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This paper presents isolated photon-hadron correlations ygirand p-Pb data collected by the ALICE
detector at the LHC. For photons with] < 0.67 and 1< pr < 40 GeV ¢, the associated yield of charged
particles in the rangg | < 0.80 and 05 < pr < 10 GeV cis presented. These momenta are much lower than
previous measurements at the LHC. No signibcant difference betpggand p-Pb is observed, with AHIA
8.2 describing both data sets within uncertainties. This measurement constrains nuclear effects on the parton
fragmentation inp-Pb collisions, and provides a benchmark for future studies of Pb-Pb collisions.
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I. INTRODUCTION yet no signibcant modibcation of jet production or fragmen-

Understanding the dynamics of quarks and gluons in nugation has been found.
9 y d g In di-hadron and direct photon-hadron correlations, no sig-

cleons and nuclei is a _k?‘y goal O.f modern_nuclear_physmsmpcant modiPcation of the jet fragmentation was observed
Protonbnucleuspf) collisions at high energies provide in-

formation about the parton structure of nuclei, partonbnucle 0 measurements by the PHENIX collaboration in dBAu col-

interactions, and parton fragmentation in a nuclear mediuUﬁQ‘S'ons at a center-of-mass energy of 200 G&¥ dnd the

. : PALICE collaboration inp-Pb collisions at 5.02 TeVg9] at
[1]. The energy of the Large Hadron Collider (LHC) available mid rapidity. At forward rapidity, a strong-modibcation was

for pA collisions is a factor of 25 larger than at the Relativistic observed by the PHENIX collaboration in d-Au collisions

5':3\% I?enagmollr:dﬁnrn(liﬁécii\)él arzgntwr:aﬁulrtnp}rrg\gt?c?rf ;2‘:;%?'[10]. A recent measurement by the PHENIX collaboration
andQ? [2] 9 ) with pp, pPAIl, and pPpAu data revealed a transverse mo-
' mentum broadening consistent with a path-length dependent

F’f?‘”O” fragmentation may be mo_d|bed n thg nUCIeu.Séffect [L1]. However, a recent ATLAS measurement of the
offering a way to explore the dynamics of QCD in nuclei

including elastic, inelastic, and coherent multiple scatterin [et fragmentation function ip-Pb colisions showed no evi-
9 ’ ’ Nt multiple ence for modibcation of jet fragmentation for jets with<5
of partons. Moreover, the known spatial dimensions of nu-

clei provide a blter possibly shedding light on the timescale’" < 206 GeV ¢[12]. Measurements of the fragmentation of

of the fragmentation process, which remains unkno®a]] jets with much lower momentum are necessary to limit the

Additionallv. because photons produced in hard scatterin Lorentz boost to the timescales of fragmentation, as such a
Y P P 'IBoost may result in fragmentation outside the nucleus. These

from the same scattering before any modibcation. Thus, me?r_leasurements would test t¢ evolution of fragmentation

surements of photon-tagged jet fragmentatioprcollisions finctions in cold nuclear matter, testing factorization theo-

. : . rems that are neither proven nor expected to hold in general
serve as a powerful tool to study multiple-scattering effects i or collisions involving nuclei 13

cold nuclear matter], which serve as a control for effects of In this work, azimuthal correlations of charged hadrons

the quarkbgluon plasma (QGP) in nucleusbnucleus collisions ith isolated photons, °, are analyzed inp-Pb and pp

where modibcations of the jet spectrum, fragmentation, ané\/ . . vy _
substructure have been observal [ ollisions with a center-of-mass energy ofyn= 5.02 TeV.

Traditionally, the effects attributed to the QGP WereISOIated photons are measured at midrapidiity= 0.67, and

expected to be absent pAA collisions. However, recent mea- with transverse momenta in the range<lr < 40 GeVc,
surements show evidence for collective behav&}r yvhich which yields the scaling variabler = 2pr/ S = 0.0059

: i . L 0.016. The kinematic range probed in this analysis offers
might hint that a small droplet of QGP formsjirA collisions, access 10 a lowe@? than other LHC experiments, which is

where the largest nuclear effects can be expected, and to a
similar x; range as RHIC measurements at forward rapidity
Full author list given at the end of the article. [10]. )
The measurement of the transverse momentum '&f

Published by the American Physical Society under the terms of thgonstrains the recoiling parton kinematics in a way that is
Creative Commons Attribution 4.0 Internationitense. Further not possible with inclusive jet production and provides an
distribution of this work must maintain attribution to the author(s) effective way to probe the nuclear modibcation of the frag-
and the published article’s title, journal citation, and DOI. mentation function. Moreover, the per-trigger yield is the ratio
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of a semi-inclusive cross-section (photerjet) and inclusive by two layers of silicon drift detectors at 15.0 and 23.9 cm,
cross-section (photon). Both quantities are sensitive to thand two layers of silicon strip detectors at 38.0 and 43.0 cm.
nuclear parton distribution functions (PDF) in the same wayThe ITS coverg | < 0.9 and has full azimuthal coverage.
[14,15]. Thus, by measuring per-photon quantities, sensitivity The VO detector is used to provide the minimum bias
to the nuclear PDF is eliminated. trigger and to estimate the particle multiplicity in each event.
This paper is organized as follows: Sectibncovers the The detector consists of two scintillator arrays, VOA and
experimental setup; the datasets and simulations are present¢dC, located on opposite sides of the interaction point at
in Sec.lll; isolated photon and charged hadron reconstrucz = + 340 cm andz= S 90 cm and covering.8< < 5.1
tions are detailed in SecB/ andV; the purity measurement andS3.7< < S1.7, respectively.
is reported in SecVI; Sec. VIl describes the correlation
measurements; Se¢lll reports the systematic uncertainties
of the measurement; SetX presents the results; and the
conclusions are discussed in SKc. The data used for this analysis were collected during the
2013 p-Pb run and the 201@p run, both at a center-of-mass
energy of Sy = 5.02 TeV. Photon events were selected by
the ALICE EMCal trigger. The EMCal issues triggers at two
A comprehensive description of the ALICE experimentdifferent levels, Level 0 (LO) and Level 1 (L1). The events
and its performance is provided in Ref$6[17]. The detector that pass LO selection are further processed at L1. The LO
elements most relevant for this study are the electromagnetitecision, issued at most2lus after the collision, is based
calorimeter system, which is used to measure and trigger oon the analog charge sum ofx44 adjacent cells evaluated
high pr photons, and the inner tracking system, which iswith a sliding window algorithm within each physical Trigger
used for tracking and determination of the interaction vertexRegion Unit (TRU) spanning 8 48 cells in coincidence with
Both are located inside a large solenoidal magnet with a beld minimum bias trigger. The L1 trigger decision, which must
strength of 0.5 T along the beam direction. be taken within @ s after the collision, can incorporate
The electromagnetic calorimeter (EMCal) is a samplingadditional information from different TRUs, as well as other
calorimeter composed of 77 alternating layers of 1.4 mm leadriggers or detectors. Additionally, the L1 extends the 4
and 1.7 mm polystyrene scintillators. It has a cellular structuresliding window search across neighboring TRUs, resulting in
made up of square cells with a transverse size ®f & cnr. a roughly 30% larger trigger area than the LO trigg&j| In
Wavelength shifting Pbers attached to the perpendicular face2013 p-Pb collisions, one LO and two L1 triggers with differ-
of each cell collect the scintillation light. These Pbers are therent thresholds were used. The L0 threshold was 3 GeV, while
connected to avalanche photodiodes (APDs) which amplifihe L1 thresholds were 11 GeV and 7 GeV.dp collisions,
the generated scintillation light. an LO threshold of 2.5 GeV and a single L1 threshold of 4
The EMCal is located at a radial distance of approximatelyGeV were used. This analysis requires clusters with an energy
428 cm from the nominal interaction point, and its cell granu-above 12 GeV to avoid the usage of the triggers around their
larity is X = 14.3x 14.3 mrad. Its energy resolution respective threshold values jop and p-Pb.
is /E=A B/ E C/EwhereA= 1.7%,B= 11.3%, Due to the 2-in-1 magnet design of the LHC, which re-
C = 4.8%, and the energl is given in units of GeV 1§]. quires the same magnetic rigidity for both colliding beams, the
The linearity of the response of the detector and electronickeams had different energies per nucleon. The energy of the
has been measured with electron test beams to a precision opeotons was 4 TeV. In the lead nucleus, the energy per nucleon
few percent for the momentum range probed in this analysisvas 1.56 TeV= (Z/A)x 4 TeV, whereZ = 82 is the atomic
The nonlinearity is negligible for cluster energies between Jhiumber of lead and = 208 is the nuclear mass number of the
and 50 GeV, which is the relevant range for this analysislead isotope used. This energy asymmetry results in a rapidity
The geometrical acceptance of the EMCal if< 0.7 and  boost of the nucleonbnucleon center-of-mass frame by 0.465
80 < < 187. units relative to the ALICE rest frame in the direction of the
The dijet calorimeter (DCal) is an extension of the EMCal. proton beam.
It is back-to-back in azimuth with respect to the EMCal and Full detector simulations are used in the study of the
uses the same technology and material as the EMC3 [ tracking performance described in SB¢, in the purity mea-
Thus, it has identical granularity and intrinsic energy reso-surement with template bts described in S€t, and for
lution. It covers ®@2< | | < 0.7and 260< < 320, and comparisons with data described in SB¢. The simulations
an additional region betwegn| < 0.7and 320< < 327. of hard processes are based on the PYTHIA 8.2 event genera-
It was installed and commissioned during the brst long shuttor, 2013 Monash Tune[l]. In PYTHIA, the signal events are
down of the LHC and therefore was operational during theincluded via2 2 matrix elements witlyq gandqq
2017 pprun but not during the 2018-Pb run. Thus, boththe g hard scatterings, debPned at the leading order, followed
EMCal and the DCal are used in the trigger and analysis oby the leading-logarithm approximation of the parton shower
the pp collisions, while only the EMCal was used rPb. and hadronization. To simulagePb events, thep dijet and
The inner tracking system (ITS) consists of six layers ofgamma-jet events simulated with PYTHIA 8.2 are embedded
silicon detectors and is located directly around the interactiofinto p-Pb inelastic collision events generated with DPMJET
point. The two innermost layers consist of silicon pixel detec{22] to reproduce the experimentally measured glop#tb
tors positioned at radial distances of 3.9 and 7.6 cm, followeavent properties. The simulated data include only those events

Ill. DATASETS

Il. EXPERIMENTAL SETUP
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with a calorimeter cluster above threshold, and are boosted by To validate the combined effect of tracking efbciency,

0.465 units of rapidity in the nucleon-nucleon center-of-masdake rate, and track momentum smearing corrections obtained

frame. from simulation of ITS-only tracking, the published charged-
The detector response is simulated with GEANDE3][ particle spectrum inp-Pb collisions at Sy = 5.02 TeV

where the generated events are processed through the safrem Ref. [28] was reproduced. The published spectrum was

reconstruction chain as the data. Following R@#][ a cor-  obtained using the ALICE standard tracking and is compatible

rection is applied to the GEANT simulation to mimic the with ITS-only tracking within+ 8% for pr < 0.85 GeV ¢

observed cross-talk between calorimeter cells, which is atand+ 5% for 0.85< py < 10 GeV c. This difference is taken

tributed to the readout electronics. This correction leads to &to account in the systematic uncertainty assigned to tracking

good description of the electromagnetic showers observed icorrections.

data.

_ To ensure a uniform acceptance and reconstruction efp- V. ISOLATED PHOTON SELECTION
ciency in the pseudorapidity regign| < 0.8, only events
with a reconstructed vertex withia 10 cm of the center of ~ The signal for this analysis is isolated prompt photons.

the detector along the beam direction are used. At the lowest order in pQCD, prompt photons are produced
via two processes: (i) quark-gluon Compton scatteriytg,

g , (i) quark-antiqguark annihilationgg@ g , and, with a
much smaller contributiongq . In addition, prompt
IV. TRACKING PERFORMANCE photons are produced by higher-order processes, such as frag-
The data taking approach during part of the 2@f¥run  mentation or bremsstrahlungq]. The collinear part of such
was to read out only a subset of the ALICE detector systemgprocesses has been shown to contribute effectively also at
This enhanced the sampled luminosity by reading out at d#west order.
higher rate. This lightweight readout approach included the
EMCal and the ITS but excluded the time projection chamber. A. Isolation requirement
As a result, ITS-only tracking is used for bofip and p-Pb
data in this measurement. This approach differs from the stan-
dard ALICE tracking, but it has also been used for dedicated.
analyses of low momentum particles that do not reach the TP
[25]. Previous studies using standalone ITS tracking used
maximum trackpr of 0.8 GeV c [26]. What is novel in this
analysis is the use of an extended rangeoin the ITS-only
tracking from 0.5 to 10 Gekt.
All tracks are required to fulbll the following conditions:
at least four hits in the ITS detector, a distance of closes . ) . . .
approach to the primary vertex in the transverse plane less The isolation variable for this analysis is debPned as the

than 2.4 cm, a distance of closest approach along the beaﬁ’falar sum of the transverse momentum of charged parti-

axis less than 3.2 cm, and a track bt quality cut for ITS tracicles Within an angular radiu®=( )*+ ( )>= 04,
points which satisfy 3¢/ NS < 36. around the cluster direction. In contrast with a previous AL-
Monte Carlo simulations are used to determine the ef/CE isolated photon measurement, Refd][ the isolation
bciency and purity for primary charged particlez7] In variable does not include neutral particles. This enables us
p-Pb collisions, the tracking efbciency is 87% for tracks with {0 Use the full acceptance of the EMCal and reduces biases
1< pr< 10 GeVc, decreasing to roughly 85% gt = arising from correlation with the opening angle df decays.
0.5 GeV c: the mom,entum resolution is@ for pr = 0.5 However, it does result in a slightly lower purity of the isolated
GeV/c and 13% forpr = 10 GeMc. In pp collisions, the ~ Single photon signal.

tracking efbciency is 85% for tracks at<l pr < 10 GeM ¢ For the determination of the isolation criterium®, the
decreasing to roughly 83% @ = 0.5 GeV/ ¢, with a mo- background due to the underlying event is estimated with the
mentum resolution of 6% for pr = 0.5 GeV ¢ and 15% for Voronoi method from the ASTJET jet aredmedian package

pr = 10 GeM c. The fake track rate ip-Pb is 1.9% at 0.5 [31] on an event-by-event basis and subtracted according to

At leading order in pQCD, prompt photons are produced
2 2 processes surrounded by very little hadronic ac-
vity, while fragmentation photons are found within a jet.
eyond leading order, the direct and fragmentation compo-
nents cannot be factorized; the sum of their cross-sections is
the physical observable. However, theoretical calculations can
be simplibed through the use of an isolation requirem@gjt [
which also helps to suppress the background from decays of
peutral mesons often found within jets.

GeV/ ¢, growing linearly withpr, reaching 19% at 10 Gé\¢. S0 — track & 2
For tracks inpp, the fake rate is 2.6% at 0.5 Gévand grows Pr = prS x  x04% 1)
linearly to 18% at 10 Gekt. track R<04

The following check on the simulation was performed to The charged-particle density,, is calculated for each
ensure that it reproduces minimumbbias data. As the yield avent; average values are 3.2 GeVin photon-triggered
charged patrticles in minimumbbias data is generally indeperevents inp-Pb and 1.6 Gelt in pp collisions. A require-
dent of , any dips in the distribution are clearly visible in  ment of p£° < 1.5 GeV/ ¢ is used, which results in a signal
both simulation and data. After efPciency corrections, the efbciency of about 90% that does not signibcantly depend on
distribution is Bat withint 2.5%. and detector-dependent the photonpr. For photons near the edge of the detector, the
effects on the cluster-track pair acceptance are corrected witBolation energy requirement is scaled to account for any miss-
the event mixing technique described in Séi.. ing area in the isolation cone. Given that the results presented
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FIG. 1. 2 distribution of isolated clusters (black) and template bt resultBb data in varioupr ranges. The stacked histograms
(yellow for background, blue for signal) show the predicted counts corresponding to the best bt. The bottom panels show the normalize
residuals of the bt, with the statistical uncertainty on the isolated cluster data and the background template added in quadrature. The gr:
shaded region indicates the signal region for the isolated-photon selection. See text for additional details.
in this analysis are normalized to the number of reconstructetthus, |§ng discriminates between clusters belonging to sin-
photons, the *° efbciency does not affect the measurementge photons, having ag,, distribution which is narrow and
Effects from and dependence of the tracking performancesymmetriC’ and merged photons from neutral meson decays,

on the isolation cut were found to be negligible. which are asymmetric and have a distribution dominated by a
long tail towards higher values.
B. Cluster selection Most single-photon clusters yield?,, 0.25, as shown

iin Fig. 1 where the signal is displayed in blue and the back-

The photon reconstruction closely follows the method de ground is displayed in yellow. Figurkis discussed in more

scribed in Ref. 24]. Clusters are obtained by grouping all il'in SecVl. C | | lecti <
adjacent cells with common sides whose energy is abov etail in Secvi. Consequently, a cluster selection qﬁng .
.30 is applied irrespective gbr. Simulations indicate this

100 MeV, starting from a seed cell with at least 500 MeV. . ) : o L
Furthermore, a cluster must contain at least two cells to re[esults in a signal efbclency of about 90% with no signibcant

move single-cell electronic noise Buctuations. Clusters ar®T gﬁgenqgﬁ]nggék round remaining after the cluster and iso-
required to have a minimunpr of p; 12 GeVc. The g g

time of the highest-energy cell in the clusters relative toIatlon cuts arises from multijet events where one jet typically

the main bunch crossing must satisfy < 20 ns to reduce contains a ° or  that ca_rri_es most of th? jet energy and
out-of-bunch pileup. To limit spurious signals caused by par—tmhe (:]tiatc%y p??r:?ns alr(e rmls;:g?ntlbe?]tﬁ\:s §|ir:1ggaﬂphotons. The
ticles hitting the EMCal APDs, clusters are required to have agnitude ot this background Is quantibe .
Ecrosd Eciuster > 0.05, whereEossis the sum of the energy in

the cells adjacent to, but not including, the the leading cell, VI. PURITY MEASUREMENT
o The pury of he = candidate sample s measured using
to reduce hadronic backaround q % two-component template bt. Th¢,,, distribution for the

9 j isolated cluster sample is bt with a linear combination of the

Clusters originating from isolated, prompt photons are SeD'signal distribution, determined from a photon-jet simulation,

arated from background arising from neutral meson decays bg d the background distribution, determined from data using

means of the distinct shape of the electromagnetic shower that " @01 0 i enand (B< p,-TS’O < 10.0 GeV/¢) and cor-

is encoded in thelgngvariable, which represents the extent of .4 using a dijet it .

the cluster. The 3 variable is debned as the square of the The MINUIT [33] package.is used for 2 minimization

larger eigenvalue of the energy distribution in tH2 plane: and the MIGRAD package for uncertainty estimation. The

5 5 5 — only free parameter in the bt is the number of signal clusters,

long = + 2+ 28 2 4+ 2, (2) N because the overall normalizatidw, is Pxed to the total
number of isolated clusters:

where 2 = S are the covariance matrix ele- borved 2 , _ ,
ments; the integers  are cell indices along the @nd 6  N°*"*% 0 = Nsigx S 5,q + (NS Neig) X B 55,
axes; and , are the second and the brst mo- 3)

ments of the cluster position cell. The position is weighted

by max(log€cen/ Eciuster) S Wo, 0). Following previous work — where ( |§ng) and B( |§ng) are the normalized signal and
[32], the cutoff in the log-weighting is chosen to lvg = background templates. Examples of template bts are shown
S4.5. Cells that contain less that*® = 1.1% of the total  in Fig. 1. The peaks observed in the background templates
cluster energy are not considered in th,é1g calculation.  originate mostly from collinear or very asymmetri€
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L A e e e B UL variations to ensure that they accurately represent the quickly
St e pp ALICE |  rising purity at lowpr.
§70; ° p_Pb VSNN = 5.02 TeV 4
& [ o op Erf fit ] VIl. AZIMUTHAL CORRELATIONS
60:- —— p-Pb Erf fit - The analysis of the correlation functions proceeds as fol-
i ] lows: the angular correlation of*° candidates with charged
50k b particles is constructed, requiring photons withih< 0.67
[ ] and 12< pr < 40 GeV ¢ and associated charged particles
[ ] within | | < 0.80 and 05< py < 10 GeVc. Geometri-
401 7 cal acceptance effects are corrected using a mixed-event
i ] correlation function, as described in detail below. The con-
30F 4 tribution of °®Phadron correlations is subtracted using
1 the 9@Phadron correlation function determined by invert-
ook ] ing the cluster shower-shape selection to select clusters with
i 1 large values of 2., The 9@Phadron correlation is scaled
[ ] and subtracted from the isolated photon-hadron correlation
101 7 function. Next, the remaining contribution from the under-
[ ] lying event is subtracted. This uncorrelated background is
o) PHNPRRFRRIEN NIRRT BRI R BT S estimated using the zero-yield-at-minimum (ZYAM) method

|
15 20 % 3 ?;’T (Ge\f/c::) [39], where a backg_round pe_destal is estimated from the mini-
mum of the correlation function. The ZYAM background level

FIG. 2. Purity of the ° sample as a function of transverse iS cross-checked using a control region atldrgeS  |. The
momentum forpp (red) andp-Pb (blue) data. The error bars rep- away-side of each fully subtracted and corrected correlation
resent statistical uncertainties only. The red shaded area represefiggiction is then integrated to measure the conditional yield of
systematic uncertainties jop, while the blue empty boxes represent away-side hadrons. This analysis is performed in intervals of
systematic uncertainties ip-Pb. The smooth lines correspond to a zr ~ pli/ p; for charged particles, such that the measurement
three-parameter error function bt to the data. of the away-side yield is sensitive to the parton fragmentation
function.

Event mixing is used as a data-driven approach to correct
for detector acceptance effects. By constructing observables
(gvith particles from different events, true physics correlations
gre removed from the correlation functions, leaving only the
detector effects resulting from limited acceptance and de-
fector inhomogeneities inand . Events are classibed in bins

decays. Photons fromdecays also contribute to the peaks in
the background template.

The background template is corrected for a bias due t
correlations between the shower-shape and isolation var
ables B4]. This correlation leads to clusters in the isolation

sideband having a somewhat higher hadronic activity tha(df multiplicity (VO amplitude, sum of VOA and VOC signals)

the true isolated background. Consequently, a backgroun X - . L

template constructed from this sideband region has an in2nd primary vertex: position. Typ|_cally, event mixing uses

creased number of background-like clusters and purity valye§/ent pairs within these bins. In this an'aIyS|s,'hc_)vyever, events
are paired that are on-average closer in multiplicity apd-

obtained using this systematically overestimate the true pt2'$ T . .
Fity. A correcti%n for t%is biasR( ég), is determined usingp sition than the standard binning method. This is accomplished

dijet simulated events which also contain the correlation be!SINg the Gale-Shapley ;taple matching algoriti#g fhat .
moves the need for binning. The same-event correlation

tween trigger photon shower-shape and isolation cut. The rati A rz~ bin is then divided by th di
of the shower-shape distributions of clusters in the signal unction in eacley bin is then divided by the corresponding

(Iso, pi° < 1.5 GeV c) region and sideband (Anti-iso,®< m|xed-evgnt correlation function. . S
piTso < 10.0 GeV c) region is constructed via The pair-acceptance corrected correlation function is given

by
Isowc Itz)n
R Zyg = o (4) c S ) 6
9T Anti-isone g ¢ ) M(, )’ ©
This ratio of shower shape distributions is applied as a multiwhere S( , ) is the same-event correlation, and
plicative correction to the background template: M(, ) is the mixed-event correlatio§( , ) is cal-
corr. 2 y 2 2 culated by
B*™"  ong = ANti-iSOgata ong X R jong - (5) L N )
This background template correction results in an absolute S, )= N (Sjam d, ) @)

correction on the purity of 8%D14% depending on the cluster

pr. The purities as a function of the cluster are shown in  with N . as the number of clusters that pass the isolation
Fig. 2. They are compatible between thpandp-Pb datasets and shower shape cuts, ahdame as the number of same
within the uncertainties. A three-parameter error function isevent cluster-track pairsi?Nsgnd d  d is found by pair-

bt to the data. The bts have been checked with several bing trigger particles with tracks from the same event. The
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mixed-event distributionM ( , ), is given by = 0.8F' ‘ ‘ ‘ ‘ ]
2N ) g ALICE, pp VS =5.02 TeV —¢—
M( , )= E'XEd d’ , (8) %0 7L ® Shower Signal Region |
q Background Region (scaled)
where is the normalization constant that sets the max- 5 12 < pf™ < 40 GeVJ
imum value of the mixed event correlation to unity, and E 0.6 pt evic 7
Nmixed IS the number of mixed event cluster-track pairs. The ~N 1.7 < p < 2.3 GeV/c —4—
term d?Nmixed/d  d is obtained by pairing trigger par- © o5 014< 71 < 0.19 .
ticles from -triggered events with tracks from minimum o
bias events matched mvertex and multiplicity. The number &0 a- —— |
of events was chosen such that any uncertainty from event 5 '
mixing is negligible. = ——¢—
The tracks used in the same-event correlation functions, 0.3F 7
S(, ), are corrected for single track acceptance, efp-
ciency, andpt@ bin-to-bin migration calculated from the 0.2 ‘ ‘ ‘ ‘ Lo
simulations. The corrections are implemented using track-by- 05 1.0 15 20 25 3.0
track weighting when blling the correlation histograms. The |A(p| (rad)
weights are given by .
FIG. 3. 's°Phadron signal region (black circles) and background

region (gray squares) correlationspp collisions at s= 5.02 TeV

as measured by the ALICE detector. The shower signal region
photons correspond to isolated clusters wimg < 0.3, while the
shower background region photons correspond to isolated clusters
with 2., > 0.4. The vertical bars represent statistical uncertainty
only. The horizontal bars represent the bin width in |. The back-
ground correlation is subtracted from the signal correlation according

to the numerator in Eq10).

(9)

where is the track efbciency and is the fake rateb is
the bin-to-bin migration factor that corrects fpf smearing
arising from the Pbnitepf®° resolution and is determined by
taking the ratio of the reconstructeg and the truegpy for all
true tracks as a function g#“¢. The efpciency, fake rate, and
bin migration corrections are applied in binsf«.

After this correction, the contribution to the signal region
correlation function from decay photons that pass the clustefhis has no signibcant effect on the background subtraction,
selection is subtracted. The shower signal region photons coirdicating that the background shape varies slowly with
respond to isolated clusters Withﬁng < 0.3. The subtraction and discrepancies betwegr distributions for background
of the correlated background starts by inverting the showeand signal triggers have no signibcant effect on the correla-
shape criteria ang > 0.4) to select isolated clusters that arise tions.
primarily from neutral meson decays. The correlation of these The uncorrelated background from the underlying event is
shower background region clusters and associated hadronsdstimated in two ways. In the ZYAM procedure, the average
measured Ggr). This %®Dhadron correlation function is of the correlation function in the ranged< | | < 5 IS
scaled by (IS Purity) and subtracted from the shower signaltaken as the uncorrelated background estimate. This range
region correlation functiondsg) according to takes advantage of the fact that there is no near-side jet peak

& 11 & in isolated photon-hadron correlations. As a result, the corre-
CsrS (1S P)CBR, lation function for| | < 5 should contain minimal signal.

P The correlation function fof | < 0.4 is not used for the
whereP is the purity andCs is the signal correlation function underlying event estimation to avoid any bias from the iso-
we aim to measure. @ P)Cgr corresponds to the contribu- |ation region. The second method to estimate the underlying
tion of decay photons to the signal region correlation functiorevent takes the average value of the correlation function in the
after isolation and shower shape cuts. The quanttigsand range 08< < 14 and04< | |< 1.2. Both methods
(1S P)Cgr are shown in Fig3. The overall factor of AP in  yield background estimates compatible within statistical un-
Eq. (10) is used to obtain the correct per-trigger yields after thecertainties. The ZYAM method is used in the Pnal pedestal

decaphadron contribution has been subtracted. The scalingubtraction due to the method®s smaller statistical uncertainty.
of the correlations is done cluster-by-cluster, with the shower
signal and shower background region clusters scaled By 1
and%, respectively, according to EqLE). The purity used
in the cluster-by-cluster weighing procedure is determined by The following sources of systematic uncertainty in the
pbtting the purity values from Fi@ to a three-parameter error  °Phadron measurement have been considered: uncertainty
function to avoid bin-edge effects and capture the quicklyon the purity measurement, underlying event subtraction, ITS-
rising behavior of the purity at low clustex;. only tracking performance, acceptance mismatch due to the

To ensure that the shower background region correlationboost inp-Pb relative topp, the S°pr spectra, and the photon
properly estimate the decay photons within the shower sigenergy scale. The systematic uncertainties in tf@hadron

1 .
Wiracking p%[aCk = —-x (1S f)x b,

Cs = (10)

VIIl. SYSTEMATIC UNCERTAINTIES

nal region, the background region clusigr distribution is
weighted to match the signal region clusgr distribution.

and fragmentation measurements are described in more detail
in this section and are summarized in Table
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TABLE |. Summary of uncertainties in*°-hadron correlations, which are reported as per-trigger yields of correlated hadrons. The ranges
shown encompass the relative uncertainties for hadroin two ranges: Lowz; (0.06 < zr < 0.18) and Highzr (0.18< zr < 0.6). The
statistical uncertainty in the underlying event estimate using the ZYAM method is shown here. Uncertainties arising from the detector materia
budget, luminosity scale, vertex efpciency, trigger corrections, and photon reconstruction do not contribute to the bnal uncertainty.

pp (Low-zr) pp (High-zr) p-Pb (Low-zr) p-Pb (Highzr)
Statistical Uncertainty 19D40% 28D49% 16D23% 27D44%
Photon Purity 18% 18% 11% 11%
Underlying Event 8%D15% 7%D12% 7%D9% 8%D9%
Tracking performance 5.6% 5.6% 5.6% 5.6%
Acceptance mismatch b b 2% 2%
Photon Energy Scale <1% <1% <1% <1%
Photon Energy Resolution <1% <1% <1% <1%
Material budget <1% <1% <1% <1%
Total Systematic Uncertainty: 21%D24% 20%D22% 14%D16% 15%
Total Uncertainty 28%D47% 34%D54% 22%D27% 31%D46%

A. Purity are used to estimate the systematic uncertainty on the purity

The three sources of systematic uncertainty on the puritff®m the background template correction.
are the background template correction, construction of the 10 €stimate the uncertainty on the signal template, a
signal template, and the choice of the anti-isolation region®ackground-only template bt is performed and compared
These sources of systematic uncertainty on the purity med® the full template pt. For the background-only bt, the
surement are summarized in Table No single source of Packground template is bt to the data in the background-
uncertainty dominates acrogs ranges or collision systems. dominated region of the shower shape distribution. This bxes

These are summed in quadrature to get an absolute overdf]® normalization of the background template. Then, in the
systematic uncertainty on the purity of 2D8%. signal region, the difference between the data and background

To estimate the uncertainty on the background templaté® USe€d to calculate the purity, with no contribution from
correction, the ratio in Eq4j is also constructed in data and (1€ Signal template. The difference between this purity and

combined to create a double ratio: the purity as calculated yvith the signal template is taken to be
. the uncertainty on the signal template.
Double ratio= | S%datd ANti-iSOgaia (11) To estimate the uncertainty from the anti-isolation selec-

Isovc/ Anti-isomc tion, a template bt is performed with background templates
built from different overlapping anti-isolation selections. This
identipes a nominal anti-isolation sideband selection where

data have prompt photons and the dijet MC do not. HoweverIhe tgmpl_ate D_ts are good and the purities are _s_table. The un-
ertainty is estimated from the spread of the purities calculated

away from that region, where the background dominates, th ] - . :
rom the template bts for which the anti-isolation selection

double ratio should be Rat ir]gngif the dijet MC reproduces o . s . . iso
the background shower-shape of the data. A linear functioﬁicl)lsc’; ‘(’;’\'72)” the nominal anti-isolation selection {5 pr® <

is bt to this double ratio in the background-dominated regio L . .
The uncertainty in the purity measurement is propagated

of the shower shape distribution. The linear function is then . : .
extrapolated back into the signal region. To estimate the sy 0 the correlatlon fun_ctlon measurement foIIowmg I._:K?(
tematic uncertainty on the background template correction he resulting uncergamty on the correlation funcU_omﬂsB/o
that linear bt and its variation within its bt uncertainty are usecjor pp data andt_ll % for F.}P.b d_ata. A Ia_rg(_a fraction Of. the
as additional multiplicative factors in Eqi)( The purities cal- total uncertainty in the purity is either statistical uncertainty or

culated with these modiped background template correctio stematic uncertainties that arise due to limited data sample.
herefore, uncertainties arising from the purity in {heand

p-Pb data are largely uncorrelated in thénadron analysis. To
TABLE Il. Summary of the purity and its systematic uncertain- be conservative, they are taken to be totally uncorrelated. The
ties (absolute quantities) on the*® selection. The range spans the uncertainty on the purity ippis larger than irp-Pb due to the

In the signal region of the shower shape distributiad

I(2)ng < 0.3), this double ratio will be far from unity, as the

uncertainties on the purity in differept. bins. pp dataset having lower statistics: the background templates

are directly obtained from data, and the uncertainty on the
pp pPb signal template is evaluated using data as well.

Purity 20D49% 21D53%

Bgckgro_unc_i template correction 2.9D3.4% 1.2D2.1% B. Underlying event subtraction

Signal distribution 0.8D5.9% 1.1D2.3% ) . . . )

Anti-isolation selection 1.2D4.0% 0.8D2.4%  The uncertainty in the underlying event subtraction orig-

Total 3.7D7.9% 2.0D3.9% inates from statistical RBuctuations in the ZYAM estimate

and propagates directly to the per-trigger hadron yields. This
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uncertainty ranges from 7% to 15% depending onzhbin Sources of systematic uncertainty related to the photon
and data set. The uncertainty is fully correlated in fora  energy scale, photon energy resolution and material budget
givenz bin, but totally uncorrelated amorzg bins. ltis also  are negligible. While the measurement is, by construction,

uncorrelated between thgp and p-Pb datasets. totally insensitive to overall normalization, it is, in principle,
sensitive to bin-migration or scale uncertainties that affect
C. Track reconstruction the shape of the photapr spectra. This potential systematic

, , uncertainty is reduced by integrating over a large phgien

~ The uncertainty due to ch.arged—partlcp%“’c" reconstruc-  r5nqe (12040 GeE). Moreover, the EMCal performance is
tion determined by comparing the stand-alone IFB™  g,ch that these effects are small: for a 12 GeV cluster, the reso-
specta with published ALICE spectra using standard luton / E= 1.7% 113% E 4.8%E yields g/E =

ITS+ TPC tracking R8]. As described in SedV, the com- 3.6%. For a 40 GeV cluster, this yieldg/E = 2.4%.

bined uncertainty due to tracking efpciency, fake rate, and e Emcal energy scale has been studied with test-beam

bin-to-bin migration corrections amounts #6% added in a5 B7] as well as with measurements of the energy-to-
quadrature with the total systematic uncertainty of the refery,omentum ratio of electrons in° events in data

encepr spectra. This systematic effect in the referemee g simulation 38, The calorimeter uncertainty is.&%.
spectra is 5%51.9% in pp_coII|S|onts, ,fmd A%S2.5% In - The yncertainties due to photon energy scale, resolution, and
p-Pb collisions, for tracks with.6 < pr**“< 10 GeV c[28.  material budget have been estimated for the isolated photon
Systematic uncertainties due to secondary-particle contams.qss-section measurement with 7 Tey and are less than
ination and from modeling of the particle composition in 394 i thepr range covered in this analysig4]. The effects

Monte Carlo simulations are sma# @%) fortherange < 4 the trigger-normalized correlation functions would be even
pr < 10 GeV c. These were already estimated in R&8[  gmgjier, as explained earlier in this section. Given that this

for the pp and p-Pb datasets and are already included in th§eye| of uncertainty is much smaller than other sources of

reference spectrum systematic uncertainty estimate describ@fsiematic uncertainties for this measurement, it is neglected.
above. The tracking performances in {hyeand p-Pb datasets

are very similar, but as a conservative approach these system-

atic uncertainties are treated as completely uncorrelated. '?(' RESULTS AND DISCUSSION
The Pnal 'S°-hadron correlations are reportedzn bins

D. Rapidity boost for each trigger-photopr bin, wherezr is the ratio of the as-

. sociated hadromy?, to isolated photon transverse momentum,
The difference between the energy of the proton and the N rp'} P

energy of the nucleons in the Pb nucleus yields a boost of th& = Pt/ Pr . The fully subtracted azimuthal correlations as
center-of-mass of y = 0.465 in the proton-going direction. & function of —, the azimuthal angle between the photon
This means that ip-Pb collisions, the acceptance for photons@nd the hadron, are shown in Fig.for pp and p-Pb data.

of $0.67< < 0.67 corresponds t§0.2< < 1.14in the With the measured'*°constraining the parton kinematics, the

center-of-mass frame, whereas the charged-particle acce?i_stribution of away-side associated hadrons with momentum
tance o808< < 08 corresponds t80.33< < 1.27in ractionzy represents the fragmentation function of the parton.

the center-of-mass framevPHIA 8 events are used to generate . | "€ darker colored bands at zero represents the uncertainty
sophadron correlations for isolated photons witBini20 < from the uncorrelated background estimate. The vertical bars
< 114 and charged particles withi§0.33< < 1.27. indicate the statistical uncertainty only. The bnal correlation

This is then compared to’*®Phadron correlations using the functions in each collision system demonstrate similar behav-

nominal ranges 050.67< < 0.67 and$0.8< < 0.8 IO both show a signal consistent with zero at small, and a

for isolated photons and charged particles, respectively. Thedi$ing away-side peak at large arising predominantly from
studies of S°Phadron correlations show that the impact of arth® hard-scattered parton opposite to the trigger photon.

acceptance mismatch betwegpand p-Pb data is about 5%, __Adreement within uncertainties betwepp, p-Pb, and the
independent ofr. This estimate is subject to PDF uncertain- PY THIA 8.2 Monash Tune is observed. By measuring asso-

ties, which dictate the shape of the differential cross-section ifiated hadrons, correlations can be observed for much larger
pseudorapidity of photons and associated hadrons. A corre@ngles than would otzher\mse be possible for hadrons within a
tion is applied for this effect and an additional 2% systematid@constructed jet. A “ test betweerpp and p-Pb data and a
uncertainty on the per-trigger hadron yields is assigned. Thi-value is calculated in eaah bin for the null hypothesis that

systematic uncertainty is taken to be completely correlated®P @nd p-Pb data follow the same true correlation function.
with zr and is assigned only to tfePb measurements. In each bin, the null hypothesis cannot be rejected, indicating
that there is no signibcant difference between the correlation

functions in the two collision systems.
The correlation functions from Figl are then integrated
The uncertainties related to overall normalization of thein the region| | > % for eachz; bin to obtain the s°-
isonr spectra (such as luminosity scale, vertex reconstructagged fragmentation function shown in Fig. This range
tion efbciency, trigger efbciency, and photon reconstructiomoughly corresponds to the azimuthal angle consistent with
efbciency) cancel completely because the observable is nothe commonly used radius 8= 0.4 for jet measurements.
malized per measured photon. Consequently, no systematic The statistical uncertainty on the away-side yields in each
uncertainty from these sources is assigned. zr bin is calculated from the statistical uncertainty in the

E. Photon uncertainties
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FIG. 4. s°-hadron correlation functions fqop (red) andp-Pb (blue) data at Syv = 5.02 TeV as measured by the ALICE detector.
The different panels represent three differenbins. The correlation functions are projected over the rgngg < 1.2. The darker bands
at zero represents the uncertainty from the underlying event estimatippand p-Pb. The underlying event was estimated over the range
0.4< | |< 1.6. The vertical bars represent statistical uncertainties only. The boxes indicate the systematic uncertainties. The dashed gree
line represents the°Phadron correlation function obtained with PYTHIA 8.2 Monash Tup®.i®thep value for the hypothesis that thp
and p-Pb data follow the same true correlation function.

fully subtracted correlation functions, along with the statis-analysis in different photon trigge¥ bins, it was found that
tical uncertainty arising from the uncorrelated backgroundany such effects were negligible compared to other uncer-
subtraction. A maximum charged hadrppof 10 GeM cand  tainties. The two largest sources of systematic uncertainty are
a photon triggepr up to 40 GeVc could result in a potential  from the purity and the single track correction factors. For the
bias of the associateq spectrum. However, by repeating the choseno‘TraCK interval, there is no strongr dependence for the
uncertainty of the charged tracking efbciency.
The ratio of the fragmentation functions Pb andpp

S 101 E'l"] x2Indf = 29.1/7, p = 0.76 collisions is shown in the lower panel of Fig. The btyields a
- k=] - 0.5 < p? < 10.0 GeV/c | constant factor of @4+ 0.11(stat}: 0.19(sys). Thus, within
z 5 *% 12 < p¥ < 40 GeV/c | total uncertainties, thp-Pb toppratio is consistent with unity.
o ]
3 100k + i X. CONCLUSIONS
iy F S 3
= e~ ] We report a measurement of azimuthal correlations be-
] tween isolated photons and associated charged hadrons in
* p—Pb ::‘# ] p-Pb andpp collisions at 5.02 TeV per nucleon. We observe
1015 . PYTHIA 8.2 Monash . nt')tr(]j'lfferenc_etm th?Tddlsttntbutpor? betweterp;gan? FI;B datath
i ALICE, /5 =5.02 TeV - within a zr-integrated statistical uncertainty o 6 on the
S5l — VTW T : : — ratio. PYTHIA 8.2 Monash Tune describes both data sets
o 2:8: C=0-8410-1I1)§8-%gﬁ within the current precision. This measurement provides a
CIL 2 1.5/ L - | ‘ ' constraint on the impact of cold nuclear matter effects on
o (1):(5)7 " - ¢ I + + parton fragmentation, and indicates that modibcations in the
0.0 01 W) 53 07 0% K3 zr distributions observed in Pb-Pb collisions larger than the

PR overall uncertainty on this measurement of approximately
ZT=PT/PT 250 must be due to hot medium modibcations. Analysis of

FIG. 5. °tagged fragmentation function femp (red) andp-Pb isolated photon-hadron correlations in Pb?Pb collisions will
data (blue) at Sy = 5.02 TeV as measured by the ALICE detector. allow hot nuclear matter effects to be quantibed. Furthermore,

The boxes represent the systematic uncertainties while the verticii€ next LHC run will signibcantly improve sensitivity to cold
bars indicate the statistical uncertainties. The dashed green line cditiclear matter effects due to upgrades of the ALICE tracker
responds to PYTHIA 8.2. The? test for the comparison gfpand ~ and readout.

p-Pb data incorporates correlations among diffegnintervals. A This measurement signibcantly extends previous LHC re-
constant that was bt to the ratio including statistical and systematigults by focusing on the fragmentation of photon-tagged
uncertainties is shown as gray band, with the width indicating thdow-pr jets that probe values ofr = 2pr/ Sw = 0.005b
uncertainty on the pt. 0.016, which is similar to the range probed by measurements
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