-
located at 4.6 m from the interaction point. EMCal is a ant yields aty/s= 0.9, 2.76 and 7 TeV. The° yields in
sampling electromagnetic calorimeter, composed of 77 pp collisions are compared to the next-to-leading order
alternating layers of 1.4 mm lead and 1.7 mm scintil- (NLO) pQCD calculations using MSTW parton distri-
lator with an energy resolution efgcevyE = 0.05E bution functions (PDF) and DSS14 fragmentation func-
® 0.1/ VE @ 0.02. The EMCal detector covers | < tions (FF) and it is in reasonable agreementyat =
0.7 and 80 < ¢ < 18C located at 4.4 m from the inter- 0.9 and 2.76 TeV, while a discrepancy can be seen to-
action point. PCM identifies and reconstructs photons wards highpr at higher energy. In addition, th& and
converted tee*e™ pairs in the material of the inner bar- 1 meson invariant yields have been measured in Pb-Pb
rel detectors, Inner Tracking System (ITS [6]) and Time collisions at+/syy = 2.76 TeV (Fig.1, middle) [9, 11].
Projection Chamber (TPC [7]). Small photon conver- Clear modification of7® yields is seen in central Pb-
sion probability ¢ 8.5 %) is compensated by a wide Pb collisions. Ther® and  meson yields in Pb-Pb
acceptance withy | < 0.9 and full azimuthal. collisions are compared to scaled NLO pQCD calcula-
Then® andn meson raw yields are obtained from the tions with MSTW PDFs and éierent FFs, DSS14 far®
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Figure 3:7% Raa in Pb-Pb collisions at/Syn = 2.76 TeV for the 0-10 % centrality in comparison to results at lower energies (lef)®%aRga in
p-Pb collisions atysyn = 5.02 TeV compared to pQCD NLO calculations (right).

and DSSO07 fop [12], and both measurements are sup- 5. Nuclear modification factor Raa
pressed with respect to NLO pQCD calculations. AL-
ICE has measured the and, meson yields in p-Pb ALICE has measured the modifications8fyields in
collisions at+/syn = 5.02 TeV for the first time (Fig.1,  Pb-Pb and p-Pb collisions quantified with the nuclear
right). The yields in p-Pb collisions are fitted by a Tsal- modification factoRa defined as
lis function and the ratio between the measured yields N/ dordy]
and the corresponding fit is also shown. _ Praylaa
RalPT) = X Por/dprlipg @

0 s
4. /=" ratio and it is shown in Fig.3. Here, the nuclear overlap func-

The n/=° ratio has been measured in p-Pb collisions tion (Taa) is related to the average number of inelas-
and Pb-Pb collisions with two centrality classes [10] tic nucleon-nucleon collisions, calculated by a Glauber
shown in Fig.2. Both ratios increase with in the model [15, 16], which giveSTaa) = (Ncoi)/oNNs
low pr region, and reach a plateau of 0.5@t ~ 4 where(Ngo) is the number of binary nucleus-nucleus
GeVjc. It is consistent with the ALICE pp measure- collisions andryy is the production cross section in pp
ment [8] andK*/x* ratio measurement in central Pb-Pb collisions. The reference pp spectrum Ry, calcula-
collisions [13]. The pQCD NLO calculation at hight tion in Pb-Pb collisions is obtained with measured data
with energy loss reproduces the Pb-Pb data [14]. Since at the same centre-of-mass energy and that in p-Pb col-
the measurement in all systems indicate similar mag- lisions is obtained by interpolating the spectra of pub-
nitude and behavior within uncertainties, the ratio does lished 7° spectrum in pp collisions ay/s = 2.76 [9]
not depend on the collision system. and 7 TeV [8]. Then® Raa in Pb-Pb collisions has
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Figure 4:7° invariant mass distribution in pp collisions & = 13 TeV measured by PHOS (left), PCM (middle) and EMCal (left).

been measured in six centrality classes [9] and strong decreases with centrality. TiRaa at LHC is lower than
n° suppression is observed in the most central colli- the ones measured at RHIC and SPS. RReg in p-Pb

sions (centrality 0-5 %). The yield measured at

collisions is consistent with unity gir > 2 GeV/c and

LHC has stronger suppression as compared to the re-no suppression is observed.

sults at diferent centre-of-mass energies froyffsnw =
17.3 GeV to 200 GeV measured at RHIC or at SPS
[9, 17, 18, 19]. Ther® Raa in p-Pb collisions is consis-
tent with unity above 2 Gel and is reproduced reason-
ably by NLO pQCD calculations which use thre&eli-

ent FFs, KKP, AKK and fDSS [20], and Color Glass
Condensate (CGC) [21].

(1]

(2]
(3]

(4]
(5]
(6]

(7]
(8]

El

10]

6. New results in LHC-Run2

Since operation of the LHC-Run2 has started, the
ALICE experiment has recorded data in pp collisions
at /s = 13 and 5.02 TeV and Pb-Pb collisions at
VSN = 5.02 TeV. The neutral meson measurement is in
progress and their mass peaks are seen clearly (Fig.4).[
Precise measurement with a wider range than Runl |19

by upgraded detectors and higher statistics is expected.
(12]

7. Summary (23]

The ALICE experiment has measuretandy meson 4]
yields with diferent methods, PHOS, EMCal and PCM
in pp, p-Pb and Pb-Pb collisions. Spectra in pp colli-
sions are in reasonable agreement with NLO pQCD for [16
vs=0.9 and 2.76 TeV and the yields in Pb-Pb collisions [17]
have a suppression with respect to scaled NLO pQCD
calculations. They/x° ratio increases gty < 4 GeVjc

and reaches a constant value of 0.5at> 4 GeVc,

and no significant dierences are observed in pp, p-Pb

and Pb-Pb collisions. Strong suppression at higpr

has been observed in central Pb-Pb collisions Rgd

(18]

(18]

(29]

[20]
[21]
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Direct photon production at mid-rapidity in Pb-Pb collisions at ,/sxy = 2.76 TeV was studied in the
transverse momentum range 0.9 < pt < 14 GeV/c. Photons were detected with the highly segmented
electromagnetic calorimeter PHOS and via conversions in the ALICE detector material with the ete™
pair reconstructed in the central tracking system. The results of the two methods were combined and
direct photon spectra were measured for the 0-20%, 20-40%, and 40-80% centrality classes. For all three
classes, agreement was found with perturbative QCD calculations for pr 2> 5 GeV/c. Direct photon spectra
down to pr ~ 1 GeV/c could be extracted for the 20-40% and 0-20% centrality classes. The significance
of the direct photon signal for 0.9 < pr < 2.1 GeV/c is 2.60 for the 0-20% class. The spectrum in this
pr range and centrality class can be described by an exponential with an inverse slope parameter of
(297 £ 1251t 4 41%¥5%) MeV. State-of-the-art models for photon production in heavy-ion collisions agree

with the data within uncertainties.
© 2016 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The theory of the strong interaction, Quantum ChromoDynam-
ics (QCD), predicts a transition from ordinary nuclear matter to a
state where quarks and gluons are no longer confined to hadrons
[1,2]. The creation and study of this deconfined partonic state, the
Quark-Gluon Plasma (QGP), is the major objective in the exper-
imental program of heavy-ion collisions at the Relativistic Heavy
Ion Collider (RHIC) [3-6] and the Large Hadron Collider (LHC)
[7-15].

Direct photons, defined as photons not originating from hadron
decays, are a valuable tool to study details of the evolution of
the medium created in heavy-ion collisions. Unlike hadrons, di-
rect photons are produced at all stages of the collision and es-
cape from the hot nuclear matter basically unaffected [16], de-
livering direct information on the conditions at the time of pro-
duction: prompt direct photons produced in hard scatterings of
incoming partons provide information on parton distributions in
nuclei; deconfined quark-gluon matter as well as hadronic matter
created in the course of the collision emit thermal direct pho-
tons, carrying information about the temperature, collective flow
and space-time evolution of the medium [17]. Different trans-
verse momentum (pr) regions are dominated by photons emitted
at different stages of the collision. Prompt direct photons follow a
power law spectrum and dominate at high transverse momentum
(pr 2 5 GeV/c). At lower transverse momenta (pr < 4 GeV/c) one

* E-mail address: alice-publications@cern.ch.

http://dx.doi.org/10.1016/j.physletb.2016.01.020

expects contributions from the thermalized partonic and hadronic
phases with an approximately exponential spectrum [18,19]. In
addition, other direct photon production mechanisms, like the in-
teraction of hard scattered partons with the medium (“jet-photon
conversion”) [20,21], may be important for pr < 10 GeV/c.

The direct photon spectrum at low pr, therefore, contains in-
formation on the initial temperature and space-time evolution of
the thermalized medium created in heavy-ion collisions. The ob-
served thermal direct photon spectrum is a sum of contributions
from all stages of the collision after thermalization, where the
earliest, hottest stage and later, cooler stages can make compara-
ble contributions [22]. High photon emission rates at the largest
temperatures in the early stage are compensated by an expanded
space-time volume and blue-shift due to radial flow in the later
stage. This complicates the interpretation of inverse slope parame-
ters of direct photon spectra, but a correlation between the slope
and the initial temperature still exists [23].

The first measurement of a direct photon spectrum in relativis-
tic A-A collisions was presented by the WA98 Collaboration [24].
The direct photon yield was measured at the CERN SPS in cen-
tral Pb-Pb collisions at /sy = 17.3 GeV in the range 1.5 < pr <
4 GeV/c. The signal can be interpreted either as thermal photon
radiation from a quark-gluon plasma and hadronic gas or as the
effect of multiple soft scatterings of the incoming partons without
the formation of a QGP [19]. The PHENIX experiment measured the
direct photon spectrum in Au-Au collisions at ,/syy = 200 GeV in
the range 1 < pr < 20 GeV/c [25,26]. It was found that at high
pr (5 <5 pr <21 GeV/c) the direct photon spectrum measured in
Au-Au collisions agrees with the one measured in pp collisions at

0370-2693/© 2016 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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the same energy after scaling with the number of binary nucleon-
nucleon collisions (N ). Scaling of high-pr direct photon produc-
tion with N in Pb-Pb collisions at LHC energy was confirmed
by the ATLAS [27] and CMS [28] experiments in the measure-
ment of isolated photons, i.e., photons with little hadronic energy
in a cone around them, in the ranges 22 < pr < 280 GeV/c and
20 < pt < 80 GeV/c, respectively. The absence of suppression of
high pr isolated photons in A-A collisions with respect to N¢oy
scaled pp collisions, in contrast to the observed suppression of
hadrons, is consistent with the latter being due to energy loss of
hard scattered quarks and gluons in the medium.

Direct photon production at low pr (<3 GeV/c) in Au-Au col-
lisions at ,/syy = 200 GeV was studied by the PHENIX experiment
in the measurement of virtual photons (ete™ pairs from internal
conversions) [29] and with real photons [30]. A clear excess of di-
rect photons above the expectation from scaled pp collisions was
observed. The excess was parameterized by an exponential func-
tion with inverse slope parameters Tef = 221 & 1951t £ 1955t MeV
(virtual photon method [29]) and Tef = 239 &+ 255R¢ £ 755t MeV
(real photon method [30]) for the 0-20% most central collisions.
The measured spectrum can be described by models assuming
thermal photon emission from hydrodynamically expanding hot
matter with initial temperatures in the range 300-600 MeV [31].
The measurement of a direct-photon azimuthal anisotropy (elliptic
flow), which was found to be similar in magnitude to the pion el-
liptic flow at low pt in Au-Au collisions at /sy = 200 GeV [32],
provides a further important constraint for models. The simultane-
ous description of the spectra and elliptic flow of direct photons
currently poses a challenge for hydrodynamic models [33].

In this letter, the first measurement of direct photon produc-
tion for pr < 14 GeV/c in Pb-Pb collisions at ./syy = 2.76 TeV is
presented.

2. Detector setup

Photons were measured using two independent methods: by
the Photon Conversion Method (PCM) and with the electromag-
netic calorimeter PHOS. In the conversion method, the electron and
positron tracks from a photon conversion were measured with the
Inner Tracking System (ITS) and/or the Time Projection Chamber
(TPC).

The ITS [34] consists of two layers of Silicon Pixel Detectors
(SPD) positioned at a radial distance of 3.9 cm and 7.6 cm, two
layers of Silicon Drift Detectors (SDD) at 15.0 cm and 23.9 cm, and
two layers of Silicon Strip Detectors (SSD) at 38.0 cm and 43.0 cm.
The two innermost layers cover a pseudorapidity range of || < 2
and |n| < 1.4, respectively. The TPC [35] is a large (85 m?) cylindri-
cal drift detector filled with a Ne-CO,-N, (90-10-5) gas mixture.
It covers the pseudorapidity range |n| < 0.9 over the full azimuthal
angle with a maximum track length of 159 reconstructed space
points. With the magnetic field of B=0.5 T, et and e~ tracks
can be reconstructed down to pt ~ 50 MeV/c, depending on the
position of the conversion point. The TPC provides particle iden-
tification via the measurement of the specific energy loss (dE/dx)
with a resolution of 5.2% in pp collisions and 6.5% in central Pb-Pb
collisions [36]. The ITS and the TPC were aligned with respect to
each other to the level of less than 100 pm using cosmic-ray and
pp collision data [37]. Particle identification is furthermore pro-
vided by the Time-of-Flight (TOF) detector [38] located at a radial
distance of 370 < r < 399 cm. This detector consists of Multigap
Resistive Plate Chambers (MRPC) and provides timing information
with an intrinsic resolution of 50 ps.

PHOS [39] is an electromagnetic calorimeter which consists of
three modules installed at a distance of 4.6 m from the interac-
tion point. It subtends 260° < ¢ < 320° in azimuth and || < 0.13

in pseudorapidity. Each module consists of 3584 detector cells ar-
ranged in a matrix of 64 x 56 lead tungstate crystals each of
size 2.2 x 2.2 x 18 cm?. The signal from each cell is measured
by an avalanche photodiode (APD) associated with a low-noise
charge-sensitive preamplifier. To increase the light yield, reduce
electronic noise, and improve energy resolution, the crystals, APDs,
and preamplifiers are cooled to a temperature of —25°C. The re-
sulting energy resolution is og/E = (1.3%/E) & (33%/«/?) ®1.12%,
where E is in GeV. The PHOS channels were calibrated in pp colli-
sions by aligning the 7% peak position in the two-photon invariant
mass distribution.

Two scintillator hodoscopes (VO-A and VO0-C) [40| subtending
2.8 <n <5.1 and —3.7 < n < —1.7, respectively, were used in the
minimum bias trigger in the Pb-Pb run. The sum of the amplitudes
of VO-A and VO-C served as a measure of centrality in the Pb-Pb
collisions.

3. Data analysis

This analysis is based on data recorded by the ALICE exper-
iment in the first LHC heavy-ion run in the fall of 2010. The
detector readout was triggered by the minimum bias interaction
trigger based on trigger signals from the VO0-A, VO-C, and SPD
detectors. The efficiency for triggering on a Pb-Pb hadronic interac-
tion ranged between 98.4% and 99.7%, depending on the minimum
bias trigger configuration. The events were divided into central-
ity classes according to the VO-A and VO-C summed amplitudes.
Only events in the centrality range 0-80% were used in this analy-
sis. To ensure a uniform track acceptance in pseudorapidity 7, only
events with a primary vertex within 10 cm from the nominal
interaction point along the beam line (z-direction) were used. Af-
ter offline event selection, 13.6 x 10% events were available for the
PCM analysis and 17.7 x 108 events for the PHOS analysis.

The direct photon yield is extracted on a statistical basis from
the inclusive photon spectrum by comparing the measured pho-
ton spectrum to the spectrum of photons from hadron decays. The
yield of 7%, which contribute about 80-85% of the decay photons
(cf. Fig. 1), was measured simultaneously with the inclusive pho-
ton yield. Besides photons from 7° decays, the second and third
most important contributions to the decay photon spectrum come
from 1 and w decays.

An excess of direct photons above the decay photon spectrum
can be quantified by the pr dependent double ratio

incl Ydeca incl

R, = ):)mc d y _ Yinc! ’ 1)
TTparam Tparam  Ydecay

where yinq is the measured inclusive photon spectrum, nlg)aram a

parameterization of the measured 7% spectrum, and Ydecay the cal-
culated decay photon spectrum. The PCM and PHOS 7° measure-
ments are described in [41]. The double ratio has the advantage
that some of the largest systematic uncertainties cancel partially
or completely. Using the double ratio, the direct photon yield can
be calculated from the inclusive photon yield as

1
Vdirect = Vincl — Vdecay = (1 — R_) * Vincl- (2)
Y

The PCM and PHOS analyses were performed independently. Com-
bined direct photon spectra were determined based on combined
double ratios and combined inclusive photon spectra. In contrast
to taking the average of the PCM and PHOS direct-photon spectra,
this approach allowed us to use the information from both mea-
surements also when one measurement of Ry, fluctuated below
unity.
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In the PCM analysis, photons are reconstructed via a sec-
ondary vertex finding algorithm which provides displaced vertices
with two opposite-charge daughters. The positively and negatively
charged daughter tracks are required to contain reconstructed clus-
ters in the TPC. Only tracks with a transverse momentum above
50 MeV/c and a ratio of the number of reconstructed TPC clus-
ters over the number of findable TPC clusters (accounting for track
length, spatial location and momentum) larger than 0.6 were con-
sidered. To identify et and e, the specific energy loss in the TPC
[36] was required to be within a band of [—-30,50] around the
average electron dE/dx, and be more than 3o above the aver-
age pion dE/dx (where the second condition is only applied for
tracks with pr > 0.4 GeV/c). Tracks with an associated signal in
the TOF detector were only accepted as electron candidates if they
were consistent with the electron hypothesis within a £50 band.
The vertex finding algorithm uses the Kalman filter technique for
the decay/conversion point and four momentum determination of
the neutral parent particle (V?) [42]. Vs result from y conver-
sions but also from strange particle decays (K2, A or A). Further
selection was performed on the level of the reconstructed V.
VOs with a decay point with radius r <5 cm were rejected to
remove 7° and 7 Dalitz decays. The transverse momentum com-
ponent qr = pesinfyg [43] of the electron momentum, p., with
respect to the V0 momentum was restricted to qr < 0.05 GeV/c.
Based on the invariant mass of the eTe~ pair and the pointing of
the VO to the primary vertex, the vertex finder calculates a x2(y)
value which reflects the level of consistency with the hypothesis
that the VO comes from a photon originating from the primary
vertex. A selection based on this x2(y) value was used to further
reduce contamination in the photon sample. Random associations
of electrons and positrons were further reduced by making use of
the small opening angle of the eTe~ pair from photon conversions
at the conversion point.

The raw photon spectrum, constructed from the secondary ver-
tex candidates passing the selection described above, was cor-
rected for the reconstruction efficiency, the acceptance and the
contamination. The detector response was simulated for Pb-Pb col-
lisions using HIJING [44] together with the GEANT 3.21 transport
code [45]. The resulting efficiency correction is dominated by the
conversion probability of photons in the ALICE material. The inte-
grated material budget of the beam pipe, the ITS and the TPC for
r < 1.8 m corresponds to (11.4=£0.5)% of a radiation length Xy, re-
sulting in a photon conversion probability that saturates at about
8.5% for pr = 2 GeV/c [36,42]. The photon finding efficiency for
converted photons is of the order of 50-65% over the measured
pr range for all centralities. The purity of the photon candidate
sample for pr < 3 GeV/c extracted from simulation is 98-99%
in peripheral and 91-97% in the most central collisions. Further-
more, secondary photon candidates, mainly photons from the de-
cay K9 — 27% — 4y, not removed by the x2(y) selection, were
subtracted statistically based on the measured K¢ spectrum [46]. A
correction of less than 2% for photons from pile-up collisions was
applied for the 40-80% class for pr <2 GeV/c. At higher pr and
for more central classes this correction is negligible.

In the PHOS analysis, clusters (each cell of the cluster must have
at least one common edge with another cell of the cluster) were
used as photon candidates. To estimate the photon energy, the en-
ergies of cells with centers within a radius Rcore = 3.5 cm from the
cluster center of gravity were summed. Compared to the full clus-
ter energy, this core energy (Ecore) is less sensitive to overlaps with
low-energy clusters in a high multiplicity environment. The non-
linearity in the conversion of the reconstructed to the true pho-
ton energy introduced by this approach is reproduced by GEANT3
Monte Carlo simulations. The contribution of hadronic clusters was
reduced by requiring E jyster > 0.3 GeV, Ngejis > 2 and by accept-

ing only clusters above a minimum lateral cluster dispersion [41].
The latter selection rejects hadrons punching though the crystal
and producing a large signal in the photodiode of a single cell.
With a minimum time between bunch crossings of 525 ns, pos-
sible pile-up contributions from other bunch crossings is removed
by a loose cut on the cluster arrival time |t|] < 150 ns. For sys-
tematic uncertainty studies, photons were also reconstructed with
a pr-dependent dispersion cut and with a charged particle veto
(CPV) cut on the distance between the PHOS cluster position and
the position of extrapolated charged tracks on the PHOS surface to
suppress clusters from charged particles [41]. Both dispersion and
CPV cuts were tuned using pp collision data to provide a photon
efficiency at the level of 96-99%.

The product of acceptance and efficiency (A - ¢) was estimated
by embedding simulated photon clusters into real events and ap-
plying the standard reconstruction. PHOS properties (energy and
position resolutions, residual de-calibration, absolute calibration,
non-linear energy response) were tuned in the simulation to re-
produce the pr dependence of the 70 peak position and width
[41]. In peripheral events, A - ¢ for the default selection (no disper-
sion cut, no CPV cut) has a value of about 0.022 at pr =1 GeV/c.
For higher pr, A - ¢ decreases and saturates at about 0.018 for
pr 2 5 GeV/c. The decrease of A - ¢ with pr results from the use
of Ecore. In central collisions, A - ¢ increases by up to about 10%
due to cluster overlaps. Applying the dispersion and CPV cuts, the
efficiency is reduced by 5-10% in peripheral collisions and the cen-
trality dependence becomes negligible.

The contamination of the photon spectrum measured with
PHOS originates mainly from 7* and p, i annihilation in PHOS,
with other contributions being much smaller. Application of the
dispersion and CPV cuts reduces the overall contamination at
pr ~ 1.5 GeV/c from about 15% to 2-3% and down to 1-2% at
pt ~ 3-4 GeV/c. The subtraction of contamination is based on a
data driven approach: the probability to pass the CPV and dis-
persion cuts and the calorimeter response to hadrons are esti-
mated using identified ¥, p tracks; the photon candidate spectra,
measured with different cuts (default, dispersion, CPV, both) were
decomposed into ¥, m*, p and i contributions, assuming equal
contamination from p and n. The contamination calculated in this
way agrees with that estimated from a HIJING simulation. Finally,
the photon contribution from K? — 270 — 4y decays was sub-
tracted based on the measured K? spectrum [46] as in the PCM
analysis.

To calculate the ydecay/no ratio, a Monte Carlo approach was
used to simulate particle decays into photons both for the PCM
and the PHOS analysis. The largest contributions come from 7%, 1,
and w decays. Contributions of other hadrons were also included
but were found to be negligible. To allow for a cancellation of some
uncertainties common to the photon and 7° yield in Eq. (1), each
analysis (PCM, PHOS) used the 7° spectrum measured with the
respective method.

The n meson contribution is estimated by using two approaches
which assume: (i) transverse mass (mr) scaling of the 7% and the
n spectrum which is consistent with measurements at RHIC [31,
47] or (ii) that the pt spectrum of the n has the same shape as
the K? spectrum [46] as both particles should be affected by radial
flow in the same way due to their similar masses. The maximum
deviation between these two cases occurs at pr ~ 2.5 GeV/c where
(i) corresponds to a 1/7° ratio of about 0.4 whereas (ii) gives a
ratio of about 0.5. The absolute yield of 1 mesons in both cases
was fixed at pr > 5 GeV/c to reproduce the measured 1/7° ra-
tio at /Sy = 200 GeV: 0.46 + 0.05 [48]. The statistical precision
of the n signal in the 2010 and 2011 data sets is too low to fur-
ther constrain these two assumptions with a measurement of the
n spectrum. The average of these two cases is used for the decay
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Fig. 1. (Color online.) Relative contributions of different hadrons to the total decay
photon spectrum as a function of the decay photon transverse momentum (PCM
case).

Table 1

Summary of the systematic uncertainties of the PCM analysis in percentage. Uncer-
tainties are characterized according to three categories: point-by-point uncorrelated
(A), correlated in pt with magnitude of the relative uncertainty varying point-by-
point (B), and constant fractional uncertainty (C). Items in the table with categories
(A, B) summarize sources of uncertainties which are either of type A or B.

Centrality 0-20% 20-40% 40-80%

pr (GeV/c) 1.2 5.0 1.2 5.0 1.2 5.0
Yina Yield

Track quality (A) 0.6 0.6 0.2 0.2 0.2 0.7
Electron PID (A,B) 1.5 6.9 0.9 4.8 0.7 4.0
Photon selection (A, B) 4.0 18 24 21 1.5 13
Material (C) 4.5 4.5 4.5 4.5 4.5 4.5
Yina/°

Track quality (A) 0.7 1.7 0.8 0.4 0.6 13
Electron PID (A, B) 1.2 4.8 0.9 3.8 0.9 4.0
Photon selection (A, B) 32 3.2 3.0 1.5 2.5 24
70 yield (A) 1.6 2.9 17 2.7 0.5 3.0
Material (C) 45 4.5 45 4.5 45 4.5
ydecay/no

70 spectrum (B) 0.5 12 0.8 1.8 0.5 3.2
n yield (C) 14 14 14 14 14 14
n shape (B) 1.6 0.5 1.2 0.2 1.0 0.2
Total R, 6.2 8.1 5.7 7.0 5.7 8.3
Total Yincl 6.2 8.5 5.2 6.9 4.8 6.2

photon calculation, while half the difference is taken as a contribu-
tion to the systematic uncertainty of the 7 meson contribution in
addition to the normalization uncertainty quoted above. The con-
tribution of w meson decay photons is below ~3% and mt scaling
of the measured 70 spectrum with (dNy/dmT)/(dN 0 /dmt) = 0.9
is used [49]. The relative contributions of the different hadrons to
the total decay photon spectrum are shown in Fig. 1.

The main sources of systematic uncertainties in the determina-
tion of the inclusive photon spectrum and R, for the PCM analysis
are listed in Table 1. The two largest uncertainties are related to
the material budget of the ALICE detector and the Monte Carlo-
based efficiency corrections to the inclusive photon and 79 spec-

Table 2

Summary of systematic uncertainties of the PHOS analysis in percentage. Uncertain-
ties are characterized according to three categories: point-by-point uncorrelated (A),
correlated in pp with magnitude of the relative uncertainty varying point-by-point
(B), and constant fractional uncertainty (C). Uncertainties marked with * cancel in
the double ratio R.

Centrality 0-20% 20-40% 40-80%
pr (GeV/c) 2 10 2 10 2 10
Yina Vield

Efficiency (B) 3.0 3.0 0.7 0.7 2.5 2.5
Contamination (B) 2.0 2.0 13 1.3 2.9 0.5
Conversion (C) 1.7 1.7 17 1.7 17 17
Acceptance (C) 1.0 1.0 1.0 1.0 1.0 1.0
*Global E scale (B) 9.6 9.0 6.1 5.9 5.8 6.3
*Non-linearity (B) 2.2 0.1 21 0.1 2.0 0.1
0 yield

Yield extraction (A) 2.7 4.0 31 5.2 18 2.9
Efficiency (B) 1.8 1.8 2.7 2.2 2.5 25
Acceptance (C) 1.0 1.0 1.0 1.0 1.0 1.0
Pileup (C) 1.0 1.0 1.0 1.0 1.0 1.0
Feed-down (B) 2.0 2.0 2.0 2.0 2.0 2.0
Ydecay/ﬂo

70 spectrum (B) 1.3 4.3 1.8 1.8 18 18
n contribution (B) 2.2 1.7 2.2 1.6 21 16
Total Ry, 6.8 7.9 5.9 6.5 6.1 6.0
Total Yincl 12.4 12.7 9.7 10.0 9.8 9.6

tra. The material budget uncertainty was estimated in pp collisions
by comparing the measured number of converted photons (nor-
malized to the measured charged particle multiplicity) with GEANT
simulation results in which particle yields from PYTHIA and PHO-
JET were used as input. Uncertainties related to track selection and
electron identification were estimated by variation of the cuts. For
instance, we observe a small variation in results depending on the
minimum threshold for electron tracks. This is most likely related
to different tracking performance for real data and in the Monte
Carlo simulation for low-pr particles (pr < 50 MeV/c). The un-
certainty related to the choice of this threshold was estimated by
increasing the minimum pt from 50 MeV/c up to 100 MeV/c. Un-
certainties related to falsely reconstructed electron-positron pairs
from Dalitz decays as conversion pairs were obtained by varying
the minimum radial distance R,i, of reconstructed electron tracks
from the standard value of Ryj, =5 c¢cm up to Ryj, = 10 cm. The
estimation of the systematic uncertainty of the electron selection
includes a contribution estimated by the variation of the dE/dx
cuts.

In the double ratio R,, many uncertainties partially cancel. The
uncertainties on R, were therefore obtained by evaluating the ef-
fect of cut variations directly on R,. Uncertainties related to the
decay photon spectrum are similar for PCM and PHOS analyses:
they include the uncertainty due to the 70 spectrum parameteri-
zation, difference of shapes of 7° spectra measured by PCM and
PHOS, and uncertainties due to the shape and absolute normaliza-
tion of the n spectrum. Uncertainties due to contributions of other
hadrons are negligible.

The main systematic uncertainties of the PHOS analysis are
summarized in Table 2. For the inclusive photon spectrum, the un-
certainty of the efficiency calculation is estimated comparing the
PID cut efficiency in Monte Carlo and real data. The contamination
uncertainty is estimated comparing the photon purity calculated
with a data driven approach and with Monte Carlo HIJING simula-
tions. The conversion probability is estimated comparing 7 yields
in pp collisions with and without magnetic field. The global energy
and non-linearity uncertainties, which mostly cancel in Ry, are es-
timated comparing calibrations based on the 7% peak position and
on the electron E/p peak position. The centrality dependence of
the energy scale uncertainty results from the larger background
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Fig. 2. (Color online.) Comparison of inclusive photon spectra measured with PCM
and PHOS in the 0-20%, 20-40%, and 40-80% centrality classes. The individual spec-
tra were divided by the corresponding combined PCM and PHOS spectrum. The
shown errors only reflect the uncertainties of the individual measurements. The
boxes around unity indicate normalization uncertainties (type C).

under the 7% peak in central events and therefore larger uncer-
tainties in the peak position.

A more detailed description of the single photon selection and
especially of the additional 77° uncertainties for both the PCM and
PHOS analyses can be found in Ref. [41].

The comparison of the individual PHOS and PCM inclusive pho-
ton spectra, normalized to the averaged spectrum, is shown in
Fig. 2. Statistical and point-to-point uncorrelated systematic un-
certainties (type A) are combined and presented as error bars,
point-to-point correlated systematic uncertainties (type B) are
shown as boxes, and common normalization systematic uncertain-
ties (type C) are shown as bands around unity. The uncertainties
are dominated by pr-correlated contributions. The individual PHOS
and PCM double ratios are shown in Fig. 3. The partial cancellation
of the energy scale uncertainties (PHOS) and the material budget
uncertainties (PCM) is taken into account in the shown uncertain-
ties.

The level of agreement between the PHOS and PCM inclusive
photon spectra and double ratios R, was quantified taking into
account the correlation of the uncertainties in pr and centrality.
To this end, pseudo data points for the ratio of the PHOS and
PCM inclusive photon spectra and double ratios were generated
simultaneously for all three centrality classes under the assump-
tion of the null hypothesis that the ratio is unity for all points,
i.e., that both measurements result from the same original distri-
bution. The types B and C systematic uncertainties give rise to a
shifted baseline, around which the pseudo data points are drawn
from a Gaussian with a standard deviation given by the statisti-
cal and type A uncertainties. A test statistic t was defined as the
sum of the squared differences of the pseudo data points with re-
spect to the null hypothesis in units of the type A and statistical

L T T
| 0-20% Pb-Pb {s,, = 2.76 TeV

| ;
[ T
| 40-80% Pb-Pb Vs, =2.76 TeV

10
P, (GeV/c)

Fig. 3. (Color online.) Comparison of double ratios R, measured with PCM and
PHOS for the 0-20%, 20-40%, and 40-80% centrality classes. Error bars reflect the
statistical and type A systematic uncertainty, the boxes represent the type B and
C systematic uncertainties. The cancellation of uncertainties (energy scale, material
budget) in the double ratio R, is taken into account in the shown systematic un-
certainties.

uncertainties. A p-value was calculated as the fraction of pseudo
experiments with values of t larger than observed in the real data
[50]. The corresponding significance in units of the standard de-
viation of a one-dimensional normal distribution was calculated
based on a two-tailed test. The PHOS and PCM inclusive pho-
ton spectra were found to agree within 1.2 standard deviations,
the PHOS and PCM double ratios agree within 0.4 standard devia-
tions.

4. Results

The inclusive photon spectra and double ratios of the PCM and
PHOS analyses are combined as two independent measurements
to obtain the error-weighted average. The uncertainties common
to both measurements (trigger efficiency, centrality determination,
etc.) are negligible in comparison to the uncorrelated, analysis-
specific uncertainties. For each centrality selection the average
double ratio Ry, is used together with the averaged inclusive pho-
ton spectrum to obtain the final direct photon spectrum, according
to Eq. (2). For the 0-20% centrality class and pt =2 GeV/c, this
results in types A, B, and C systematic uncertainties of o = 2.5%,
o = 2.3%, and oc = 3.0% for the combined double ratio and of
op = 20%, og = 18%, oc = 24% for the combined direct photon
spectrum.

The combined PCM and PHOS double ratios R, measured for
three centrality classes are shown in Fig. 4. A direct photon excess
is observed for all centrality classes for pr = 4 GeV/c, and also
for 1 < pr <4 GeV/c in the most central class. The measurements
are compared with the expected R, for the prompt photon contri-
bution as calculated with next-to-leading-order (NLO) perturbative
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Fig. 4. (Color online.) Combined PCM and PHOS double ratio R, in the 0-20%,
20-40%, and 40-80% centrality classes compared with pQCD calculations for
nucleon-nucleon collisions scaled by the number of binary collisions for the corre-
sponding Pb-Pb centrality class. The dark blue curve is a calculation from Refs. [51,
52] which uses the GRV photon fragmentation function [53]. The JETPHOX calcu-
lations [54] were performed with two different parton distribution functions, CT10
[55] and EPS09 [56], and the BFG II fragmentation function [57].

QCD calculations. The prompt photon expectations in Fig. 4 were
determined as 1+ Ncol1¥pQcD/ Vdecay Where the number of binary
nucleon-nucleon collisions (N¢o; = 1210.8 +132.5, 438.44+42, and
77.2 + 18 for the 0-20%, 20-40%, and 40-80% class, respectively)
was calculated with a Monte Carlo Glauber code [58] using an in-
elastic nucleon-nucleon cross section of UIE{;\?' =64+ 5 mb. The
decay photon spectra ygecay Were calculated as the product of the
(ydecay/no)lMc ratio from the decay photon calculation and the
combined PHOS and PCM 7 spectra. Three different direct pho-
ton calculations are shown, two based on JETPHOX (with different
parton distribution functions) [54], and one from Refs. [51,52]. The
band around the latter reflects the factorization, renormalization,
and fragmentation scale uncertainty whereas the bands around
the JETPHOX calculations also include the uncertainty of the par-
ton distribution functions. In all three centrality classes, the excess
agrees with the calculated prompt direct photon contributions at
high pr 2 5 GeV/c. The contribution of prompt direct photons
cannot be calculated straightforwardly for pr <2 GeV/c; their con-
tribution relative to the decay photons, however, is expected to
be small. The excess of about 10-15% for the 0-20% centrality
class in the range 0.9 < pr < 2.1 GeV/c indicates the presence of
another source of direct photons in central collisions. The signif-
icance of the excess at each data point in this pr range in the
0-20% centrality class is about 2¢0. Considering all data points in
0.9 < pr £2.1 GeV/c, the significance of the direct photon excess
is about 2.60 which is only slightly larger than the significance of
the individual points due to the correlation of systematic uncer-
tainties in pr.
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Fig. 5. (Color online.) Direct photon spectra in Pb-Pb collisions at /sy = 2.76 TeV
for the 0-20% (scaled by a factor 100), the 20-40% (scaled by a factor 10) and
40-80% centrality classes compared to NLO pQCD predictions for the direct photon
yield in pp collisions at the same energy, scaled by the number of binary nucleon
collisions for each centrality class.

The resulting direct photon spectra are shown in Fig. 5. Arrows
represent 90% upper confidence limits. The same NLO pQCD cal-
culations that were used in Fig. 4 are directly compared with the
measured direct-photon spectra. In addition, the pQCD calculation
used in the Pb-Pb direct photon prediction by Paquet et al. [59] is
shown as a dashed line in Fig. 5. This calculation was performed
down to pr =~ 1 GeV/c by using large scales u (> 2p¥) and rescal-
ing the result so that it agrees with a calculation done with smaller
scales at higher pr. The systematic uncertainty of this calculation
is estimated to be about 25% for pr = 5 GeV/c, growing to about
60% at pr ~ 1 GeV/c. All calculations were scaled with the cor-
responding number of nucleon-nucleon collisions in the centrality
class. Similar to Ry, an agreement with these theoretical estimates
of pQCD photon production in peripheral, mid-central, and cen-
tral collisions for pr 2 5 GeV/c is found. An agreement between
Ncon-scaled pQCD calculation and data for isolated direct photon
yields was also found at higher pr (>20 GeV/c) by ATLAS [27]
and CMS [28].

In mid-central and more clearly in central collisions an ex-
cess of direct photons at low pr < 4 GeV/c with respect to
the pQCD photon predictions is observed, which might be re-
lated to the production of thermal photons. In models in which
thermal photon production in the early phase dominates, the in-
verse slope parameter reflects an effective temperature averaged
over the different temperatures during the space-time evolution
of the medium. In order to extract the slope parameter, a pt re-
gion is selected where the contribution of prompt direct photons
is small. The pQCD contribution from the calculation by Paquet
et al. [59], shown as a dashed line in Fig. 5, is subtracted and
the remaining excess yield is fit with an exponential function
o exp(—pt1/Teff). The extracted inverse slope parameter is Teff =
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Fig. 6. (Color online.) Comparison of model calculations from Refs. [59-62] with the
direct photon spectra in Pb-Pb collisions at /sy = 2.76 TeV for the 0-20% (scaled
by a factor 100), the 20-40% (scaled by a factor 10) and 40-80% centrality classes.
All models include a contribution from pQCD photons. For the 0-20% and 20-40%
classes the fit with an exponential function is shown in addition.

(297 £ 1250 + 4155t MeV in the range 0.9 < pt < 2.1 GeV/c for
the 0-20% class and Tef = (410 & 84t 4- 140%Y) MeV in the
range 1.1 < pr <2.1 GeV/c for the 20-40% class. Alternatively,
to estimate the sensitivity to the pQCD photon contribution, the
slope was extracted without the subtraction of pQCD photons. This

yields inverse slopes of Tgf‘gS“btr = (304 £ 11513t £ 40%5Y) MeV for

the 0-20% class and TI2UP™ = (407 £ 615 4+ 96¥5') MeV for the
20-40% class. The dominant contribution to the systematic uncer-
tainty of the inverse slopes is due to the type B uncertainties.

A significant contribution of blueshifted photons from the late
stages of the collision evolution with high radial flow velocities has
to be taken into account [22,63]. This makes the relation between
the medium temperature and the inverse slope parameter less di-
rect and a comparison to full direct photon calculations including
the photons emitted during the QGP and hadron gas phase is nec-
essary to extract the initial temperature. A comparison to state-
of-the-art direct photon calculations is shown in Fig. 6. All shown
models assume the formation of a QGP. The hydrodynamic mod-
els, which fold the space-time evolution with photon production
rates, use QGP rates from Ref. [64] and equations of state from
lattice QCD. All models include the contribution from pQCD pho-
tons, however, different parameterizations are used. The model of
van Hees et al. [60] is based on ideal hydrodynamics with initial
flow (prior to thermalization) [65]. The photon production rates in
the hadronic phase are based on a massive Yang-Mills description
of gas of 7, K, p, K*, and a; mesons, along with additional pro-
duction channels (including anti-/baryons) evaluated with the in-
medium p spectral function [19]. Bremsstrahlung from 7 -7 and
K-K is also included [66], in the calculation shown here together
with w-p-w channels recently described in Ref. [67]. The space-
time evolution starts at 7o = 0.2 fm/c with temperatures Ty = 682,
641, 461 MeV for the 0-20%, 20-40%, and 40-80% classes, respec-

tively, at the center of the fireball. The calculation by Chatterjee
et al. [61,68] is based on an event-by-event (2 + 1D) longitudi-
nally boost invariant ideal hydrodynamic model with fluctuating
initial conditions. An earlier prediction with smooth initial condi-
tions was presented in Ref. [69]. Hadron gas rates are taken from
the massive Yang-Mills approach of Ref. [19]. Bremsstrahlung from
hadron scattering is not included. The hydrodynamic evolution in
the model of Chatterjee et al. starts at 7o = 0.14 fm/c with an av-
erage temperature at the center of the fireball of Ty ~ 740 MeV
for the 0-20% class and To ~ 680 MeV for the 20-40% class. The
calculation by Paquet et al. [59] uses event-by-event (2 + 1D) lon-
gitudinally boost invariant viscous hydrodynamics [70] with IP-
Glasma initial conditions [71]. Viscous corrections were applied
to the photon production rates [59,72,73]. The same hadron gas
rates as described above for the calculation by van Hees et al.
are used. The hydrodynamic evolution starts at g9 = 0.4 fm/c
with an initial temperature (averaged over all volume elements
with T > 145 MeV) of To = 385 MeV for the 0-20% class and
To =350 MeV for the 20-40% class. The PHSD model prediction
by Linnyk et al. [62] is based on an off-shell transport approach in
which the full evolution of the collision is described microscopi-
cally. Bremsstrahlung from the scattering of hadrons is a significant
photon source in this model. The comparison of the measured
direct-photon spectra to the calculations in Fig. 6 indicates that the
systematic uncertainties do not allow us to discriminate between
the models.

5. Conclusions

The pr differential invariant yield of direct photons has been
measured for the first time in Pb-Pb collisions at /sy = 2.76 TeV
for transverse momenta 0.9 < pr < 14 GeV/c and for three cen-
trality classes: 0-20%, 20-40%, and 40-80%. Two independent and
consistent measurements (PCM, PHOS) have been averaged to ob-
tain the final results. In all centrality classes, the spectra at high
transverse momentum prt 2 5 GeV/c follow the expectation from
pQCD calculations of the direct photon yield in pp collisions at
the same energy, scaled by the number of binary nucleon col-
lisions. Within the sensitivity of the current measurement, no
evidence for medium influence on direct photon production at
high pr is observed. In the low pr region, pt < 2 GeV/c, no di-
rect photon signal can be extracted in peripheral collisions, but
in mid-central and central collisions an excess above the prompt
photon contributions is observed. An inverse slope parameter of
Tef = (297 4= 125198 4 41%5Y) MeV is obtained for the 0-20% most
central collisions from an exponential function fit to the direct
photon spectrum, after subtraction of the pQCD contribution, in
the range 0.9 < pr < 2.1 GeV/c. Models which assume the forma-
tion of a QGP were found to agree with the measurements within
uncertainties.
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ABSTRACT

The production of charged pions, kaons and (anti)protons has been measured at mid-rapidity (—0.5 <
y < 0) in p-Pb collisions at ,/syy = 5.02 TeV using the ALICE detector at the LHC. Exploiting particle
identification capabilities at high transverse momentum (prt), the previously published pr spectra have
been extended to include measurements up to 20 GeV/c for seven event multiplicity classes. The pr
spectra for pp collisions at /s =7 TeV, needed to interpolate a pp reference spectrum, have also been
extended up to 20 GeV/c to measure the nuclear modification factor (R,pp) in non-single diffractive p-Pb
collisions.

At intermediate transverse momentum (2 < pr < 10 GeV/c) the proton-to-pion ratio increases with
multiplicity in p-Pb collisions, a similar effect is not present in the kaon-to-pion ratio. The pr dependent
structure of such increase is qualitatively similar to those observed in pp and heavy-ion collisions. At
high pt (>10 GeV/c), the particle ratios are consistent with those reported for pp and Pb-Pb collisions
at the LHC energies.

At intermediate pr the (anti)proton Rppp shows a Cronin-like enhancement, while pions and kaons show
little or no nuclear modification. At high pr the charged pion, kaon and (anti)proton Rypy are consistent
with unity within statistical and systematic uncertainties.

© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In heavy-ion collisions at ultra-relativistic energies, it is well
established that a strongly coupled Quark-Gluon-Plasma (sQGP) is
formed [1-5]. Some of the characteristic features of the sQGP are
strong collective flow and opacity to jets. The collective behavior is
observed both as an azimuthal anisotropy of produced particles [6],
where the magnitude is described by almost ideal (reversible) hy-
drodynamics, and as a hardening of pt spectra for heavier hadrons,
such as protons, by radial flow [7]. Jet quenching is observed as
a reduction of both high pt particles [8,9] and also fully recon-
structed jets [10]. The interpretation of these sQGP properties re-
quires comparisons with reference measurements like pp and p-A
collisions. Recent measurements in high multiplicity pp, p-A and
d-A collisions at different energies have revealed strong flow-like
effects even in these small systems [11-20]. The origin of these
phenomena is debated [21-29] and the data reported here provide
further inputs to this discussion.

* E-mail address: alice-publications@cern.ch.

http://dx.doi.org/10.1016/j.physletb.2016.07.050

In a previous work, we reported the evidence of radial flow-
like patterns in p-Pb collisions [30]. This effect was found to in-
crease with increasing event multiplicity and to be qualitatively
consistent with calculations which incorporate the hydrodynami-
cal evolution of the system. It was also discussed that in small
systems, mechanisms like color-reconnection may produce radial
flow-like effects. The present paper reports complementary mea-
surements covering the intermediate pt region (2-10 GeV/c) and
the high-pt region (10-20GeV/c) exploiting the capabilities of the
High Momentum Particle Identification Detector (HMPID) and the
Time Projection Chamber (TPC). In this way, high precision mea-
surements are achieved in the intermediate prt region where cold
nuclear matter effects like the Cronin enhancement [31,32] have
been reported by previous experiments [33,34], and where the par-
ticle ratios, e.g., the proton (kaon) production relative to that of
pions, are affected by large final state effects in central Pb-Pb col-
lisions [35]. Particle ratios are expected to be modified by flow, but
hydrodynamics is typically expected to be applicable only up to a
few GeV/c [36]. At higher pr, ideas such as parton recombination
have been proposed leading to baryon-meson effects [37]. In this
way the new dataset complements the lower pt results.

0370-2693/© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2016.07.050
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:alice-publications@cern.ch
http://dx.doi.org/10.1016/j.physletb.2016.07.050
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2016.07.050&domain=pdf

ALICE Collaboration / Physics Letters B 760 (2016) 720-735 721

In addition, particle identification at large transverse momenta
in p-Pb collisions provides new constraints on the nuclear parton
distribution functions (nPDF) which are key inputs in interpreting
a large amount of experimental data like d-Au and deep inelas-
tic scattering [38]. Finally, the measurement is also important to
study the particle species dependency of the nuclear modification
factor (Rppp), to better understand parton energy loss mechanisms
in heavy-ion collisions.

In this paper, the charged pion, kaon and (anti)proton Rppp
are reported for non-single diffractive (NSD) p-Pb collisions. The
pp reference spectra for this measurement were obtained us-
ing interpolations of data at different collision energies. The al-
ready published pr spectra for inelastic (INEL) pp collisions at
/s =17 TeV [39] were extended up to 20 GeV/c and the results
are presented here for the first time. These measurements to-
gether with the results for INEL pp collisions at +/2 = 2.76 TeV
(pT < 20 GeV/c) [35] were used to determine pp reference spectra
at /s =5.02 TeV using the interpolation method described in [40].

The paper is organized as follows. In Sec. 2 the ALICE detector
as well as the event and track selections are discussed. The analy-
sis procedures for particle identification using the HMPID and TPC
detectors are outlined in Sec. 3 and Sec. 4, respectively. Section 5
presents the results and discussions. Finally, Sec. 6 summarizes the
main results.

2. Data sample, event and track selection

The results are obtained using data collected with the ALICE
detector during the 2013 p-Pb run at ./syy = 5.02 TeV. The de-
tailed description of the ALICE detector can be found in [41] and
the performance during run 1 (2009-2013) is described in [42].
Because of the LHC 2-in-1 magnet design, it is impossible to ad-
just the energy of the proton and lead-ion beams independently.
They are 4 TeV per Z which gives different energies due to the
different Z/A of the colliding protons and lead ions. The nucleon-
nucleon center-of-mass system is moving in the laboratory frame
with a rapidity of ynny = —0.465 in the direction of the proton
beam rapidity. In the following, y1ap (71ap) are used to indicate the
(pseudo)rapidity in the laboratory reference frame, whereas y ()
denotes the (pseudo)rapidity in the center-of-mass reference sys-
tem where the Pb beam is assigned positive rapidity.

In the analysis of the p-Pb data, the event selection follows
that used in the analysis of inclusive charged particle produc-
tion [43]. The minimum bias (MB) trigger signal was provided by
the VO counters [44], which contain two arrays of 32 scintillator
tiles each covering the full azimuth within 2.8 < n,, < 5.1 (VOA)
and —3.7 < nap < —1.7 (VOC). The signal amplitude and arrival
time collected in each tile were recorded. A coincidence of signals
in both VOA and VOC detectors was required to remove contam-
ination from single diffractive and electromagnetic events. In the
offline analysis, background events were further suppressed by re-
quiring the arrival time of signals on the neutron Zero Degree
Calorimeter A, which is positioned in the Pb-going direction, to be
compatible with a nominal p-Pb collision occurring close to the
nominal interaction point. The estimated mean number of interac-
tions per bunch crossing was below 1% in the sample chosen for
this analysis. Due to the weak correlation between collision geom-
etry and multiplicity, the particle production in p-Pb collisions is
studied in event multiplicity classes instead of centralities [45]. The
multiplicity classes are defined using the total charge deposited
in the VOA detector as in [30], where VOA is positioned in the
Pb-going direction. The MB results have been normalized to the
total number of NSD events using a trigger and vertex reconstruc-
tion efficiency correction which amounts to 3.6% 4 3.1% [46]. The
multiplicity dependent results have been normalized to the visible

Table 1
Transverse momentum ranges (GeV/c) covered by the individual and combined
analyses for pp collisions at /s =7 TeV and p-Pb collisions at ,/syy = 5.02 TeV.

Analysis at 4~ KT + K~ p+p
PP Published [39]° 01-3.0 0.2-6.0 0.3-6.0
TPC dE/dx rel. rise 2-20 3-20 3-20
p-Pb Published [30]° 01-3.0 0.2-2.5 0.3-4.0
HMPID 1.5-4.0 1.5-4.0 1.5-6.0
TPC dE/dx rel. rise 2-20 3-20 3-20

2 Included detectors: ITS, TPC, Time-of-Flight (TOF), HMPID. The results also in-
clude the kink-topology identification of the weak decays of charged kaons.
b Included detectors: ITS, TPC, TOF.

(triggered) cross-section correcting for the vertex reconstruction
efficiency (this was not done in [30]). This correction is of the
order of 5% for the lowest VOA multiplicity class (80-100%) and
negligible for the other multiplicity classes (< 1%).

In the /s =7 TeV pp analysis the MB trigger required a hit in
the two innermost layers of the Inner Tracking System (ITS), the
Silicon Pixel Detector (SPD), or in at least one of the VO scintilla-
tor arrays in coincidence with the arrival of proton bunches from
both directions. The offline analysis to eliminate background was
done using the time information provided by the VO detectors in
correlation with the number of clusters and tracklets! in the SPD.

Tracks are required to be reconstructed in both the ITS and the
TPC. Additional track selection criteria are the same as in [47] and
based on the number of space points, the quality of the track fit,
and the distance of closest approach to the reconstructed colli-
sion vertex. Charged tracks where the identity of the particle has
changed due to a weak decay, e.g, K~ — u~ 4V, are identified
by the tracking algorithm due to their distinct kink topologies [48]
and rejected in this analysis. The remaining contamination is neg-
ligible (« 1%). In order to have the same kinematic coverage as
used in the p-Pb low pt analysis [30], the tracks were selected
in the pseudorapidity interval —0.5 < n < 0. In addition, for the
HMPID analysis it is required that the tracks are propagated and
matched to a primary ionization cluster in the Multi-Wire Propor-
tional Chamber (MWPC) gap of the HMPID detector [39,47].

The published results of charged pion, kaon and (anti)proton
production at low pt for pp [39] and p-Pb [30] collisions at
/s=7TeV and ,/sny = 5.02 TeV, respectively, used different Par-
ticle IDentification (PID) detectors and techniques. A summary of
the pr ranges covered by the published analyses and the analyses
presented in this paper can be found in Table 1.

In the following, the analysis techniques used to obtain the
identified particle pr spectra in the intermediate and high-pt
ranges using HMPID and TPC will be discussed.

3. HMPID analysis

The HMPID detector [49] is located about 5 m from the beam
axis, covering a limited acceptance of |njp| < 0.5 and 1.2° <
¢ < 58.5°, that corresponds to ~5% of the TPC geometrical ac-
ceptance (27 in azimuthal angle and the pseudo-rapidity inter-
val |n| < 0.9 [50]) for high pr tracks. The HMPID analysis uses
~ 9 x 107 minimum-bias p-Pb events at ,/syy = 5.02 TeV. The
event and track selection and the analysis technique are similar to
those described in [39,47]. It is required that tracks are propagated
and matched to a primary ionization cluster in the Multi-Wire Pro-
portional Chamber (MWPC) gap of the HMPID detector. The PID in
the HMPID is done by measuring the Cherenkov angle, 0y, [49]:

! Tracklets are pairs of hits from the two layers of the SPD which make a line
pointing back to the collision vertex.
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Fig. 1. (Color online.) Cherenkov angle measured in the HMPID as a function of the
track momentum in p-Pb collisions at /sy = 5.02 TeV for the 0-5% VOA multiplic-
ity class (see the text for further details). The dashed lines represent the expected
curves calculated using Eq. (1) for each particle species.

np

1
CoSsOcp = ﬁ = O, = arccos ( (1)

where n is the refractive index of the radiator used (liquid CgF14
with n=1.29 at E,, =6.68 eV and temperature T =20°C), p and
m are the momentum and the mass of the given particle, re-
spectively. The measurement of the single photon 6, angle in
the HMPID requires the knowledge of the track parameters, which
are estimated by the track extrapolation from the central tracking
detectors up to the radiator volume, where the Cherenkov pho-
tons are emitted. Only one charged particle cluster is associated
to each extrapolated track, selected as the closest cluster to the
extrapolated track point on the cathode plane. To reject the fake
cluster-match associations in the detector, a selection on the dis-
tance d(track-mip) computed on the cathode plane between the track
extrapolation point and the reconstructed charged-particle cluster
position is applied. The distance has to be less than 5 c¢m, in-
dependent of track momentum. Starting from the photon cluster
coordinates on the photocathode, a back-tracking algorithm cal-
culates the corresponding emission angle. The Cherenkov photons
are selected by the Hough Transform Method (HTM) [51] that dis-
criminates the signal from the background. For a given track, the
Cherenkov angle 6cy, is then computed as the weighted mean of
the single photon angles selected by the HTM. Fig. 1 shows the
Och as a function of the track momentum. The reconstructed an-
gle distribution for a given momentum interval is fitted by a sum
of three Gaussian distributions, corresponding to the signals from
pions, kaons, and protons. The fitting is done in two steps. In the
first step the initial values of fit parameters are set to the expected
values. The mean values, (6ch)i, are obtained from Eq. (1), tuning
the refractive index to match the observed Cherenkov angles, and
the resolution values are taken from a Monte Carlo simulation of
the detector response. After this first step, the pr dependences of
the mean and width are fitted with the function given by Eq. (1)
and a polynomial one, respectively. In the second step, the fitting
is repeated with the yields as the only free parameters, constrain-
ing the mean and resolution values to the fitted value. The second
iteration is particularly important at high pr where the separa-
tion between different species is reduced. Fig. 2 gives examples of
fits to the reconstructed Cherenkov angle distributions in two nar-
row pr intervals for the 0-5% multiplicity class. The raw yields are
then corrected by the total reconstruction efficiency given by the
convolution of the tracking, PID efficiency, and distance cut cor-
rection. The tracking efficiency, convoluted with the geometrical

T T T T T T T T T T
ALICE p-Pb |s,, = 5.02 TeV 0-5% VOA class (Pb-side)
= 08 25< p.< 2.6 GeVl/c T 3.8< p.< 4.0 GeVic 1
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= o6f 2N
g o
8 o04f BK
2] Ap
% 0.2F —Total
Q .
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Cherenkov angle, 6, (rad)

Fig. 2. (Color online.) Distributions of the Cherenkov angle measured in the
HMPID for positive tracks having pr between 2.5-2.6 GeV/c (left) and between
3.8-4.0 GeV/c (right), in p-Pb collisions at /sy = 5.02 TeV for the 0-5% VOA mul-
tiplicity class (see the text for further details).

acceptance of the detector, has been evaluated using Monte Carlo
simulations. For all three particle species this efficiency increases
from ~5% at 1.5 GeV/c up to ~6% at high pt. The PID efficiency
is determined by the Cherenkov angle reconstruction efficiency. It
has been computed by means of Monte-Carlo simulations and it
reaches ~90% for particles with velocity 8 ~1, with no significant
difference between positive and negative tracks. The distance cut
correction, defined as the ratio between the number of the tracks
that pass the cut on dyack-mipy and all the tracks in the detector
acceptance, has been evaluated from data. It is momentum de-
pendent, and it is equal to ~53% at 1.5 GeV/c, reaches ~70% for
particles with velocity 8 ~ 1. A small difference between positive
and negative tracks is present; negative tracks having a distance
correction ~2% lower than the positive ones. This effect is caused
by a radial residual misalignment of the HMPID chambers and an
imperfect estimation of the energy loss in the material traversed
by the track. Tracking efficiency, PID efficiency and distance cut
correction do not show variation with the event track multiplicity.

3.1. Systematic uncertainties

The systematic uncertainty on the results of the HMPID analy-
sis has contributions from tracking, PID and tracks association [39,
47]. The uncertainties related to the tracking have been estimated
by changing the track selection cuts individually, e.g. the number
of crossed readout rows in the TPC and the value of the track’s
x2 normalized to the number of TPC clusters. To estimate the PID
contribution, the parameters (mean and resolution) of the fit func-
tion used to extract the raw yields were varied by a reasonable
quantity, leaving them free in a given range; the range chosen for
the mean values is [(0ch) — o, (6ch) + o] and for the resolution
[0 —0.10, 0 + 0.10]. A variation of 10% of the resolution corre-
sponds to its maximum expected variation when taking into ac-
count the different running conditions of the detector during data
taking which have an impact on its performance. When the means
are changed, the resolution values are fixed to the default value
and vice versa. The variation of parameters is done for the three
Gaussians (corresponding to the three particle species) simultane-
ously. In addition, the uncertainty of the association of the track to
the charged particle signal is obtained by varying the default value
of the distance cut required for the match by £1 cm. These con-
tributions do not vary with the collision multiplicity. A summary
of the different contributions to the systematic uncertainty for the
HMPID p-Pb analysis is shown in Table 2.

4. TPC dE /dx relativistic rise analysis

The relativistic rise regime of the specific energy loss, dE/dx,
measured by the TPC allows identification of charged pions, kaons,



ALICE Collaboration / Physics Letters B 760 (2016) 720-735

Table 2
Main sources of systematic uncertainties for the HMPID p-Pb analysis.
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Fig. 3. (Color online.) Specific energy loss, dE/dx, as a function of momentum p in
the pseudorapidity range —0.5 < n < —0.375 for minimum bias p-Pb collisions. In
each momentum bin the dE/dx spectra have been normalized to have unit integrals
and only bins with more than 2% of the counts are shown (making electrons not
visible in the figure, except at very low momentum). The curves show the (dE/dx)
response for pions, kaons, protons and electrons.

and (anti)protons up to pt =20 GeV/c. The results presented in
this paper were obtained using the method detailed in [47]. In
this analysis, around 8 x 107 (4.7 x 107) p-Pb (pp) MB triggered
events were used. The event and track selection has already been
discussed in Section 2.

As discussed in [47], the dE/dx is calibrated taking into account
chamber gain variations, track curvature and diffusion, to obtain a
response that essentially only depends on By. Inherently, tracks
at forward rapidity will have better resolution due to longer inte-
grated track-lengths, so in order to analyze homogeneous samples
the analysis is performed in four 7 intervals. Samples of topolog-
ically identified pions (from I((S’ decays), protons (from A decays)
and electrons (from y conversions) were used to parametrize the
Bethe-Bloch response, (dE/dx) (8y), and the relative resolution,
odesdx ((dE/dx)) [47]. For the p-Pb data, these response func-
tions are found to be slightly multiplicity dependent (the (dE/dx)
changes by ~0.4% and the sigma by ~2.0%). However, a single
set of functions is used for all multiplicity intervals, and the de-
pendence is included in the systematic uncertainties. Fig. 3 shows
dE/dx as a function of momentum for p-Pb events. The charac-
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teristic separation power between particle species in number of
standard deviations (S, ) as a function of p, is shown in Fig. 4
for minimum bias p-Pb collisions. For example, S, for pions and
kaons is calculated as:

8 (8o

05 (O’n++ﬂ— +O—K++K*) .

dE
dx

dE

dx

o (2)

The separation in number of standard deviations is the largest
(smallest) between pions and protons (kaons and protons) and it
is nearly constant at large momenta.

The main part of this analysis is the determination of the rela-
tive particle abundances, hereafter called particle fractions, which
are defined as the 7+ +7~, K" +K~, p+p and et 4 e~ yields
normalized to that for inclusive charged particles. Since the TPC
dE/dx signal is Gaussian distributed as illustrated in [47], particle
fractions are obtained using four-Gaussian fits to dE/dx distribu-
tions in 1 and p intervals. The parameters (mean and width) of
the fits are fixed using the parametrized Bethe-Bloch and resolu-
tion curves mentioned earlier. Examples of these fits can be seen
in Fig. 5 for two momentum intervals, 3.4 < p < 3.6 GeV/c and
8 < p <9 GeV/c. The particle fractions in a pr range, are obtained
as the weighted average of the contributing p intervals. Since the
particle fractions as a function of pr are found to be independent
of n, they are averaged. The particle fractions measured in p-Pb
and pp collisions are corrected for relative efficiency differences
using DPMJET [52] and PHOJET [53] Monte Carlo (MC) generators,
respectively. Furthermore, the relative pion and proton abundances
were corrected for the contamination of secondary particles (feed-
down), more details of the method can be found in [47].

The invariant yields, 1/(2m pr) d2N/dydpr, are constructed us-
ing two components: the corrected particle fractions and the cor-
rected invariant charged particle yields. For the pp analysis at
/s =7 TeV, the latter component was taken directly from the pub-
lished results for inclusive charged particles [40]. However, anal-
ogous results for p-Pb data are neither available for neither the
kinematic range —0.5 < ¥y < 0 nor for the different multiplicity
classes [54], they were therefore measured here and the results
used to determine the invariant yields.

4.1. Systematic uncertainties

The systematic uncertainties mainly consist of two components:
the first is due to the event and track selection, and the second one
is due to the PID. The first component was obtained from the anal-
ysis of inclusive charged particles [40,54]. For INEL pp collisions at
7 TeV, the systematic uncertainties have been taken from [40]. For
p-Pb collisions, there are no measurements in the 7 interval re-
ported here (—0.5 < < 0); however, it has been shown that the
systematic uncertainty exhibits a negligible dependence on 7 and
multiplicity [45]. Therefore, the systematic uncertainties reported
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(,)b 37, -: e e e :- T
o —-0125<n<0 I 1 _
1 =---05<n<-0.375 | ALICE p-Pb \(STAN =5.02 TeV__, So---TTTTTETETT ]

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4 6 8101214161820 4 6 8 101214161820 4 6 8 1012 14 16 18 20

p (GeV/c)

Fig. 4. Separation in number of standard deviations between: pions and protons (left panel), pions and kaons (middle panel), and kaons and protons (right panel). Results for
minimum bias p-Pb data and for two specific pseudorapidity intervals are shown. More details can be found in [47].
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Table 3

Summary of the systematic uncertainties for the charged pion, kaon, and (anti)proton spectra and for the particle

p/m=@+p/(@t +77).

ratios. Note that K/m = (K* +K7)/(x* + 7~) and

pt (GeV/c) at+m~ Kt +K- p+p K/ p/7
2.0 10 3.0 10 3.0 10 3.0 10 3.0 10
pp collisions
Uncertainty
Event and track selection® 7.3% 7.3% 7.3% - -
Feed-down correction 0.2% - 1.2% 0.2% 1.2%
Efficiency correction 3.2% 3.2% 3.2% 4.5% 4.5%
Correction for muons 0.3% 0.5% - - 0.3% 0.5% 0.3% 0.5%
Parametrization of Bethe-Bloch 1.8% 1.9% 20% 6.9% 24% 15% 17% 9.0% 17% 19%
and resolution curves
p-Pb collisions
Uncertainty
Event and track selection® 3.3% 3.6% 3.3% 3.6% 3.3% 3.6% - -
Feed-down correction < 0.2% - 2.6% 0.7% <0.2% 2.6% 0.7%
Efficiency correction 3.2% 3.2% 3.2% 4.5% 4.5%
Correction for muons® 0.3% 0.4% - - 0.3% 0.4% 0.3% 0.4%
Parametrization of Bethe-Bloch
and resolution curves
Multiplicity 0-5% 1.7% 1.9% 17% 8.0% 15% 13% 16% 10.4% 12% 11%
classes 5-10% 1.7% 2.0% 17% 5.6% 16% 12% 18% 7.2% 14% 24%
10-20% 1.6% 1.9% 16% 7.2% 16% 12% 18% 9.5% 16% 15%
20-40% 1.6% 2.0% 16% 6.7% 17% 15% 18% 8.0% 17% 18%
40-60% 1.5% 1.9% 15% 6.5% 17% 12% 18% 8.3% 18% 13%
60-80% 1.6% 1.8% 16% 6.3% 20% 13% 21% 8.3% 22% 18%
80-100% 1.4% 1.5% 13% 5.9% 20% 13% 16% 7.3% 23% 21%

4 Common to all species, values taken from [40,54].
b Found to be multiplicity independent.

in [54] have been assigned to the identified charged hadron pr
spectra for all the VOA multiplicity classes.

The second component was measured following the procedure
described in [47], where the largest contribution is attributed to
the uncertainties in the parameterization of the Bethe-Bloch and
resolution curves used to constrain the fits. The uncertainty is cal-
culated by varying the (dE/dx) and ogg,dx in the particle fraction
fits (Fig. 5) within the precision of the dE/dx response calibration,
~1% and 5% for (dE/dx) and o4E dx, respectively. A small fraction
of this uncertainty was found to be multiplicity dependent, it was
estimated as done in the previous ALICE publication [30].

A summary of the main systematic uncertainties on the pr
spectra and the particle ratios for p-Pb and pp collisions can be

found in Table 3 for two pr intervals. For pions, the main contri-
bution is related to event and track selection and the associated
common corrections. In the case of kaons and protons the largest
uncertainty is attributed to the parametrization of the dE/dx re-
sponse. For kaons, the uncertainty decreases with pr and increases
with multiplicity while for protons the multiplicity dependence is
opposite. This variation mainly reflects the changes in the particle
ratios with pt and multiplicity.

5. Results and discussions

The total systematic uncertainty for all the spectra for a given
particle species is factorized for each pr interval into a multiplic-
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Fig. 7. (Color online.) Transverse momentum spectra of charged pions (left), kaons (middle), and (anti)protons (right) measured in p-Pb collisions at /sy = 5.02 TeV.
Statistical and systematic uncertainties are plotted as vertical error bars and boxes, respectively. The spectra (measured for NSD events and for different VOA multiplicity

classes) have been scaled by the indicated factors in the legend for better visibility.

ity independent and multiplicity dependent systematic uncertainty.
The transverse momentum distributions obtained from the differ-
ent analyses are combined in the overlapping pr region using a
weighted average. The weight for the combinations was done ac-
cording to the total systematic uncertainty to obtain the best over-
all precision. Since the systematic uncertainties due to normaliza-
tion and tracking are common to all the analyses, they were added
directly to the final combined results. The statistical uncertain-

ties are much smaller and therefore neglected in the combination
weights. The multiplicity dependent systematic uncertainty for the
combined spectra is also propagated using the same weights. For
the results shown in this paper the full systematic uncertainty is
always used, but the multiplicity correlated and uncorrelated sys-
tematic uncertainties are made available at HepData. Fig. 6 shows
examples of the comparisons among the individual analyses and
the combined pr spectra, focusing on the overlapping pt region.
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Within systematic and statistical uncertainties the new high-pt re-
sults, measured with HMPID and TPC, agree with the published
results [30]. Similar agreement is obtained for the pr spectra in
INEL pp collisions at 7 TeV [39].

5.1. Transverse momentum spectra and nuclear modification factor

The combined charged pion, kaon and (anti)proton pr spectra
in p-Pb collisions for different VOA multiplicity classes are shown
in Fig. 7. As reported in [30], for pr below 2-3 GeV/c the spec-
tra behave like in Pb-Pb collisions, i.e., the pr distributions be-
come harder as the multiplicity increases and the change is most
pronounced for protons and lambdas. In heavy-ion collisions this
effect is commonly attributed to radial flow. For larger momenta,
the spectra follow a power-law shape as expected from perturba-
tive QCD.

In order to quantify any particle species dependence of the
nuclear effects in p-Pb collisions, comparisons to reference pr
spectra in pp collisions are needed. In the absence of pp data at
/s =5.02 TeV, the reference spectra are obtained by interpolating
data measured at /s =2.76 TeV and at /s = 7 TeV. The invariant
cross section for identified hadron production in INEL pp collisions,
1/@mpr) d*opyFt/dydpr, is interpolated in each pr interval, as-
suming a power law dependence as a function of /s. The method
was cross-checked using events simulated by Pythia 8.201 [55],
where the difference between the interpolated and the simulated
reference was found to be negligible. The maximum relative sys-
tematic uncertainty of the spectra at /s =2.76 TeV and at /s =
7 TeV has been assigned as a systematic uncertainty to the refer-
ence. In the transverse momentum interval 3 < pt < 10 GeV/c, the
total systematic uncertainties for pions and kaons are below 8.6%
and 10%, respectively. While for (anti)protons it is 7.7% and 18% at
3GeV/c and 10GeV/c, respectively. The invariant yields are shown
in Fig. 8, where the interpolated pt spectra are compared to those
measured in INEL pp collisions at 2.76 TeV and 7 TeV.

The nuclear modification factor is then constructed as:

dNppy/dydpr
Tppb) d*o Nt /dydpr

Rpr =
<

T T T T T T T T
ALICE NSD p-Pb |5 = 5.02 TeV

Rpr

0 2 4 6 8 10 12 14 16 18 20
P (GeV/c)

Fig. 9. (Color online.) The nuclear modification factor Rppp as a function of trans-
verse momentum pr for different particle species. The statistical and systematic
uncertainties are shown as vertical error bars and boxes, respectively. The total
normalization uncertainty is indicated by a vertical scale of the empty box at
pr =0 GeV/c and Rppp = 1. The result for inclusive charged hadrons [54] is also
shown.

where, for minimum bias (NSD) p-Pb collisions the average nu-
clear overlap function, (Tppy), is 0.0983 = 0.0035 mb~" [43]. In
absence of nuclear effects the Rppp, is expected to be one.

Fig. 9 shows the identified hadron Rpp, compared to that for
inclusive charged particles (h*) [54] in NSD p-Pb events. At high
pr (> 10 GeV/c), all nuclear modification factors are consistent
with unity within systematic and statistical uncertainties. Around
4 GeV/c, where a prominent Cronin enhancement has been seen
at lower energies [33,34], the unidentified charged hadron Rppy, is
above unity, albeit barely significant within systematic uncertain-
ties [54]. Remarkably, the (anti)proton enhancement is ~3 times
larger than that for charged particles, while for charged pions and
kaons the enhancement is below that of charged particles. The
STAR and PHENIX Collaborations have observed a similar pattern
at RHIC, where the nuclear modification factor for MB d-Au col-
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Fig. 10. (Color online.) Kaon-to-pion (upper panel) and proton-to-pion (bottom panel) ratios as a function of pr for different VOA multiplicity classes. Results for p-Pb
collisions (full markers) are compared to the ratios measured in INEL pp collisions at 2.76 TeV [35] (empty circles) and at 7 TeV [39] (full circles). The statistical and

systematic uncertainties are plotted as vertical error bars and boxes, respectively.

lisions, Rgay, in the range 2 < pt <5 GeV/c, is 1.24 + 0.13 and
1.49 £+ 0.17 for charged pions and (anti)protons, respectively [20].

An enhancement of protons in the same pr range is also ob-
served in heavy-ion collisions [35,47], where it commonly is in-
terpreted as radial-flow and has a strong centrality dependence. In
the next section, we study the multiplicity dependence of the in-
variant yield ratios to see whether protons are more enhanced as
a function of multiplicity than pions.

5.2. Transverse momentum and multiplicity dependence of particle
ratios

The kaon-to-pion and the proton-to-pion ratios as a function
of pr for different VOA multiplicity classes are shown in Fig. 10.
The results for p-Pb collisions are compared to those measured
for INEL pp collisions at 2.76 TeV [35] and at 7 TeV [39]. Within
systematic and statistical uncertainties, the pt differential kaon-to-
pion ratios do not show any multiplicity dependence. In fact, the

results are similar to those for INEL pp collisions at both energies.
The pt differential proton-to-pion ratios show a clear multiplicity
evolution at low and intermediate pt (<10 GeV/c). This multi-
plicity evolution is qualitatively similar to the centrality evolution
observed in Pb-Pb collisions [35,47].

It is worth noting that the average multiplicities at mid-rapidity
for peripheral Pb-Pb collisions (60-80%) and high multiplicity
p-Pb collisions (0-5% VOA multiplicity class) are very similar,
(dNch/dn) ~50. Even if the physical mechanisms for particle pro-
duction could be different, it seems interesting to compare these
systems with similar underlying activity as done in Fig. 11, where
INEL /s =7 TeV pp results are included as an approximate base-
line. Within systematic and statistical uncertainties, the kaon-to-
pion ratios are the same for all systems. On the other hand, the
proton-to-pion ratios exhibit similar flow-like features for the p-Pb
and Pb-Pb systems, namely, the ratios are below the pp baseline
for pt <1 GeV/c and above for pr > 1.5 GeV/c. Quantitative dif-
ferences are observed between p-Pb and Pb-Pb results, but they
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Fig. 11. (Color online.) Particle ratios as a function of transverse momentum. Three
different colliding systems are compared, pp (open squares), 0-5% p-Pb (open cir-
cles) and 60-80% Pb-Pb (full diamonds) collisions at ./sxy =7 TeV, 5.02 TeV and
2.76 TeV, respectively.
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Fig. 12. (Color online.) Particle ratios as a function of (dNc,/dn) in each VOA mul-
tiplicity class (see [30] for more details). Three different colliding systems are com-
pared: pp, p-Pb and peripheral Pb-Pb collisions.

can be attributed to the differences in the initial state overlap ge-
ometry and the beam energy.

The results for the particle ratios suggest that the modification
of the (anti)proton spectral shape going from pp to p-Pb collisions
could play the dominant role in the Cronin enhancement observed
for inclusive charged particle Rppy at LHC energies. To confirm this
picture one would have to study the nuclear modification factor
as a function of multiplicity as we did in [45], where, the possi-
ble biases in the evaluation of the multiplicity-dependent average
nuclear overlap function (Tppb) were discussed. These results will
become available in the future.

In Fig. 12 we compare the particle ratios at high pt (10 < pt <
20 GeV/c) measured in INEL /s =7 TeV pp collisions, peripheral
Pb-Pb collisions and the multiplicity dependent results in p-Pb
collisions. Within statistical and systematic uncertainties, the ratios
do not show any evolution with multiplicity. Moreover, since it has
been already reported that in Pb-Pb collisions they are centrality
independent [47] we conclude that they are system-size indepen-
dent.

The strong similarity of particle ratios as a function of multi-
plicity in p-Pb and centrality in Pb-Pb collisions in the low, inter-
mediate, and high-pt regions is striking. In general, the results for
p-Pb collisions appear to raise questions about the long standing
ideas of specific physics models for small and large systems [56].
For example, in the low p7 publication [30], hydrodynamic in-
spired fits gave higher transverse expansion velocities ((8r)) for
p-Pb than for Pb-Pb collisions. Hydrodynamics, which successfully
describes many features of heavy-ion collisions, has been applied
to small systems and can explain this effect [21], but care needs
to be taken since its applicability to small systems is still under
debate [56]. On the other hand, models like color reconnection,
where the soft and hard components are allowed to interact, pro-

duce this kind of effects in pp collisions [29,57]. Even more, the
hard collisions which could be enhanced via the multiplicity se-
lection in small systems, also contribute to increase (8r) [58]. In
general, color reconnection effects in p-Pb and Pb-Pb collisions are
under investigation and models for the effect of strong color fields
in small systems are in general under development [59]. Finally,
it has been proposed that in d-Au collisions the recombination of
soft and shower partons in the final state could explain the be-
havior of the nuclear modification factor at intermediate pt [32].
The CMS Collaboration has found that the second-order (v;) and
the third-order (v3) anisotropy harmonics measured for Kg and A
show constituent quark scaling in p-Pb collisions [60].

6. Conclusions

We have reported on the charged pion, kaon and (anti)proton
production up to large transverse momenta (pt < 20 GeV/c) in p-
Pb collisions at ,/syy = 5.02 TeV. The pr spectra in /s =7 TeV
pp collisions were also measured up to 20 GeV/c to allow the de-
termination of the /s =5.02 TeV pp reference cross section using
the existing data at 2.76 TeV and at 7 TeV.

At intermediate prt (2 < pr < 10 GeV/c), the (anti)proton Rppp
for non-single diffractive p-Pb collisions was found to be signifi-
cantly larger than those for pions and kaons, in particular in the
region where the Cronin peak was observed by experiments at
lower energies. Hence, the modest enhancement which we already
reported for unidentified charged particles can be attributed to the
modification of the proton spectral shape going from pp to p-Pb
collisions. At high pr the nuclear modification factors for charged
pions, kaons and (anti)protons are consistent with unity within
systematic and statistical uncertainties.

The enhancement of protons with respect to pions at interme-
diate pt shows a strong multiplicity dependence. This behavior is
not observed for the kaon-to-pion ratio. At high transverse mo-
menta (10 < pr < 20 GeV/c) the pt integrated particle ratios are
system-size independent for pp, p-Pb and Pb-Pb collisions. For
a similar multiplicity at mid-rapidity, the pr-differential particle
ratios are alike for p-Pb and Pb-Pb collisions over the broad pr
range reported in this paper.
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