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Abstract The production cross section of inclusive iso-
lated photons has been measured by the ALICE experiment
at the CERN LHC in pp collisions at centre-of-momentum
energy of /s = 13 TeV collected during the LHC Run 2
data-taking period. The measurement is performed by com-
bining the measurements of the electromagnetic calorime-
ter EMCal and the central tracking detectors ITS and TPC,
covering a pseudorapidity range of || < 0.67 and a trans-
verse momentum range of 7 < p% < 200 GeV/c. The result
extends to lower p% and x%’ =2 p% /+/s ranges, the lowest
x% of any isolated photon measurements to date, extend-
ing significantly those measured by the ATLAS and CMS
experiments towards lower p% at the same collision energy
with a small overlap between the measurements. The mea-
surement is compared with next-to-leading order perturba-
tive QCD calculations and the results from the ATLAS and
CMS experiments as well as with measurements at other col-
lision energies. The measurement and theory prediction are
in agreement with each other within the experimental and
theoretical uncertainties.

1 Introduction

In high-energy hadronic collisions, direct photons are consid-
ered to be the most sensitive probe of the initial state. Direct
photons are referred to as those photons which are emitted
from the elementary processes, unlike decay photons pro-
duced from hadronic decays. A subset of direct photons is
further classified as prompt photons which originate directly
from the hard scattering of initial-state partons in hadronic
collisions. Direct prompt photons provide a probe to test per-
turbative Quantum Chromodynamics (pQCD) predictions
and also constrain the parton distribution functions (PDF),
in particular the gluon PDF [1-5]. At leading order (LO) in
pQCD, direct prompt photons are described via 2 — 2 pro-
cesses: (i) quark—gluon Compton scattering, qg — qy, (ii)
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quark—antiquark annihilation, qq — gy, and, with a much
smaller contribution, qq — yy. In addition, prompt photons
are produced by next-to-leading order processes (NLO), like
parton fragmentation or bremsstrahlung. The collinear part of
such processes has been shown to contribute effectively also
at LO [6]. A clean separation of the different prompt pho-
ton sources experimentally is difficult and with pQCD not
possible, only the sum can be calculated, but one can sup-
press the contribution of fragmentation and bremsstrahlung,
which are accompanied by other parton fragments, via the
selection of “isolated photons”. The sum of the transverse
energies or transverse momenta (pr) of the produced par-
ticles in a cone around the photon direction is required to
be smaller than a given threshold value. The advantage of
this selection is that it can be done both in the experimen-
tal measurement and theoretical calculations. Hence, iso-
lation criteria should be applied to suppress fragmentation
and bremsstrahlung photons while only marginally affect-
ing direct prompt photon signal selection [4]. An isolation
requirement is also important to reduce the background of
decay photons, since hadrons at reasonably high pt, which
can decay to photons, are generally produced in jet fragmen-
tation and are accompanied by additional jet fragments.

The high centre-of-momentum energy (+/s) at the LHC
allows one to access very small values of the longitudinal
momentum fraction x of the initial-state parton and xt =
2pr/+/s, with xy ~ x at midrapidity, and thus constrain
the PDFs [2,7]. In particular, the dominant contribution to
the prompt photon production at the LHC is the quark—gluon
Compton diagram [4], which is directly sensitive to the gluon
density, and has the largest uncertainty among the PDFs.
Therefore, these 2 — 2 processes, in conjunction with the
isolation selection criteria, probe the low-x gluon content of
one of the incoming protons.

Measurements of direct photons and of isolated photons
have been performed at the SPS [8], Tevatron [9,10], and
RHIC [11] colliders and also earlier [12]. Different measure-
ments were made at the LHC by the ATLAS and CMS Col-
laborations in pp collisions at various energies and they can
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be found in Refs. [13-23]. ALICE measured the isolated-
photon yield in pp collisions at 4/s = 7 TeV [7] but also
the direct-photon yield via the measurement of the excess
above unity in the ratio of the inclusive-photon yield over
the decay-photon yield in pp collisions at /s = 2.76 and
8 TeV [24] and in Pb—Pb collisions at centre-of-momentum
energy per nucleon pair /sy = 2.76 TeV [25]. ALICE also
measured isolated photon—hadron correlations in pp and p—
Pb collisions at ,/snn = 5.02 TeV in [26].

This paper presents the measurement of the isolated-
photon cross section in pp collisions at /s = 13 TeV using
a data sample collected with ALICE in years 2016, 2017,
and 2018, with integrated luminosity %, = 10.79 pb_l.
The measurements are performed in the photon transverse
momentum range 7 < p% < 200 GeV/c and correspond-
ingly 1.1 x 1073 < xX < 30.8 x 1073, This measurement
follows closely the analysis strategy presented in the previ-
ous ALICE measurement in pp collisions at /s = 7 TeV [7]
with two main differences, a larger calorimeter acceptance
and the use of only charged particles in the isolation cone
as discussed in the next sections. This measurement covers
a larger photon pr range than the previous measurement,
10 < pf < 60GeV/cand2.9x 1073 < x¥ < 17.1x 1073,
due to the 20 times larger luminosity but also to the larger
photon acceptance considered. It is worth noting that the
lower- p% reach of the latest measurements of ATLAS [22,23]
and CMS [16] at /s = 13 TeV is significantly higher than
the measurement presented here, 125 < p)T/ < 1000 GeV/c
and 190 < p}T' < 2500 GeV/c, respectively, and thus, the
lowest x+ achieved by ATLAS and CMS are 19.2 x 1073
and 29.2 x 1073, respectively. Thus, the ALICE result on
isolated photons complements other LHC measurements by
extending the kinematic range towards low p% and x%.

The paper is divided into the following sections: Sect.2
presents the detector setup and data sample used for analy-
sis; Sect. 3 describes the analysis procedure; The systematic
uncertainties are presented in Sect. 4; The final results and
conclusions are presented in Sect. 5 and 6, respectively.

2 Detector description and data selection

The ALICE experiment and its performance during the LHC
Runs 1 and 2 are described in Refs. [27,28]. Photon recon-
struction is performed using the Electromagnetic Calorime-
ter (EMCal) [29] while charged particles used in the photon
isolation selection criteria are reconstructed with the combi-
nation of the Inner Tracking System (ITS) [30] and the Time
Projection Chamber (TPC) [31], which are part of the ALICE
central tracking detectors.

The ITS is composed of six cylindrical layers of silicon
detectors with full azimuthal acceptance and surrounds the
interaction point. The two innermost layers consist of the Sil-

@ Springer

icon Pixel Detector (SPD), whose fine granularity provides
high-spatial precision for tracking close to the primary ver-
tex. Those layers are positioned at radial distances of 3.9cm
and 7.6cm from the beam line. They are surrounded by the
two layers of the Silicon Drift Detector (SDD) at 15.0cm and
23.9cm, and by those of the Silicon Strip Detector (SSD) at
38.0cm and 43.0 cm. While the two SPD layers cover a pseu-
dorapidity of |n| < 2 and |n| < 1.4, respectively, the SDD
and the SSD subtend || < 0.9 and |n| < 1.0, respectively.
The TPC is a large (&~ 85m?) cylindrical drift detector filled
with a gas mixture. It covers |n| < 0.9 over the full azimuth
angle, with a maximum of 159 reconstructed space points
along the track path.

The EMCal is a lead-scintillator sampling electromag-
netic calorimeter used to measure photons, electrons, and
the neutral part of jets via the electromagnetic showers that
the different particles produce in cells of the calorimeter.
The scintillation light is collected by optical fibres coupled
to Avalanche Photo Diodes (APD) that amplify the signal.
The energy resolution is og/E = A @ B/\/f ® C/E with
A=(14+£0.1)%,B =095+£02)%,C = (2.9+0.9)%,
and energy E in units of GeV. The EMCal was installed at a
radial distance of 4.28 m from the ALICE interaction point.
During the period in which the analysed dataset was col-
lected, the EMCal consisted of twenty supermodules (SM).
The supermodules have different sizes and are subdivided
into 24 x 48 (along ¢ x n) cells for “full SM”, 24 x 32
cells for “2/3 SM”, and 8 x 48 cells for “1/3 SM”. Ten “full
SM” and two “1/3 SM” are installed with a total aperture
of |n] < 0.7 in pseudorapidity and 80° < ¢ < 187° in
azimuthal angle. Six “2/3 SM” are located facing the “full
SM” at 260° < ¢ < 320° with 0.22 < [n]| < 0.7, with
a gap at |n| < 0.22 covered by the PHOS detector [32] at
[n] < 0.13 (not used in this analysis) plus mechanical and
electronics services. The remaining two “1/3 SM” are located
at 320° < ¢ < 327° with |n| < 0.7. The eight SMs at the
highest ¢ including these last “1/3 SM” and the “2/3 SM”
have previously been referred to as DCal. Each cell has a
transverse size of 6 x 6 cm? which corresponds to Ag x Ay =
0.0143x0.0143 rad, approximately twice the Moliere radius.
Thus, most of the energy of a single photon is deposited in a
single cell plus the adjacent ones.

The data were taken with a minimum bias interaction trig-
ger (MB) and EMCal Level-1 photon-dedicated triggers (L1-
y). The MB trigger was based on the response of the VO
detector, consisting of two arrays of 32 plastic scintillators,
located at 2.8 < n < 5.1 (VOA) and —3.7 < n < —1.7
(VOC) [33]. Two EMCal L1-y triggers were used, consist-
ing in energy depositions larger than 4 GeV (L1-y-low) or
9 GeV (L1-y-high) in 4 x4 adjacent cells, in addition to the
MB trigger condition and an EMCal Level-0 (LO) trigger at
2.5 GeV, see detailed description of the EMCal triggers in
Refs. [29,34]. All events with more than one reconstructed
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primary vertex were rejected in the analyses to exclude pileup
events within the same bunch crossing and out-of-bunch
pileup was removed with cuts on the VO timing [28]. Finally,
only events with a primary vertex position along the beam
direction within +10 cm from the centre of the apparatus
were considered in this analysis to grant a uniform pseu-
dorapidity acceptance. Table 2 lists the number of selected
events per each of the triggers considered.

3 Isolated-photon reconstruction and corrections

The analysis procedure followed to obtain the signal of iso-
lated photons consists of the following steps: (a) recon-
struction of clusters of cells from incoming particles in
the calorimeter; (b) photon identification via track—cluster
matching selection criteria and the study of the cell energy
spread (shower shape) produced by the particles; and (c)
selection of isolated photon clusters.

The detector response is modelled by Monte Carlo (MC)
simulations reproducing the detector conditions of the data-
taking period. The corrections discussed in the next subsec-
tions are obtained using PYTHIA 8 (version 8.210 [35] using
the Monash 2013 tune [36]) as particle generator. Two kinds
of PYTHIA 8 processes are generated in intervals of the trans-
verse momentum of the hard scattering, two jets (jet—jet) or a
prompt photon and a jet (y—jet, mainly Compton and annihi-
lation processes) as final state. The transport of the generated
particles in the detector material is done using GEANT3 [37].
In the case of y—jet event generation, the event is accepted
when the prompt photon enters the EMCal acceptance. In
the case of jet—jet event generation, the event is accepted
when at least one jet produces a high-pt photon originat-
ing from a hadron decay in the EMCal acceptance. This is
done to enhance the number of such photons, which are the
main background in this analysis. Besides, three sub-samples
with different trigger thresholds (pt > 3.5 or 7 GeV/c or
28 GeV/c) have been used in the jet—jet event generation.

In this section, the different steps to reconstruct, identify,
and select isolated photons are explained. A more detailed
description and discussion of the different items presented
here can be found in Ref. [29].

3.1 Cluster reconstruction and selection

Particles deposit their energy in several calorimeter cells,
forming a cluster. Clusters are obtained by grouping all cells
with common sides whose energy is above 100 MeV, start-
ing from a seed cell with at least 500 MeV. Furthermore, a
cluster must contain at least two cells to ensure a minimum
cluster size and to remove single-cell electronic noise fluc-
tuations. Also, the highest-energy cell must be at a distance
dmask of at least two cells away from a known misbehaving

Table1 Measurement acceptance after cluster selection criteria depen-
ding on the calorimeter supermodule geometry

SM type n ®

Full SM Inl < 0.67 81.2° < ¢ < 180°
2/3 SM 0.25 < |n| < 0.67 261.2° < ¢ < 318.8°
1/3 SM [n] < 0.67 181.2° < ¢ < 185.8°
1/3 SM [n] < 0.67 321.2° < ¢ < 325.8°

cell to avoid possible electronic influence between channels,
or from a dead cell to avoid holes in the cell energy spread
of the clusters. To limit energy leakage at the SM borders, a
distance of at least one cell of the highest-energy cell in the
cluster to the SM border is required, except at the SM border
at n = 0 where two SMs are adjacent and clusters can be
shared between SMs. These requirements lead to an accep-
tance depending on the configuration of SMs as presented in
Table 1. Note that the acceptance in this measurement is 85%
larger than that in the \/s =7 TeV [7] measurement that was
limited to |n| < 0.27 and 103° < ¢ < 157° due to consid-
erations on the isolation condition and geometry discussed
later.

During the Run 2 data-taking periods with pp collisions at
/s =13 TeV, the LHC delivered events in bunches separated
by 25ns with an average number of collisions per bunch
crossing changing over the years, being about © = 0.005 —
0.02. The EMCal time resolution is between 1 and 2 ns below
cluster energy E = 80 GeV, reaching close to 3 ns above 100
GeV [29]. To ensure the selection of clusters from the main
bunch crossing, the measured time of the highest-energy cell
in the clusters relative to the main bunch crossing has to
satisfy Ar < 20 ns.

An energy non-linearity correction derived from electron
test beam data [29] is applied to the reconstructed cluster
energy. It amounts to about 6% at E = 1 GeV decreasing to
approximately 2% between 20 and 100 GeV and increasing to
approximately 3% at 200 GeV due to signal saturation. Since
the simulation does not exactly reproduce the energy linear-
ity, an extra correction factor is applied to match the 7° mass
obtained in simulations to the corresponding measurements
in data. The value of this correction is 1.025 at £ = 1 GeV,
decreasing to 0.975 above 7 GeV. After the corrections, the
energy scale uncertainty of the EMCal is considered to be
0.5%.

Nuclear interactions occurring in the APD, in particular
those involving neutrons, induce an abnormal signal [29,38].
Such a signal is most frequently observed as a single high-
energy cell with no or few surrounding low-energy cells, this
latter case being mostly caused by cell cross talk or overlaps
of the underlying event particles and this abnormal signal
in the measurement. The abnormal signals can be removed
by comparing the energies in adjacent cells to the cell with
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maximum energy Emax. To reject these signals, one requires
that the ratio Fy = 1 — E;/Enax, where E is the sum of
the energy of the four surrounding cells that share a common
edge with the maximum cell, satisfies F, < 97%. However,
cross talk is happening to cells in the same readout card,
called T-Card, which serves 2 x 8 cells along 1 x ¢. Cross
talk of the abnormal signal can cause surrounding cells with
higher signals than otherwise expected, such that, at very
high cluster energies, the selection using F is not sufficient
to reject those signals. Since clusters with high energy from
physical signals must contain cells from more than one T-
Card [29], this additional condition is required for clusters
with £ > 80 GeV to reject the abnormal signals.

Contamination of the cluster sample by charged parti-
cles is suppressed by a charged particle veto (CPV). Tracks
of charged particles are reconstructed in a hybrid approach
using ITS and TPC, which reduces local inefficiencies poten-
tially caused by non-functioning elements of the ITS. Two
distinct track classes are accepted in this method [28]: (i)
tracks containing at least three hits in the ITS, including at
least one hit in the SPD, with momentum determined from
a Kalman-filter fit to the hits attached to the track, and (ii)
tracks containing less than three hits in the ITS or no hit
in the SPD, with the primary vertex included in the momen-
tum determination. Class (ii) is used only when SPD modules
along the particle trajectory are inactive. Class (i) contributes
90% and class (ii) 10% of all accepted tracks, independently
of pr. Charged-particle tracks are selected to have a distance
of closest approach to the primary vertex smaller than 2.4 cm
in the plane transverse to the beam, and smaller than 3.0cmin
the beam direction. EMCal clusters originating from charged
particles are tagged by applying a selection on the separation
of the position of the track extrapolated to the EMCal surface
from the cluster position, which must fulfil

Anres1dual < 0.010 + (ptrack + 4.07)72.5 and
A(premdual < 0 015 + (ptrack + 365)_2 rad (1)

residual __ | track __ cluster| A (pre31dua1 track __

where An =n 1%
@eluster| “and the track transverse momentum ( ptraCk) is in
GeV/c units. This condition is applied if the ratio of cluster
energy over track momentum is smaller than 1.7, used to
reduce the amount of fake vetoes, if larger, no cluster—track
association is considered [29]. The track-to-cluster matching
efficiency amounts to about 92% for primary charged hadrons
and electrons at cluster energies of £ ~ 1 GeV, and increases
up to 96% for clusters of 10GeV.

From now on, clusters that are not matched to any charged-
particle track are called “neutral clusters”.
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3.2 Photon identification via cluster shower shape
measurement

The neutral clusters can have a wider elongated shape if one
or several additional particles deposit their energy nearby in
the detector. The most frequent case is a two-particle cluster
when the distance between particles is larger than two cells. In
such cases, one can observe clusters with more than one local
maximum in the energy distribution, where a local maximum
is defined as a cell with a signal higher than the neighbouring
cells.

For an increasing number of local maxima (Npy), the
cluster will in general get wider. Prompt photons generate
clusters with Npy = 1, except if they suffer conversion in
the material in front of the EMCal. The two decay photons
from high-pr 7° and # mesons with energy above 6 and
24 GeV, respectively, likely merge into a single cluster as
observed in simulations. Merged clusters from 7% mesons
with energy below 15 GeV and 1 mesons with energy below
60 GeV most often have Ny = 2. With increasing energy,
the two-photon opening angle decreases, leading to merged
clusters with mainly Npy = 1 above 25 GeV for 7% mesons
and above 100 GeV for n mesons. Clusters with Npy > 2 are
rejected in this analysis, as these clusters are the major contri-
bution to the background and clusters produced by more than
two particles are not perfectly reproduced in Monte Carlo
simulations. The contribution of clusters with Nyy = 2 is
especially large in the case of wide showers, and is crucial
for the estimate of the contamination of the prompt-photon
sample, as explained in Sect. 3.4.

Merged and single photon clusters can be discriminated
based on the shower shape using the width parameter Ul%mg,
i.e. the square of the larger eigenvalue of the energy distri-
bution in the n — ¢ plane [29], that can be calculated as

Otng = (02, +02)/2+ (02, — 02 /A + 0l (@)
where 02, = (xz) — (x)(z) and (x) = (1/wior) D wjx; are
weighted over all cells associated with the cluster in the ¢ or
n direction. The weights w; depend logarithmically on the
ratio of the energy E; of the i-th cell to the cluster energy, as
w; = max(0, 4.5 + ln(E /Ecluster)) and wior = Y w; [39].
The neutral-cluster ‘71 distributions as a function of the
cluster pt are shown in Fig. 1a for data. Most of the pure sin-
gle photons are reconstructed as clusters with Ufmg ~ (.25,
other cases contribute to higher values, as seen in Fig. 1b
where data and simulation distributions are compared. In
this analysis, “photon candidates™ refer to clusters with a
narrow shape defined by 0.1 < O'I%mg < 0.3. Above the

higher limit in al , defined by the dashed line in Fig. 1a,
a clear pr- dependent band is observed. This band is popu-
lated by two 7%-decay photons contributing to a single clus-
ter as it can be deduced from Fig. 1b, which shows different
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Fig. 1 a Cluster shower shape distribution Uling as a function of the

cluster pr in data. The dashed lines correspond to the upper and lower
selection limit values for single photon candidate clusters used in the
analysis. b Projected shower shape distribution in two pr intervals in
data (black circles) and simulation (red crosses, PYTHIA 8 jet—jet and

particle contributions to the shower shape distribution for
two neutral-cluster pr intervals. The dominant contributions
to the narrow shower shape region are from single photons
(at low pt) or merged photons from neutral meson decays
(at high pt). Another more faint band appears in Fig. la
for pr > 40 GeV/c due to merged clusters from 1 meson
decays, as it can be seen from the simulations reported on
the lower panel of Fig. 1b. The value of alzong for merged
photon clusters from meson decays decreases with increas-
ing pr, which leads to an almost full overlap of the 7%-decay
photon band with the single photon shower band for about
pt > 40 GeV/c. The lower limit at ofmg = 0.1 is set to
clean the cluster sample from a few anomalous high-energy
depositions that still pass the F selection.

The cross talk between cells mentioned above modifies
the shower shape distribution by widening the single-photon-
cluster peak distribution, especially on the right tail of Fig. 1b
for prompt photons, as discussed in detail in Ref. [29]. This
effect was modelled in simulation adding a small fraction of
energy of the highest-energy cell into the surrounding cells
in the same T-Card, and a good agreement between data and
simulation was achieved, as seen in Fig. 1b.

3.3 Isolated-photon selection

Direct prompt photons are mostly isolated, i.e. have no
hadronic activity in their vicinity except for the underlying
event of the collision, in contrast to other photon sources
like photons from parton fragmentation or decays of hadrons

» 12<p_<14GeV/c ALICE, pp \s=13 TeV ]

,?1 0 g o550, <data E
e o o IS of ==, -+simulation
S10°Eg + b E
[e) =g E
= =]
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£ oo m°(yy)  m(yy) 3
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O-Iong

()

y—jet events). For the simulation, the a&m distribution for clusters with

different particle origins are also shown as shaded areas except for
prompt photons from y—jet PYTHIA 8 processes that are presented
with a blue histogram line

which have a high probability to be accompanied by other
fragments [4].

An isolation criterion is applied to the photon candidate to
suppress the contribution by fragmentation and decay photon
production. An equivalent isolation criterion is commonly
included in theoretical calculations to account for the sup-
pression of the fragmentation contribution to the total prompt
photon cross section.

The isolation criterion is based on the so-called “isolation
momentum” p%'o, i.e. the transverse momentum sum of all
particles measured inside a cone of radius R around the pho-
ton candidate, located at n” and ¢” . A particle of coordinates
n and ¢ in angular space is inside the cone when

Jo—m2+ -2 <R. 3)

The cone radius R = 0.4 is chosen as it contains the
dominant fraction of the jet energy [40].

In this analysis, the isolation momentum is the sum of the
transverse momenta of all of the charged tracks (ch) that fall
into the cone

pPiFO, ch, UE — Z pEka, (4)

where UE indicates that the tracks of the charged particles
from the underlying event are not subtracted. The candidate
photon is declared isolated if plTSO’ ch. UE _ 1.5GeV/c. The
contribution from UE tracks in the isolation cone was con-
sidered to be small, a contribution smaller than 1 GeV/c on
average. Nevertheless, the effect they have in the selection
is corrected, as discussed later. Charged particles used in the
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calculation of the isolation momentum are from the same
track classes used for the track—cluster matching presented
earlier. Accepted tracks in the cone satisfy |7™K| < 0.9 and
piack > 0.15 GeV/e.

In the previous measurement in pp collisions at /s =7 TeV
[7], the same R = 0.4 radius value was used, but with a
different definition of the isolation momentum: the trans-
verse momenta of neutral clusters in the calorimeter, exclud-
ing the candidate photon, were also included. The price to
pay was to heavily reduce the acceptance of the analysis
to |n| < 0.27 to ensure that the cone was fully contained
in the calorimeter acceptance. It was found that the use of
tracks or tracks plus calorimeter clusters was equivalent once
the isolation momentum threshold selection was adjusted

from piTSO’ YE < 2 GeVle, used in the previous analysis,
to pp° b UE' _ 1.5 GeV/c. Thus, we decided to use only

tracks, like in the measurement of isolated photon—hadron
correlations in pp and p—Pb collisions at \/syn = 5.02 TeV
reported in Ref. [26]. However, in this measurement, when
the cluster candidate for isolation is at 0.5 < |n| < 0.67,
a small fraction of the isolation cone is out of the track-
ing acceptance. To have the largest acceptance possible, and
thus, the largest amount of photons, such candidate clusters
are accepted in the analysis. For these cases, the measured
isolation momentum with tracks is scaled up by the fraction
of the cone area that is out of the acceptance, as in Ref. [26].

3.4 Purity of the isolated-photon sample

The isolated-photon candidate sample still has a non-
negligible contribution from background clusters, mainly
from neutral-meson decay photons. To estimate the back-
ground contamination, the same procedure as in Ref. [7]
is followed. Different classes of measured clusters were
used: (1) classes based on the shower shape alfmg, i.e. nar-
row (photon-like) and wide (most often elongated, i.e. non-
circular), and (2) classes defined by the isolation momentum
pif", i.e. isolated (iso) and anti-isolated (iso). The differ-
ent classes are denoted by sub- and superscripts, e.g. iso-
lated, narrow clusters are given as X}fo and anti-isolated,

wide clusters are given as X'°. The wide clusters (mostly
background) correspond to clusters with 0.4 < Gl%)ng <24
and narrow clusters (containing most of the signal) are
defined in Sect. 3.2. The isolation criterion corresponds to

pro b UE" _ 1.5GeV/c whereas the anti-isolation corre-

sponds to 2.5 < pi ™ UE — 10GeV/e. The yield of
isolated-photon candidates in this nomenclature is N1*°. Tt
consists of signal (S) and background (B) contributions:
Njso — §iso 4 Biso The contamination of the candidate sam-
ple is then C = BIS°/ N5, or respectively, the purity is then
P =1— C. Assuming that the ratios of the isolated over the
anti-isolated background for narrow clusters is the same as
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for wide clusters so that
BiSO BE
BlBh )
BésO/B\ISO

and assuming that the proportion of signal in the control

regions is negligible, the purity is derived in a data-driven
approach (dd) as

BE Niso NE NiSO
Paa=1— BNy N /T ©)
B:;O/B‘I;O N:;O/N\l;()

Unfortunately, both assumptions are valid only approxi-
mately, especially Eq. (5). In PYTHIA 8 simulations with
two jets in the final state that contribute only to the back-
ground in all of the four classes, an evaluation of Eq. (5) gives
values of the order of 1.1 at p% = 10-40GeV/c, decreasing
to about 0.7 for p% ~ 200 GeV/c, thus the ratio is in general
different from unity. Since these deviations from unity are
purely due to particle kinematics and detector response, the
simulation can be used to estimate the bias via

(—B /b ) - (—B/ B) . ™
By°/BEC / data B3/ By / Mc

This implies replacing Eq. (5) by the relation given by
Eq. (7) leading to the expression of the MC-corrected purity

poro (MEY (i)
NE°/Ni* ) gaa \Ni°/Ni© ) mc
_ (NN
=1—(Nm/NiSO L xanc, ®)
W W ata

where MC contains both jet—jet and y—jet events scaled
to their respective cross sections.

The difference between the degree of the correlation
between isolation momentum and shower shape distribution
in data and simulation is another potential source of bias, as
it influences the validity of Eq. (7). To check this, the depen-
dence of the double ratio

<NiSO/NE> data i

on the shower shape width aling is studied in a region where
the signal contribution is expected to be negligible. If the
correlation between the two variables is correctly reproduced
in the simulation, the double ratio is independent of o]%m o i.e.
it would be the same for wide and narrow clusters. The double
ratio was found to be above unity, indicating a larger isolation
probability in data than in simulations. This is mainly due
to an imperfect calibration of charged particle tracks which
leads to some discrepancy between data and simulations in
the estimate of the isolation energy from charged particles.
However, since the correction introduced in Eq. (8) relies
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Fig. 2 Purity of the isolated-photon sample as a function of p% cal-
culated using Eq. (8). The statistical and systematic uncertainties have
been evaluated as discussed in Sect. 4. The red and blue lines are the
results of a fit to the measured purity using a two-sigmoid-function
described by Eq. (11) for two different transverse momentum intervals

on a narrow-over-wide ratio, the overall normalisation in the
double ratio of Eq. (9) does not enter the correction.

The double ratio f (al%mg) was found to have a small
slope depending on O']%mg which changes for the different
pr-intervals of the measurement. A possible bias has been
estimated via extrapolations by linear fits of the dependence
on al%mg instead of the original assumption of a constant value.
This consists of replacing the MC correction in Eq. (8) by a
modified term

2
Po + 0 X p1
long,n ) ’ (10)

oaMC > aMc X 3
Po+ Olong,w X pP1

2 2 .
where long,n and Olong,w are the median values of the neutral-

cluster ol%mg distribution in the narrow and wide ranges,
respectively, and po and p; are the parameters of the linear
fit of the double ratio f (Ufmg). These extrapolations have
then been used in the estimate of the uncertainties of the
purity. When referring to the systematic uncertainty in the
following, this contribution is called isolation probability.

Figure 2 shows the purity calculated using Eq. (8). The
boxes indicate the systematic uncertainty whose estimation
is explained in the next section that includes the variation of
Eq. (10). There is a large contamination at p% =7-10GeV/c
of 95-90% that decreases and partially saturates at 40-50%
for p% > 18GeV/c. It decreases again above 40 GeV/c and
shows hints of a further saturation above 80 GeV/c at 20%.
The purity is comparable to the previous ALICE isolated-
photon measurements in pp collisions at /s = 5.02 and
7 TeV [7,26].

The p% dependence of the purity is caused by an inter-
play of physics and detector effects. Most of the contamina-
tion is due to 7°-decay photons. On the one hand, the pr
spectra of prompt photons are harder than those of neutral
pions, mainly because the latter undergo fragmentation, as
also was found in pQCD calculations [3,41]. For this reason,
the Ny, ,/N,, 0, yield ratio rises with p, and the photon
purity increases as well. Also, the probability of tagging a
photon as isolated varies with p%. At higher decay-photon
p)T/, isolation is less probable for a fixed isolation momen-
tum. On the other hand, the rejection of clusters from 70
and n decays at high pt becomes less effective due to the
decreasing decay-photon opening angle when increasing the
meson pt. Below 18 GeV/c, the contamination is dominated
by single (i.e. unmerged) decay photons from 7 mesons, the
remaining contributors being mainly photons from 1 meson
decays. Above 18 GeV/c, a large fraction of the 70 — yy
decays produces two photons with narrow opening angle and
gives rise to merged clusters in the EMCal with a narrow
shower shape that satisfies the condition for the single pho-
ton signal, as can be appreciated in Fig. 1a. In the PYTHIA §
jet—jet simulations, at pr = 14-16 GeV/c approximately 6%
of reconstructed clusters in the narrow shower shape region
come from 7° clusters, then at pr = 20-25GeV/c, they
are more than 30% and above 60GeV/c this contribution
rises to about 80%. The clusters produced by merged pho-
tons from n-meson decays contribute to the narrow shower
shape region for pr > 60 GeV/c but they remain subdomi-
nant compared to merged 7%-decay clusters. Instead, in the
range 40 < pt < 60 GeV/c, most of the merged n-decay
clusters have wide shower shapes, which is in part the reason
for the increase of purity in this p% region since the contri-
bution of single photon clusters from 7 decays to the nar-
row clusters decreases. The combined effect of these mecha-
nisms leads to the rise of the purity at low pr, saturation for
18 < p% < 40GeV/c, then rise above 40 GeV/c, and finally
saturation above 80 GeV/c.

To reduce the point-to-point statistical fluctuations in the
purity used to correct the isolated-photon raw yield, the dis-
tribution is fitted by two sigmoid functions to reproduce the
trend of the distribution with p¥

ai

1 +exp(=b; x (pf —c)’

fi, fusig(P1) = (1D
where i indicates the different fitting ranges. The first fit
is done from p}T’ = 7 to 30 GeV/c with fit parameters
obtained being a; = 0.617 £ 0.003, b1 = 0.292 £+ 0.002,
and c; = 14.28 £0.05. The second fit is done from p% =20
to 160 GeV/c with parameters a = 0.852 + 0.014, by =
0.034 +0.003, and ¢ = 2.4 £ 1.0. The fit results are shown
in the blue and red lines of Fig. 2, depending on the fit p%
range, the first fit is used from p% = 7 to 30 GeV/c and the
second from p% = 30 to 200 GeV/c.
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Fig. 3 Thedifferent contributions (reconstruction, identification, isolation) and the total isolated-photon efficiency as a function of the reconstructed
p% are shown in a and b, respectively. The systematic uncertainty shown as boxes in b have been obtained from the “no MC tuning” uncertainty

source discussed in Sect. 4

3.5 Isolated-photon efficiency

The photon reconstruction, identification and isolation effi-
ciency has been computed using PYTHIA 8 simulations of
y—jet processes in which, for each event, a prompt photon
from 2 — 2 Compton or annihilation processes (also two
photons in the final state but negligible contribution) is emit-
ted in the EMCal acceptance. Only the photons falling in the
fiducial acceptance are considered in the efficiency calcula-
tion.

The different analysis selection criteria determine the
overall efficiency and the contributions are presented in
Fig. 3a. They are calculated as the ratio of spectra, where the
denominator is the number of generated photons d Ny, S dp gen
and the factors in the numerator are the reconstructed spectra
after different selection criteria, dN i /dpy°. The different
contributions are the following: (i) the pure reconstruction
efficiency of photons is €™ ~ 50%, (green squares), where
the efficiency loss is mainly due to excluded regions in the
calorimeter, in particular, the requirement of dp,sk > 2, and
exclusion of clusters close to the border of EMCal supermod-
ules; (ii) the photon identification (shower shape selection)
reduces the efficiency by 10-20%, leading to "¢
35 —45%, (red crosses); (iii) the isolation criterion decreases
the efficiency to £™¢ x &4 x £ ~ 30 — 40%, (blue dia-
monds). The efficiency is pt dependent due to the aﬁm o selec-
tion because the photon peak is wider at lower pr. This is
already present in "¢ due to the selection al%mg > 0.1, which
is applied to reject anomalous energy depositions; In addi-
tion, (iv) the fraction k' of generated photons which are
isolated is represented by black-filled circles in Fig. 3a. The
total efficiency corresponds to the ratio of the reconstruction,

x eld ~
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identification and isolation efficiency (iii) to the isolated gen-
erated photon fraction (iv) and is then directly calculated as
follows

rec gen id i
giso _ dNS 1so/dNV iso & x &% x 8150’ (12)

v dprec dpgen = K150
where N[* is the number of clusters which are recon-
structed and identified as isolated photons and which are
produced by a prompt photon, and N sen iso 18 the number of
generated prompt photons which pass the isolation momen-
tum threshold in the same way as at the detector level. The
overall efficiency for the reconstruction of isolated photons

ranges from approximately 30 to 45% as shown in Fig. 3b.

3.6 Trigger efficiency, rejection factor and luminosity

The isolated-photon yield correction needs to take into
account the performance of the calorimeter trigger in particu-
lar when calculating the event normalisation and luminosity.

The EMCal L1-y-low and -high trigger efficiency eyig is
the probability that the trigger selects events when a high-
energy cluster is reconstructed in the EMCal acceptance
above a given trigger threshold. The trigger efficiency is how-
ever not 100% above the trigger threshold because of reduced
geometric coverage of the trigger compared to the EMCal
acceptance due to trigger cell tiles (2 x 2 cells) and full TRU
cards (Trigger Region Units, 24 x 16 cells in ¢ x ) that were
inactive or masked. It is also pt dependent since the cluster
can cover more cells the higher the energy (owing to nearby
jet particles in the event and meson decay merging), being
less affected by small masked regions.
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Fig. 4 a Trigger efficiency for neutral clusters, narrow clusters, and
isolated narrow clusters for the L1-y-low and -high calorimeter trig-
gers. b Trigger rejection factor calculated with and without applying
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the trigger efficiency for each of the calorimeter triggers. The results
of a constant fit to the rejection factor plateau regions are shown in the
legend, while the estimation of the uncertainties are described in Sect. 4

Table 2 Number of selected events, EMCal L1-y trigger rejection factors, and luminosity per trigger. The luminosity uncertainty contains both

the op and rejection factor uncertainties

. tri tri tri
Trigger Neyt® RFqe L
MB 1.587 x 10° 2734+ 0.42 nb~!
L1-y-low 1.356 x 108 471 +3 1.13 £ 0.02 pb~!
L1-y-high 9.354 x 107 5960 + 40 9.63 4+ 0.16 pb~!

The trigger efficiency is calculated from simulation, com-
bining the jet—jet and y—jet simulations, applying the same
trigger logic as in the data, and it is shown in Fig. 4a. The
trigger efficiency for neutral clusters (efrli‘;) and for the lower
threshold varies from close to 90% at cluster pt = 5 GeV/c
to close to 97% at 200 GeV/c. For the higher threshold, the
efficiency is lower, close to 88% at 12 GeV/c and 95% at
200 GeV/c. The narrow clusters have a lower efficiency for
firing the trigger because they are more affected by cell mask-
ing than wide clusters. In addition, the isolation tends to select
even narrower clusters and, therefore, the trigger efficiency
for narrow clusters after isolation (etifiog) is a few % lower
when moving significantly away from the trigger threshold.
The behaviour close to the threshold is reversed between
neutral and narrow clusters, most likely because very wide
clusters are less efficient in passing the threshold in a trigger
tile.

The EMCal trigger rejection factor, R F"22° | quantifies
the enhancement fraction of calorimeter triggers with respect
to MB triggers. It is calculated via the ratio of the calorimeter
neutral-cluster pt spectra
1 / NLl—y

evt

1/NMB

evt

x AN /dpr

RFtrigger —
x dANMB /dpy

(13)

where N;rvltgger is the number of events for a given trigger, as
reported in Table 2. This ratio increases quickly with increas-
ing pr below the trigger threshold and reaches a plateau
slightly above the threshold. The plateau is fitted to a con-
stant and the result gives the trigger enhancement. Note that
the plateau is not completely pt independent as observed also
in the trigger efficiency, which leads to a not well-constrained
fit. To correct for that pt dependence and have a better fit
result, the triggered cluster spectrum was corrected by the

neutral-cluster trigger efficiency

Ll- i
p puisger _ 1/ New Y x dNMY fdpr x 1/ege
Etrig l/Ng/IF x dNMB/de
R Frigger
T eds (14)
1
sfn.‘;

Figure 4b shows both trigger rejection factors when compar-
ing the MB trigger to the low threshold trigger, R FL-1-ow. MB
and the latter one to the high threshold, RF Ll-high, L1-low
In RFLow. MB one can observe that the plateau is flatter
near the trigger threshold below 10 GeV/c when the trigger
efficiency is used in the calculation. This is not observed
in R FL1-high, Ll-low for which the pr dependence is similar.
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Since the trigger rejection factor is corrected by the trigger
efficiency, which increases R F Ll-low, MB by about 10-12%,
the trigger efficiency for isolated photons must also be used
to correct the final isolated-photon yield, otherwise, the final
yield would be artificially enhanced.

The integrated luminosity collected with each of the used

. tri . . .
triggers (iﬂinrtlgger) has been determined using the expression
trigger trigger
; N, X RFg, .
trigger _ “'evt Erig
L = (1)

OMB

where opg = 58.05 & 0.90 mb [42,43] is the measured
minimum-bias trigger cross section averaged over the three
data-taking years. The corresponding values of the RFgllr:iiger
and integrated luminosity per trigger are presented in Table 2.

The final production cross section is measured as a func-
tion of pr, thus, the different triggers are combined depend-
ing on the trigger threshold. The L1-y-high trigger thresh-
old is at E = 9 GeV but it is not fully efficient until few
GeV after, so it was decided to combine the three trig-
gers above pr = 12GeV/c. Hence, the distribution below
pt = 12GeV/c is a combination of MB and L1-y-low trig-
gers. The resulting sampled luminosity of the current mea-
surement is calculated as

Lint(pt > 12 GeV/c)
— (MB pLly-low pLIy-high opg (16)

nt nt nt

Lin(pr <12GeV/e) = LMB 4 EU'V-IOW’

nt nt

resulting in

Lo(pr > 12GeV/c) = 10.79 £ 0.16 pb~ !,

(17)
ZL(pr <12GeV/e) = 1.160 + 0.018 pb~ .

4 Systematic uncertainties

Figure 5 displays the estimated relative systematic uncertain-
ties as a function of p% for all the considered sources. The
uncertainty contributions from all the sources are added in
quadrature. The contributions that enter into the purity calcu-
lation and those that enter into the yield are shown separately,
and the latter also includes the total uncertainty for the purity.
The values of the systematic uncertainties for the different
sources are reported in Table 3 for two extreme transverse
momentum intervals for the two combinations of triggers
used in the analysis.

The uncertainty contributions assigned to the purity cor-
rection are estimated from variations of the isolation momen-
tum background ranges, shower shape background ranges,
isolation probability, signal amount in the simulation, and
errors of the fit to the purity.

The amount of signal in the simulation, labelled as the
“MC signal amount” in the table and figure, influences the

@ Springer

aforementioned leakage effect of signal into the background
regions used to estimate the purity. This is checked using
different weights assigned to the signal in the simulation (y—
jet PYTHIA 8 events), here £50%. The resulting uncertainty
i8 9.1% at 7 GeV/c decreasing to 2.5% at 20 GeV/c and then
increasing up to 40 GeV/c beyond which it remains constant
at 4.2%.

The uncertainty due to the choice of the background
region range (wide showers, i.e. large values of aling) is

investigated by moving the corresponding al%mg interval to

0.37 < ojo,, < 2.37 and 0.43 < o < 2.43. The esti-
mated uncertainty is found to be 1-3% below 10 GeV/c and

0.4% above. The pi]fo’ eh. UE packground range, labelled as

the “anti- pEFO’ b, UE» i the figure and table, is also varied,

with the minimum limit from 2 to 5 GeV/c and the maximum
from 6 to 20 GeV/c. The average of the differences due to
these variations is used to estimate the uncertainty, resulting
in an uncertainty of 14% at 7 GeV/c decreasing to 0.8% at
12 GeV/c from where it remains constant.

The systematic uncertainty related to the correlation
effects between pp* . UE and ofmg discussed in the
Sect. 3.4 is labelled as “isolation probability”. The uncer-
tainty is obtained by the difference between the oy fac-
tors obtained without and with the calibration according to
Eq. (10), changing the al%mg background region fit range
variation. The average of the differences is used as uncer-
tainty. The resulting uncertainty is estimated to decrease from
27.6% at py = 7GeV/c to 8.1% at py = 9-14GeV/c, and
to a constant 4.8% for p¥ > 14GeV/c.

The fit of the purity with sigmoid functions has an asso-
ciated uncertainty based on the parameter fit uncertainties
presented in the previous section. The three parameters of
the function were varied within their uncertainties, and the
maximum deviation of the function is used as uncertainty.
For the low- p% part of the fitting function, the uncertainty
decreases from 3 to 0.5% from 7 to 30 GeV/c, and for the
high- p% part, the uncertainty decreases from 4.5 to 2% from
30 to 200 GeV/e.

The contributions from all these uncertainty sources are
added in quadrature and are used as total purity uncertainty
that ranges between 6 and 35% being maximal at low p%
and having a minimum for p% between 16 and 30 GeV/c.
The main source of systematic uncertainty is the isolation
probability. The second most important source of uncertainty
is pX-dependent: atlow pZ (up to 10 GeV/c) the anti-isolation
range, between 30 and 60 GeV/c the uncertainty of the fit to
the purity, and for the other p% -ranges the MC signal amount.

The uncertainties in the cross section yield due to the
choice of the neutral cluster selection criteria in this analysis
are evaluated via the variations of the charged particle veto
residual distance selection, the number of local maxima, dis-
tance to masked channels, and the parameter F;. The uncer-
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Fig. 5 Relative systematic uncertainty sources of the isolated-photon
purity (a) and cross section yield (b) and their quadratic sum as a func-
tion of p%. The statistical uncertainty is also shown for reference as a

Table 3 Summary of uncorrelated relative systematic uncertainties in
per cent for selected p% intervals of the isolated-photon measurement.
The purity uncertainty is included in the yield total uncertainty. The

—— CPV ——F, —+— No MC tuning
25+ —== SM dep. Energy scale —e— Material budget .
0 —— NLM —— At

Uncertainty (%)
S
T

15 -
10F -
5, —
ok . : : = =
7 8910 20 30 4050 102 2x10?
p! (GeVlc)

(b)

shaded histogram. The total purity uncertainty in a is one of the sources
added in quadrature to the total cross section uncertainty in b

statistical uncertainty is also shown for reference. The luminosity nor-
malisation uncertainty of 1.5% from Eq. (17) is not included in this
table

ph (GeV/e) 7-8 10-11 40-45 160-200
MC signal amount 9.1% 5.2% 4.2% 4.2%
afmg background range 2.3% 0.4% 0.4% 0.4%
Anti-pp® M YE range 14.0% 4.7% 0.8% 0.8%
Isolation probability 27.6% 8.1% 4.8% 4.8%
Fit function 3.2% 2.3% 4.5% 1.8%
Purity total unc. 32.5% 10.9% 7.8% 6.6%
Charged particle veto 0.3% 0.3% 0.3% 0.3%
NLm 1.2% 1.2% 1.2% 7.1%
dmask 2.5% 2.5% 2.5% 2.5%
Fi 1.6% 1.6% 1.6% 1.6%
At 0% 0% 1.4% 1.4%
Ul%)ng signal range 3.3% 3.3% 4.0% 4.0%
No MC tuning (8;,50 unc.) 12.3% 3.4% 3.4% 3.4%
Trigger effic. eqig 0.3% 0.3% 1.6% 3.2%
Energy scale 2.0% 2.0% 2.0% 2.0%
Material budget 2.1% 2.1% 2.1% 2.1%
SM dependence 4.0% 4.0% 4.0% 4.0%
Yield total unc. 35.4% 13.3% 11.3% 12.9%
Statistical unc. 2.7% 3.1% 2.4% 17.0%

tainty due to the charged particle veto is estimated by varying
the parameters of the track pt-dependent selection of Eq. (1)
to looser ones An™sidual > 0.025 and Ap™14%@ > (.03 radi-
ans. The resulting uncertainty on the cross section is constant
with p}T' at 0.3%. The uncertainty related to the selection on
the number of local maxima is obtained by varying the thresh-
old from 2 to 3 maxima, and it ranges from 1.2-2% for p%

< 50 GeV/c to 8% at the highest p%. The requirement on the
distance to masked channels is decreased from dpagc > 2 to
0 cells, O cells meaning that the misbehaving or dead chan-
nels are effectively removed from the cluster but the presence
of these cells in the proximity of the cluster has no further
effect, and a constant uncertainty of 2.5% is obtained. The F
is varied from 97% to 95% and a constant variation of 1.6%
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is observed. The time selection window was varied between
At = 10 and 40 ns to study the effect of pileup and cells
with anomalous depositions that pass the F selection, the
uncertainty was found to be negligible below 16 GeV/c and
it increases to 1.4% for p% > 20 GeV/e.

The choice of the signal range of the olfm of narrow
photon-like showers is important for the efficiency calcula-
tion but also influences the background estimate via a “leak-
age” of photon showers to the control regions. The uncer-
tainty due to the choice of the signal range is estimated by
varying the upper limit of the range to olfm o= 0.27 and 0.37

and is found to lie at 3.3% below p% =20 GeV/c and 4%
above.

The description of the shower shape in simulations can
also affect the efficiency measurement, while the effect on the
purity is found to be negligible. The associated uncertainty
decreases with p% from 12% at 7 GeV/c to 3.4% at 10 GeV/c
and above. It is estimated from the difference between stan-
dard simulations and those including modelling of the cross
talk observed in the EMCal readout cards and is labelled as
“no MC tuning” in the table and figure.

The uncertainty on the trigger normalisation has two
sources: the use of the trigger efficiency to estimate the trig-
ger rejection factor and correct the yields, and the fit used
to calculate the trigger rejection factor. For the first source,
the comparison of the yields calculated with either using or
not the trigger efficiency was considered, and half of the dif-
ference is taken. The uncertainty amounts to 0.25% when
Ll-y-low + MB triggers are used and 1 to 3% from 12 to
200 GeV/c when all the triggers are combined.

The trigger rejection factor for the lower L1-y trig-
ger threshold with respect to the MB trigger, denoted as
RF, g:r%g'low’ MB “and for the higher L1-y trigger threshold
with respect to the lower L1-y trigger threshold, denoted as
R FL1-high, Ll-low ¢ caleulated fitting with a constant above
the trigger threshold when it is fully efficient. The fitting
range is varied for R Fthr}:"W’ MB " and the calculated stan-
dard deviation of all the variations gave a 0.2% uncertainty.
A similar procedure was applied for RF, thr}g'hlgh’ LW pesult-
ing in an uncertainty of 0.6%. The rejection factor for the
L1-y-high trigger is obtained by multiplication of the pre-
vious two, its uncertainty is estimated as the quadratic sum
of their respective uncertainties corresponding to 0.7%. This
uncertainty is considered as a normalisation uncertainty and
not added to the yield systematic uncertainty. These uncer-
tainties combined with the o uncertainties give a normal-
isation and luminosity uncertainty of 1.5% for both trigger
p)T/ ranges considered from Eq. (17).

The uncertainty on the energy scale of the EMCal is esti-
mated to be 0.5% [29]. The effect of this uncertainty on the
measured cross section amounts to 2%. A material budget
uncertainty accounting for an imperfect description in the
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simulation of the material of the different detectors traversed
by photons before they reach the EMCal has been previously
determined in Ref. [24] and amounts to 2.1%.

Due to the different hardware and electronics performance
of the SMs, the result can potentially change depending on the
SM where the cluster is measured. To estimate the effect, the
neutral cluster yield measured in each SM in data is divided
by the yield in simulation, and each of these yield ratios is
divided by the full calorimeter neutral cluster yield in data
over simulation. In ideal conditions, this double ratio should
be equal to unity and pr-independent. The double ratios
obtained are pr-independent and close to unity, although
with small deviations. The dispersion of those double ratios
is found to be 4%, and this value is assigned as the SM-
dependent uncertainty.

The total systematic uncertainty on the cross section is
obtained by adding in quadrature the contributions of the
different sources described above, as well as the purity uncer-
tainty. The resulting uncertainty decreases from close to 35%
at p% = 7 GeVle to close to 10% at p% = 25 GeV/c and it
increases slowly at higher p% reaching close to 13% at p% =
200 GeV/c. The dominant source of the systematic uncer-
tainty is the total purity uncertainty up to p% = 100 GeV/c,
while for larger p¥ the effect of varying the selection on
the number of local maxima becomes dominant. Nonethe-
less, for p% = 100 GeV/c, the measurement is dominated by
statistical uncertainties.

5 Results

The isolated-photon production differential cross section can
be obtained from the following equation

oy omB 3 EN
dp% dn >, Ni, x RF' - dp% dn ,g;?g !
P

X - .
8;,80 X K180 x Acc

(13)

where all the terms were described in the previous sec-
tions and i is an index depending on the data trigger and
Acc = An x Ag/2m is the acceptance area of the analysis
obtained from the values in Table 1. The cross section formula
includes a «'*° dividing term (see definition in Sect. 3.5) to
take into account the bias induced by the collision underlying
event not present in NLO calculations. This factor is calcu-
lated with PYTHIA 8 y—jet events at the generator level. It
is found that multi-particle interaction processes cause most
of the deviation from unity, and only at the highest p% a
small contribution from initial and final state radiation effects
induces a deviation from unity by up to 3%. In the measure-
ment at /s = 7 TeV [7], this correction was multiplied to
the NLO calculations instead of the data, this time it is con-
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sidered more appropriate to correct the measurement so that
comparisons with theory and other /s are simplified. Note
that if the UE is subtracted from the isolation cone, this cor-
rection is not needed.

Figure 6 shows in the top panel the isolated-photon cross
section as a function of p% and the theory over data ratio in
the bottom panel. Error bars indicate the statistical uncertain-
ties and boxes the systematic uncertainties, respectively. An
additional normalisation uncertainty of 1.5% coming from
both measured minimum bias cross section and the rejection
factors from the EMCal triggering from Eq. (17) is not added
to the systematic uncertainties on the data points, but shown
as a separate box in the bottom panel with the theory-to-data
ratio.

The measurement is compared to NLO pQCD calcula-
tions using JETPHOX 1.3.1 [44,45]. The parton distribution
function used in the calculations is NNPDF4.0 [46], and the
fragmentation function is BFG II [47]. The central values
of the predictions were obtained by choosing factorisation,
normalisation, and fragmentation scales equal to the pho-
ton transverse momentum ([ = R = Uf = p%). Scale
uncertainties were determined varying all scales simultane-
ously to 0.5 and 2 times their nominal values. The uncer-
tainties related to the PDF are obtained by performing cal-
culations for each of the 101 members of NNPDF4.0. The
resulting uncertainties are reported at 90% CL. The isola-
tion criterion in pQCD calculations corresponds to a restric-
tion of the available phase space to final-state radiation in
a cone of R < 0.4 [44]. The threshold of piTSO < 2 GeV/e,
which includes both charged and neutral particle transverse
momenta, is used since it is equivalent to the one in data of
pro ch. UE _ 1.5GeV/c that only uses transverse momenta
of charged particles. The theoretical predictions describe the
measured isolated-photon cross section within uncertainties
in the full transverse momentum range of the measurement as
demonstrated by the theory-to-data ratio shown in Fig. 6 (bot-
tom). In particular, above 20 GeV/c the deviations of the ratio
from unity are small, a constant fit to the points gives 3.6%.
The measurement is done for the first time in the range 7—
10 GeV/c in any collision system at the LHC, showing agree-
ment with the theory. The ratio for 10 < p% < 20 GeV/c
tends to deviate from unity, although it is still in agreement
within uncertainties. The small deviation between the data
and the theory predictions in this p% region might in part be
due to a small potential under-correction of the purity, which
has a steep rise in the 10-20 GeV/c interval. Note also that
the systematic uncertainty on the measured cross section in
this p% interval is significantly dominated by the uncertainty
on the purity determination.

Figure 7 shows the comparison of the ratios between
the theory predictions and the measurements for the pr-
differential isolated-photon cross sections from three differ-
ent LHC experiments, namely ALICE (NLO), ATLAS [22]
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Fig. 6 Top panel: differential cross section of isolated photons mea-
sured in pp collisions at /s = 13 TeV. Vertical black lines and
grey-filled boxes represent data statistical and systematic uncertainties,
respectively. The blue boxes correspond to pQCD calculations with
JETPHOX, open boxes for scale uncertainty and filled boxes for PDF
uncertainty, respectively. Bottom panel: ratio between the JETPHOX
calculation results and data displayed in the blue boxes, vertical boxes
size shows the theory scale and PDF uncertainties. Experimental uncer-
tainties are shown here on the black points centred at unity. The nor-
malisation uncertainty of 1.5%, described in the text, is included only
in the bottom panel and shown as a red box at 200 GeV/c

(NNLO), and CMS [16] (NLO). The comparison is made on
ratios of data to prediction using equivalent isolation criteria
since those criteria differ among these experiments such that
a direct comparison of the isolated-photon cross sections is
not fully adequate. There is a small overlap region between
ALICE and the other experiments in the p% interval between
125 (ATLAS) and 190 (CMS) to 200 GeV/c, where the ratios
are in agreement within the uncertainties. It is worth noticing
the contribution of ALICE to the isolated-photon measure-
ments in pp collisions at /s = 13 TeV since the p}T' range is
decreased by an order of magnitude compared to ATLAS and
CMS. The ATLAS and CMS results use larger values and dif-
ferent definitions for the isolation momentum selection cri-
terion, about 5 GeV/c for CMS and approximately 4 GeV/c
at p% = 200 GeV/c and increasing with p3r’ for ATLAS, both
with the same cone radius R = 0.4 but including contribu-
tions from both neutral and charged particles. In JETPHOX
predictions, increasing the isolation threshold should reflect
a larger fragmentation contribution in the total cross section
without necessarily increasing the total isolated-photon cross
section compared to smaller isolation momentum selection
criteria. However, the theory-to-data ratios should be consis-
tent between the experiments as is observed in the figure. The
ALICE NLO-to-data ratio for p% > 20 GeV/c is almost on
top of unity, while CMS (NLO) and ATLAS (NNLO) ratios
are consistently below but in agreement with unity within the
uncertainties. For ATLAS, NLO-to-data ratio was also shown
in Refs. [22,23] lying below the NNLO-to-data ratio which
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Fig. 7 Ratio between theory predictions for the isolated-photon dif-
ferential cross section and measurements for ATLAS [22], CMS [16],
and ALICE. Theory predictions are obtained for ATLAS with NNLO-
JET [48] NNLO NNPDF3.1 PDFs [49], for CMS with JETPHOX NLO
and NNPDF3.0 PDFs [50], and for ALICE with JETPHOX NLO and
NNPDF4.0 PDFs [46]. Experimental uncertainties are shown here on
the points centred at unity, for CMS and ATLAS statistical and sys-

might indicate the need for higher pQCD orders when the iso-
lation momentum criterion is not tight enough to reproduce
the contribution from fragmentation photons better.

Figure 8 shows the ratio of the isolated-photon cross sec-
tion measured by ALICE in pp collisions at /s = 13 TeV
to /s =7 TeV [7] in data and NLO calculations. The pre-
vious ALICE measurement at /s = 7 TeV is divided by
the corresponding «'*° since it was not done in the publi-
cation (the NLO calculation was multiplied instead by this
factor). Almost all of the systematic uncertainties cancel in
the ratio. The contributions that are considered are: Half of
the /s = 13 TeV isolation probability; The full cluster—track
matching uncertainty from /s = 7 TeV measurement that
accounts for the effect in the isolation-momentum calculation
since clusters are used; The SM-dependent variation which
does not cancel since it can vary in different data-taking peri-
ods. Considering a similar dispersion for the /s =7 TeV and
13 TeV samples, we take as uncertainty 4% x V2=5.6%. All
these systematic sources are added in quadrature, resulting in
an uncertainty on the ratio between 6.4% and 9% depending
on p%. In any case, the dominant uncertainty is the statistical
one that ranges from 15 to 40%. The NLO scale uncertainty
decreases with p% from 4 to 2% and the PDF uncertainty
varies between 1.4 and 0.5%. The normalisation uncertainty
is calculated from the luminosity of the two measurements
and results in 9.8 %, dominated by the uncertainty on the inte-
grated luminosity of the sample at /s = 7 TeV. In data, the
ratio seems rather constant as a function of p%, showing a

@ Springer

10° 2x10°
p¥ (GeV/c)

tematic uncertainties are added in quadrature and shown as a vertical
error bar. ALICE error bars are statistical uncertainties and boxes are
systematic uncertainties. The coloured boxes centred at the ratio indi-
cate the theoretical uncertainty on the PDF and scales. The luminosity
normalisation uncertainty of each experiment is presented as an overall
box around unity at the right of the figure centred at unity

E>Y

E ALI(‘ZE, pp. R =0.4 B
o Vs=13TeV/ (s =7 TeV (stat.) -
r Vs =13 TeV: p$°' o VE< 1.5 GeVl/c |
E Vs= 7TeV: p‘T5°-UE <2 GeV/c, Eur. Phys. J. C (2019) 79: 896
[ syst. uncertainty ]
I Norm. uncertainty: 9.8% ]

I et

w
3}
l

w
T

)
l

-
o

Isolated-photon cross-section ratio
N
a
|

1 :
E NLO (JETPHOX) NNPDF40/BFG Il FF, p'_:o <2GeVic —
r Scale uncertainty pilz <p<2 pi i

C PDF uncertainty .
C | L L L |

9 10 20 30 40 50 60
pi (GeVic)

o
3

Fig. 8 Ratio of isolated-photon cross sections measured in pp col-
lisions at /s = 13 TeV over the previous ALICE measurement at
/s =7 TeV (taken from Ref. [7]) compared to NLO calculations from
JETPHOX shown as coloured boxes

value of about 1.5, but is also compatible within the uncer-
tainties to the NLO slow rise from close to 1.6 at 10-12 GeV/c
to close to 2.1 at 40-60 GeV/c. The qualitative agreement of
the cross section ratio in data and pQCD calculation indicates
that the underlying mechanisms in the theoretical approach
are valid.

For a comparison of cross sections measured at different
/s, it is more appropriate to use the variable x%, defined ear-
lier, which is also closely related to Bjorken x [51]. A com-
pilation of all available data on isolated-photon cross section
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Fig. 9 ALICE data compared to previous measurements of isolated-
photon spectra in pp and pp collisions as a function of xT where the
invariant cross sections have been scaled by (1/s)" withn = 4.5 (taken
from Ref. [2]). For this comparison, only the results covering midra-
pidity are shown

measurements in collider experiments has been performed
in [2] and all x% spectra were compatible with a single curve
when scaled by (/s)" with n = 4.5. The ALICE measure-
ments are compared to other measurements made at midra-
pidity including also those from other LHC experiments and
the result is presented in Fig. 9. The ALICE measurement
reported here, as anticipated, allows us to extend the x}’ reach
to the lowest values measured at midrapidity so far, and is
in agreement with the n = 4.5 scaling, suggesting that all
data are sensitive to the same production mechanisms. This
measurement will help to constrain further the gluon PDF
at midrapidity in the region x ~ 1 — 3 x 1072 and reduce
its uncertainty values. However, the value n = 4.5 deviates
from the 1/( p%)":4 dependence expected for the leading-
twist partonic production mechanisms. This is due to effects
like the running coupling and the evolution of PDFs, and
indicates significant contributions from fragmentation pho-
tons and higher-twist diagrams [52].

6 Conclusions

The isolated-photon differential cross section in pp collisions
at /s = 13 TeV was measured by the ALICE Collaboration
at midrapidity in the transverse momentum range from 7 to
200 GeV/c. Results are compared to ATLAS and CMS mea-
surements and pQCD calculations. The mutual agreement of
the data sets with theory supports the theoretical calculations
and demonstrates the consistency of the different measure-
ments.

The current measurement extends the lower limit of p%
compared to previous measurements by other LHC experi-
ments, by an order of magnitude compared to ATLAS and
CMS at the same collision energy. The measurement pro-
vides the lowest Bjorken-x probed with isolated photons at
midrapidity to date, showing an agreement between all the
measurements with a common scale using n = 4.5 over
several orders of x%. The low-x measured will provide con-
straints on the gluon PDF.

The lower p% reach of ALICE will be useful for future
studies of isolated-photon cross sections and correlations of
isolated photons to jets or hadrons used to constrain pQCD
calculations, PDFs, and FFs, in particular, also for studying
medium-induced modifications of hard probes in nucleus—
nucleus collisions.
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