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Abstract

The following note presents supplemental figures and additional material for the paper: “Mea-
surement of the inclusive isolated-photon production cross section in pp and Pb–Pb collisions at√

sNN = 5.02 TeV” [1]. A description of the calorimeter cell clusterization algorithm and cell se-
lection for the shower spread calculation is presented. Supplementary figures are provided: shower
shape distributions, including the effect on the variation of the cross-talk emulation parameters in
the simulation; the underlying event subtraction with different area definitions; and isolated photon
efficiency. Systematic uncertainty summary tables and figures are presented. The purity calculation
method is described. The shower shape and isolation momentum correlation effect on the purity
calculation is discussed. Purity fit values are provided. Dedicated cross section, ratio data-to-theory,
and R = 0.2 over R = 0.4 ratio plots for the Pb–Pb collisions centrality class 50–90% are presented.
A comparison to the Z0 boson results from CMS is shown. Finally, the ratio of cross sections in
Pb–Pb collisions central to semi-central or semi-peripheral is also included.

*See Appendix A for the list of collaboration members

http://creativecommons.org/licenses/by/4.0


2 ALICE Collaboration

Contents

1 Clusterisation algorithm 3

2 Shower shape and cross-talk emulation 3

3 Particle isolation 5

3.1 Underlying event estimation with different areas . . . . . . . . . . . . . . . . . . . . . . 5

3.2 Isolated photon efficiency per selection criterum . . . . . . . . . . . . . . . . . . . . . . 8

3.3 Cumulative isolation fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 Purity: The ABCD method 11

4.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4.2 Shower shape–isolation momentum correlation: Shower shape double ratios of isolated
to anti-isolated and data over simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.3 Sigmoid fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5 Systematic uncertainties 17

5.1 Purity, cross section, and normalisation . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5.2 pp collisions cross sections ratio at different centre-of-momentum energies . . . . . . . 23

5.3 Ratio of yields with different cone radius . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.4 Nuclear modification factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

6 Results 26

6.1 Nuclear modification factor using pQCD NLO as pp collisions . . . . . . . . . . . . . . 26

6.2 Pb–Pb collisions 50–90% centrality class . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.3 Nuclear modification factor in ALICE and CMS . . . . . . . . . . . . . . . . . . . . . . 30

6.4 Comparison of the isolated photon and Z boson cross section and nuclear modification
factor as a function of the centrality class: Check of the binary scaling factor . . . . . . . 31

6.5 Ratio of isolated-photon cross sections in Pb–Pb collisions: central to semi-central or
semi-peripheral . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

A The ALICE Collaboration 37



Supplemental figs.: Isolated-γ production in Pb–Pb coll. at
√
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1 Clusterisation algorithm

Particles deposit their energy in several calorimeter cells, forming a cluster. Clusters are obtained by
grouping all cells whose energy is above 100 MeV and share common sides, starting from a seed cell,
which has an energy deposit of at least 500 MeV. Because of the large particle multiplicity and contri-
bution of the underlying event, contributions from several particles can easily be merged into the same
cluster. This is especially important in central heavy-ion collisions. To avoid this, an additional condition
has been applied with respect to previous measurements of isolated photons to restrict the growth of the
cluster: cells are only added to the cluster if the cell energy decreases when moving away from the seed
cell. Although this condition was targeted to Pb–Pb collisions, it has also been applied to the pp measure-
ments presented here for consistency. Unfortunately, reconstructing the clusters this way also prevents
the neutral meson decays into two photons from being merged into a single cluster and recognised as
meson decays. This results in losing the ability to remove the clusters produced by meson-decay photons
when the distance between shower edges is larger than a calorimeter cell size, i.e. when the energy is
below 20 GeV for the π0, or below 40 GeV for the η . A way to circumvent this problem is presented
in Sect. 3.2 of Ref. [1]: the cluster energy spread dispersion (shower shape, σ2

long [1, 2]) is calculated
in a 5×5 window centred at the highest energy cell of the cluster. Figure 1 schematically shows the
cell cluster selection in this measurement for the cluster energy and position (V2) and the shower shape
calculation (5×5).

V2 
cluster

5x5 
cluster

V1  
cluster

Fig. 1: (colour online) Schematic view of the cell energy
repartition of two high-energy decay photons from a neu-
tral meson, each centred in the black-filled cells, on top of
a high-multiplicity low-energy particle underlying event
environment, the lightest blue cells. The grey lines are
the contour of cells selected restricting the growth of the
cluster (V2) used here to calculate the cluster energy and
position. The orange square is the 5× 5 region around
the highest-energy cell used for the shower shape calcula-
tion, excluding cells that only have a common corner, red
crossed. The red dotted lines are the contour of a cluster
without growth restriction (V1), as used in previous pp
and p–Pb isolated photon analyses [3–5].

2 Shower shape and cross-talk emulation

Figure 2 shows the σ2
long, 5×5 distribution versus pT for inclusive clusters in the five Pb–Pb collisions

centrality bins and in pp collisions with the corresponding selection limits. Additional centrality classes
are included here with respect the equivalent figure in Ref. [1]. One can appreciate the photon and π0

bands in all the frames, even hints of the η band at high pT.

The cross talk between cells modifies the shower shape distribution, widening the single-photon-cluster
peak distribution to σ2

long, 5×5 values larger than 0.25, as discussed in detail in Ref. [2]. This effect was
modelled in the simulation by adding, for a given cell, a small fraction of its energy Ecell into the sur-
rounding cells with energy Ei, j (column i, row j with respect to the reference cell) in the same T-Card.
The induced energy is then E ind

i, j = F indEcell, with F ind = µ1 + µ2 Ecell where µ1 and µ2 depend on the
supermodule. If F ind is above or below a given value F ind

max or F ind
min, respectively, those values are used

instead. Each resulting E ind
i, j is smeared by a Gaussian random distribution with width σind. Additionally,

the amount of induced energy is limited for lower energies in order not to provoke additional cluster
nonlinearity, by requiring: Ei, j +E ind

i, j > 100 MeV, the same limit as the clusterisation minimum cell
energy. Finally, the total induced energy after smearing in the nearby T-Card cells is subtracted from the
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Fig. 2: (colour online) Inclusive-cluster σ2
long, 5×5 distribution (basic cluster selection plus track–cluster associa-

tion rejection for Pb–Pb collisions) as a function of pT in data for pp (lower right frame) and Pb–Pb collisions for
five different centrality classes. The dotted line corresponds to the tight value of the upper selection limit for single
photon candidate clusters (narrow clusters) and the dashed line corresponds to a looser photon upper selection used
in Pb–Pb collisions below 18 GeV/c. The dotted-dashed line corresponds to the narrow cluster’s lower limit.

main signal cell, Efinal
cell = Ecell−ΣE ind

i, j , so that the energy scale is conserved. The cross-talk parametrisa-
tion obtained from pp collisions in Ref. [2] is found to induce a too-strong shape modification in Pb–Pb
central collisions. Decreasing the F ind

min limit by a factor two with respect to [2] has been found to result
in a better agreement between data and simulation for central as well as peripheral Pb–Pb collisions,
without worsening the agreement in pp collisions. The final cross-talk emulation parameters used in the
simulation are summarised in Table 1.

Table 1: Parameters used in the cross talk emulation in the simulation (see text), for the different groups of
supermodules.

group 1 group 2 group 3 group 4
SM number 3, 7 1, 10 0, 2, 4, 5, 6, 11 8, 9

- - 12, 13, 16 14, 15, 17, 18, 19
F ind

min 0.3% 0.25% 0.235% 0.175%
F ind

max 1.8% 1.6% 1.6% 1.6%
µ1 1.2% 1.2% 1.15% 0.8%
µ2 (GeV−1) -0.11% -0.11% -0.11% -0.11%
σind 0.5% 0.5% 0.5% 0.5%

Figure 3 shows a projection of the inclusive-cluster σ2
long, 5×5 distribution from data in Fig. 2 and simula-

tion (γ–jet plus jet–jet PYTHIA 8) for a low- and a high-pT interval and for central Pb–Pb collisions and
pp collisions: a reasonable description is achieved in simulation after including a modelling at the cell
energy level of the electronics cross talk introduced in Sect. 2. This new modelling that is used for this
measurement, is compared to the one used in previous ALICE measurements [3, 4, 6] and also compared
without the modelling for the full simulation including signal and background or only signal. One can
appreciate the better agreement of the new modelling and how the cross talk changes the shower shape
distribution width from the ideal case without modelling.
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Fig. 3: (colour online) Inclusive-cluster σ2
long, 5×5 distribution in data (black bullets) and PYTHIA 8 simulation

(jet–jet+γ–jet processes). Three different treatments of cross talk (x-talk) considered in the simulation: “no x-talk”
(open red squares); “x-talk high” (open magenta squares), stronger cross talk obtained for the previous isolated-
photon measurements [2–4]; and “x-talk” (open blue squares), obtained for this measurement. The four panels
display these distributions for two selected cluster pT ranges, 12 < pT < 14 GeV/c on the left and 40 < pT <

60 GeV/c on the right, and two collision systems: pp (top) and Pb–Pb 0–10% central (bottom). The simulation
is also shown for signal prompt γ (γprompt) for the different x-talk cases (lines with the same colour code as for
the full simulation). The tight narrow cluster range maximum value σ2

long, 5×5 = 0.3 or 0.392 (corresponding to
σ2

max(13 GeV/c)) is shown on all plots as a dotted or dashed vertical line, respectively.

3 Particle isolation

3.1 Underlying event estimation with different areas

The isolation momentum is the sum of the transverse momenta of all the charged tracks (ch) that fall into
the cone, from which an estimation of the underlying event (UE) tracks entering the cone is subtracted

piso, ch
T = ∑ ptrack

T −π×R2×ρUE. (1)

where ρUE is the UE track pT density.

The ρUE is estimated event-by-event by summing the track pT in a rectangular area called “η-band”
centred around the azimuth ϕγ of the candidate cluster. Its short side has a width ∆ϕ = ϕ track−ϕγ that
depends on R while its long side covers the full track acceptance: |η |< 0.9. Other areas were also con-
sidered: a ϕ-band that covers the same η region as the isolation-cone radius but covers ∆ϕ = π , limited
to avoid the jet emitted in the opposite direction with respect to the photon candidate; perpendicular
bands that cover the same area as the ϕ-band but centred at ϕ = ±π/2 from the photon; cones perpen-
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dicular to the isolated-photon candidate; and the FASTJET jet area/median package [7]. For the η-band
and ϕ-band, an additional gap between the isolation cone and the UE estimation area is considered,
∆RUE gap = 0.1, to avoid jet remnants contribution as described in Ref. [1]. See a schematic description
of all the areas and the gap in Fig. 3 of Ref. [1].

Figure 4 shows the piso, ch
T distribution for the different studied UE estimators for narrow clusters,

0.1 < σ2
long, 5×5 < 0.3, for PYTHIA 8 [8–10] simulations of γ–jet events embedded into minimum bias

data. Figure 5 shows the distributions for wide clusters, 0.4 < σ2
long, 5×5 < 2 for data and PYTHIA 8

simulations of jet–jet events embedded into Pb–Pb MB data, repectively.

The distributions obtained show that the various methods have similar performances, but the distributions
for perpendicular cones and bands are wider, and the mean of the distribution of ϕ-band, jet-median
and the perpendicular methods tends to be lower than zero for narrow clusters in the embedded signal
simulation, unlike the η-band. All these methods are also more sensitive to the anisotropy in particle
azimuthal distributions induced by the elliptic flow [11] in the area inspected, which could cause the
observed differences. For this reason, they are not used as default.

Figure 6 shows the resulting piso, ch
T distribution in data and embedded signal simulation after subtracting

the UE estimated with the η-band for pp and Pb–Pb collisions in five centrality classes. This figure
complements Fig. 5 of Ref. [1] by showing the distributions for all centrality classes.

The mean of the distributions for wide clusters in embedded jet–jet simulations (Fig. 5) tends to be larger
than zero as expected due to the contribution of jet particles inside the cone since those clusters likely
originate from a jet. In data, for narrow clusters (Fig. 6), the distributions are less shifted but the right
tail of the distribution is higher also due to the contribution of jet particles, unlike in the γ–jet embedded
simulation distributions (Fig. 4) which are symmetric with respect to the maximum of the distribution,
as expected.

The width of the distribution is larger for R = 0.4 (lower panels) than for R = 0.2 (upper panels), due to
the larger UE fluctuations in the isolation cone. For the same reason, the width decreases when moving to
more peripheral collisions. The result of a Gaussian fit over the γ–jet simulation points using the η-band
is reported in Table 2.

Table 2: Width of piso, ch
T distributions shown in Fig. 6, estimated via the standard deviation σ of a Gaussian

parametrisation to the data and PYTHIA 8 γ-jet simulation (embedded to MB data for Pb–Pb collisions), and for
R = 0.2 and R = 0.4.

System σ (GeV/c) for R = 0.2 σ (GeV/c) for R = 0.4
0–10% Pb–Pb 4.994±0.004 12.278±0.014

10–30% Pb–Pb 3.628±0.003 9.015±0.007
30–50% Pb–Pb 2.143±0.001 5.466±0.004
50–70% Pb–Pb 0.837±0.002 2.569±0.009
70–90% Pb–Pb 0.322±0.001 1.005±0.002

pp 0.1634±0.0004 0.467±0.002
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Fig. 4: (colour online) In γ–jet PYTHIA 8 simulation embedded into MB Pb–Pb data, piso, ch
T distribution for

different UE estimation areas described in the text, pT > 12 GeV/c and narrow clusters with 0.1 < σ2
long, 5×5 <

0.3 in Pb–Pb central (left), semi-central (middle) and peripheral (right) collisions for R = 0.2 (top) and R = 0.4
(bottom).
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Fig. 6: (colour online) piso, ch
T distribution for narrow clusters with 0.1 < σ2

long, 5×5 < 0.3 for pT > 16 GeV/c,
in pp (lower right frame) and Pb–Pb collisions in five centrality classes, with R = 0.2 (black bullets) and R = 0.4
(blue squares), in data (full markers) and simulated PYTHIA 8 γ–jet processes (open markers), embedded into data
in case of Pb–Pb collisions.

3.2 Isolated photon efficiency per selection criterum

The different analysis selection criteria determine the overall efficiency. Different efficiencies can be
considered depending on the selection criteria: reconstruction ε rec (inclusive clusters selection), photon
identification ε id (shower shape selection), and isolation ε iso. They are calculated as the ratio of pγ

T
spectra, where the denominator is the number of generated photons dNgen

γ /dpgen
T , and the factors in the

numerator are the reconstructed spectra after different selection criteria, dNrec
cut/dprec

T . Figure 7 presents
the different contributions as a function of pγ

T for pp collisions and Pb–Pb collisions for all the centrality
classes. This figure complements Fig. 7 of Ref. [1] where only two Pb–Pb centrality classes are shown,
see the discussion on the efficiencies evolution with the selection criteria there. A smooth decrease of the
different components of the efficiency can be appreciated from peripheral to central Pb–Pb collisions.

3.3 Cumulative isolation fraction

To decide the value of the isolation piso, ch
T threshold, one can check how efficient the selection is on a

known signal, γ–jet Monte Carlo simulation (MC) narrow clusters, and on background, data and jet–jet
MC wide clusters. Figure 8 displays their selection cumulative probability for the two cone radii. The
signal is largely accepted compared to the background in all systems if piso, ch

T is selected smaller than
a few GeV/c. However, there is a strong signal rejection in Pb–Pb collisions for the 0–10%, 10–30%,
and 30–50% centrality classes. Comparing both cone radii, the discrimination power for the larger cone
size (R = 0.4) is similar or a bit worse than that for R = 0.2 in central Pb–Pb collisions, but better in
peripheral Pb–Pb and pp collisions at low piso, ch

T . The ratios of the distributions shown at the bottom
of each panel, γ–jet simulation signal over the data or jet–jet simulation background, are rather constant
until a certain piso, ch

T value depending on the centrality: for central collisions to approximately 8 GeV/c
and for peripheral Pb–Pb and pp collisions up to 2 to 3 GeV/c, above these values the ratio decreases.
This indicates that the purity of the measurement will not significantly change below such values, while
at higher pγ

T the purity decreases. One can also observe that the distributions for wide clusters in data
and background simulation do not match, this is due to the decay photon trigger in the jet-jet simulation.
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Fig. 7: (colour online) Contributions from reconstruction, identification, and isolation to the total efficiency
calculated using Eq. 7 of Ref. [1], as a function of the reconstructed photon pγ

T for pp (lower right frame) and
Pb–Pb collisions for five centrality classes. Green markers: reconstruction efficiency ε rec. Red or brown markers:
efficiency additionally due to the photon identification by shower shape selection ε rec×ε id or the isolation criterion
ε rec×ε iso. Blue markers: efficiency due to the isolation criterion and shower shape selection ε rec×ε id×ε iso. Black
markers: fraction κ iso of generated photons which are isolated. Efficiency obtained from PYTHIA 8 simulations
of γ–jet processes, embedded into Pb–Pb minimum bias data in the Pb–Pb case.

It can be concluded that using a tight piso, ch
T selection value at piso, ch

T < 1.5 GeV/c like in previous pp
and p–Pb analyses for all Pb–Pb centralities and in pp collisions is reasonable. A lower piso, ch

T selection
value would not provide much gain in background rejection power, would decrease the efficiency, and
would complicate the comparison with theoretical predictions. Using a higher piso, ch

T selection in central
Pb–Pb collisions is possible, it would increase the efficiency of the measurement, but we prefer to use
the same isolation selection criterion for all systems for simplicity.
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Fig. 8: (colour online) Fraction of inclusive clusters with 14 < pT < 16 GeV/c that pass the isolation selection as
a function of the isolation momentum threshold for R = 0.2 (left) and R = 0.4 (right), for data wide clusters, signal
γ–jet MC for narrow clusters and background jet–jet MC (with a photon with at least 3.5 GeV/c in the calorimeter
acceptance) with for wide clusters. For Pb–Pb simulations, MC clusters are embedded into minimum bias Pb–Pb
data. From top to bottom, 0–10% Pb–Pb collisions, 30–50% Pb–Pb collisions, 70–90% Pb–Pb collisions and pp
collisions. Lower frame in each panel: ratio of the distribution for γ–jet MC clusters over the distributions for wide
clusters in data and jet–jet MC. Horizontal dashed line set at piso, ch

T = 1.5 GeV/c.
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4 Purity: The ABCD method

The isolated-photon candidate sample still contains a sizeable contribution from background clusters,
mainly from neutral-meson decay photons. To estimate the background contamination, the same proce-
dure as in Refs. [3, 4] is followed and presented here.

4.1 Method

Different classes of measured clusters were used: (1) classes based on the shower shape σ2
long, 5×5, i.e.

narrow (photon-like) or wide (most often elongated, i.e. non-circular), and (2) classes defined by the
isolation momentum piso, ch

T , i.e. isolated (iso) and anti-isolated (iso). The different classes are denoted
by sub- and superscripts, e.g. narrow isolated clusters are denoted X iso

n , and wide anti-isolated clusters
as X iso

w . The corresponding four classes A, B,C and D are represented schematically in Fig. 9 and on the
measured distributions of piso, ch

T versus σ2
long, 5×5 for two cone radii in Figs. 10 and 11.

σ2
long

pi
so T

σ2
max, sig σ2

min, bkg σ2
max, bkg0.1

pisoT,max

pisoT,min

Niso
n Niso

w

Niso
n Niso

w

A B

C D

Fig. 9: (colour online) Illustration of the parametric space of the photon isolation momentum and the shower
width parameter (σ2

long), used to estimate the background yield in the signal class (A) from the observed yields
in the three control classes (B, C, D). The red regions indicate areas dominated by the background and the blue
regions are those that contain the photon signal. The colour gradient between these regions illustrates the presence
of a signal contribution in the three background regions. See Figs. 10 and 11 for examples of this in data.

The σ2
long, 5×5 parameter values for narrow and wide clusters correspond to the signal and background

clusters introduced in Sect. 3.2 of [1]. The wide clusters (mostly background) correspond to clusters
with 0.4 < σ2

long, 5×5 < 2 in pp collisions, and Pb–Pb collisions when pT < 18 GeV/c. When pT >

18 GeV/c in Pb–Pb, clusters are considered wide when 0.1+σ2
max < σ2

long, 5×5 < 2, with pT dependent
limit σ2

max(pT) = 0.6− 0.016× pT. The narrow clusters (containing most of the signal) are those with
0.1 < σ2

long, 5×5 < 0.3 in pp collisions, and Pb–Pb collisions when pT < 18 GeV/c. When pT ≥ 18 GeV/c
in Pb–Pb, clusters are considered narrow when 0.1 < σ2

long, 5×5 < σ2
max. The anti-isolation criterion was

set to 4 < piso, ch
T < 25 GeV/c for all systems: the lower limit was placed far from the piso, ch

T < 1.5 GeV/c
signal isolation momentum threshold, to have a gap available for systematic studies.

The yield of isolated-photon candidates in this nomenclature is Niso
n . It consists of signal (S) and

background (B) contributions: Niso
n = Siso

n +Biso
n . The contamination of the candidate sample is then

C = Biso
n /Niso

n , and the purity is P ≡ 1−C. It is assumed that the ratios of isolated over anti-isolated
background is the same in the narrow clusters range (A and C) and in the wide clusters range (B and D)
so that

Biso
n /Biso

n

Biso
w /Biso

w
= 1. (2)
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Fig. 10: (colour online) The parametric space of the cluster isolation momentum and the shower width parameter
(σ2

long, 5×5) in data for R = 0.2 and 14 < pT < 16 GeV/c, used to estimate the background yield in the signal class
(A) from the observed yields in the three control classes (B, C, D). The dashed boxes indicate the limits of each
class, the lower signal piso, ch

T selection is open.

Assuming that the amount of signal in the background-dominated cluster classes is negligible compared
to the background, the purity can be derived in a data-driven approach (dd) as

Pdd = 1− Biso
n /Niso

n

Biso
w /Biso

w
= 1− Niso

n /Niso
n

Niso
w /Niso

w
. (3)

Unfortunately, both assumptions are valid only approximately, especially Eq. (2). In PYTHIA 8 simu-
lations with two jets imposed in the final state, meaning that there is only background in all of the four
classes, an evaluation of Eq. (2) gives double-ratio values between 1 and 2 that strongly depend on pT,
on the collision system, on the centrality, as well as on the background piso, ch

T range selected for the anti-
isolation. Since these deviations from unity are considered to be due to particle kinematics and detector
response, the simulation can be used to estimate this bias(

Biso
n /Biso

n

Biso
w /Biso

w

)
data

=

(
Biso

n /Biso
n

Biso
w /Biso

w

)
MC

. (4)

This implies replacing Eq. (2) by the relation given in Eq. (4), which leads to the expression of the
MC-corrected purity

P = 1−
(

Niso
n /Niso

n

Niso
w /Niso

w

)
data
×
(

Biso
n /Niso

n

Niso
w /Niso

w

)
MC
≡ 1−

(
Niso

n /Niso
n

Niso
w /Niso

w

)
data
×αMC (5)

where the MC contains the combination of jet–jet and γ–jet counts scaled to their respective cross sec-
tions.
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Fig. 11: (colour online) The parametric space of the cluster isolation momentum and the shower width parameter
(σ2

long, 5×5) in data for R = 0.4 and 14 < pT < 16 GeV/c, used to estimate the background yield in the signal class
(A) from the observed yields in the three control classes (B, C, D). The dashed boxes indicate the limits of each
class, the lower signal piso, ch

T selection is open.

4.2 Shower shape–isolation momentum correlation: Shower shape double ratios of isolated to
anti-isolated and data over simulation

The difference between the degree of the correlation between isolation momentum and shower shape
distribution in data and simulation is a potential source of bias, as it influences the validity of Eq. (4). To
check this, the dependence of the double ratio(

Niso/Niso
)data

(
Niso/Niso

)MC = f
(
σ

2
long, 5×5

)
(6)

on the shower shape width σ2
long, 5×5 is studied in a region where the signal contribution is expected to

be negligible, i.e. large σ2
long, 5×5. If the correlation between the two variables is correctly reproduced

in the simulation, the double ratio f should be independent of σ2
long, 5×5, and therefore, would be the

same for wide and narrow background clusters. The double ratio was found to be above unity as shown
in Figs. 12 and 13 for two pT intervals, two isolation cone radii, and in the most extreme multiplicity
cases, pp and central Pb–Pb, plus semi-central Pb–Pb to illustrate the evolution. The fact that the value
of f exceeds unity indicates a larger isolation probability in data than in simulations. This is mainly
due to an imperfect low pT charged particle tracks MC performance and reconstruction effects leading
to some discrepancy between data and simulation. Since the correction introduced by Eq. (5) relies on
a narrow-over-wide clusters ratio, the overall normalisation in the double ratio of Eq. (6) is not relevant
for this test. Note that the shift above unity in the figures is larger in pp collisions compared to Pb–Pb
collisions because for the latter the simulation is embedded into real data and this reduces possible data
versus simulation track performance effects.
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However, in the large σ2
long, 5×5 region, f (σ2

long, 5×5) has a slope. Since the slope is a sign of possi-
ble bias induced by differences between data and simulation, a correction was estimated by extrapo-
lating to the small σ2

long, 5×5 region using a linear fit p0 +σ2
long, 5×5× p1 performed in the range above

σ2
long, 5×5 = 0.3. This implies replacing the MC correction in Eq. (5) by a modified term

αMC 7−→ αMC×

(
p0 +σ2

long,n× p1

p0 +σ2
long,w× p1

)
, (7)

where σ2
long,n and σ2

long,w are the median values of the inclusive-cluster σ2
long, 5×5 distribution in the nar-

row and wide ranges, respectively, and p0 and p1 are the parameters of the linear fit of the double ratio
f (σ2

long, 5×5). These extrapolations have then been used in the estimate of the uncertainties of the purity
in Sect. 4 of Ref. [1]. This contribution is called isolation probability uncertainty source in Ref. [1].
The uncertainty is obtained by the difference between the αMC factors obtained without and with the
calibration according to Eq. (7), changing the σ2

long, 5×5 background region fit range: the average of the
differences is used as uncertainty.
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Fig. 12: (colour online) For each panel: Top, ratio of isolated and anti-isolated σ2
long, 5×5 distribution in data

and simulation; Bottom, the ratio of the two, f (σ2
long, 5×5). Top row for 12 < pT < 14 GeV/c and bottom row for

30 < pT < 40 GeV/c. Each row reports results for 0–10% (left) and 30–50% (middle) Pb–Pb collisions and pp
collisions (right) for R = 0.2.
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Fig. 13: (colour online) For each panel: Top, ratio of isolated and anti-isolated σ2
long, 5×5 distribution in data

and simulation; Bottom, the ratio of the two, f (σ2
long, 5×5). Top row for 12 < pT < 14 GeV/c and bottom row for

30 < pT < 40 GeV/c. Each row reports results for 0–10% (left) and 30–50% (middle) Pb–Pb collisions and pp
collisions (right) for R = 0.4.

4.3 Sigmoid fits

To reduce the point-to-point statistical fluctuations in the purity used to correct the isolated-photon raw
yield, the data points are fitted by two sigmoid functions to reproduce the shape of the distribution

fi, fit−sig(pT) =
ai

1+ exp(−bi× (pT− ci))
, (8)

where i indicates two different fitting ranges, whose pT limits depend on the collision system. The first
fit is done from pT = 10–14 to 40–60 GeV/c and the second fit from pT = 20 to 80–140 GeV/c. This
second fit is done only for the 0–10%, 10–30%, and 30–50% centrality classes of Pb–Pb collisions,
where there are enough data points to reach above 60 GeV/c and obtain a reliable fit. The outcome of
the second fit is applied as purity correction only above 60 GeV/c. In pp collisions, the fit is only done
up to pT = 40 GeV/c, but the fit result is extrapolated to pT = 80 GeV/c since the last two pT interval
uncertainties are too large to obtain a reliable high-pT fit. A slow rise with pT can be expected in this
range according to simulation studies and to the measurement in pp collisions at

√
s = 13 TeV, but the

estimated size of the rise is covered by the uncertainties assigned.

The fit results are shown in Fig. 6 in Ref. [1]. The fit parameters are summarised in Table 3. The point
uncertainties considered in the fit are the total uncertainties calculated as explained in Ref. [1]: The sta-
tistical and systematic uncertainty sources are added in quadrature to get an uncertainty σP; Then, the
points are moved and down by 1σP, and fitted; The total uncertainty results from the average of the fits.
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Table 3: Sigmoid function fit range and parameters for R = 0.2 and R = 0.4 from Fig. 6 in Ref. [1].

System R fit pT range (GeV/c) a b (c/GeV) c (GeV/c)
0–10% Pb–Pb 0.2 10 < pT < 60 0.65 0.34 9.8
0–10% Pb–Pb 0.4 10 < pT < 60 0.60 0.33 10.2
0–10% Pb–Pb 0.2 20 < pT < 140 1.0 0.006 -78
0–10% Pb–Pb 0.4 20 < pT < 140 0.81 0.007 -106
10–30% Pb–Pb 0.2 10 < pT < 60 0.62 0.35 10.6
10–30% Pb–Pb 0.4 10 < pT < 60 0.56 0.30 10.4
10–30% Pb–Pb 0.2 20 < pT < 140 1.0 0.011 -14.5
10–30% Pb–Pb 0.4 20 < pT < 140 1.0 0.010 12.4
30–50% Pb–Pb 0.2 10 < pT < 60 0.61 0.25 11.0
30–50% Pb–Pb 0.4 10 < pT < 60 0.54 0.29 11.1
30–50% Pb–Pb 0.4 20 < pT < 80 1.0 0.007 13.5
50–90% Pb–Pb 0.2 14 < pT < 40 0.51 0.50 13.2
50–90% Pb–Pb 0.4 10 < pT < 40 0.54 0.31 12.4
50–70% Pb–Pb 0.2 14 < pT < 40 0.53 0.50 13.4
50–70% Pb–Pb 0.4 10 < pT < 40 0.58 0.29 12.4
70–90% Pb–Pb 0.2 14 < pT < 40 0.53 0.22 11.4
70–90% Pb–Pb 0.4 14 < pT < 40 0.58 0.18 11.5
pp 0.2 11 < pT < 40 0.40 0.29 14.2
pp 0.4 11 < pT < 40 0.44 0.33 13.6
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5 Systematic uncertainties

This section collects summary figures for the different sources of systematic uncertainty estimated for
the purity, cross section, and yield ratios in Sect. 5.1. Also, the total uncertainty calculation of yield
ratios in pp collisions with different

√
s is discussed in Sect. 5.2, and the uncertainties for the yield ratios

with different R are shown in 5.3, and for the RAA in Sect. 5.4.

5.1 Purity, cross section, and normalisation

The systematic uncertainties on the normalisation of the cross section, which are the combination of
three sources (minimum bias trigger cross section, 〈Ncoll〉, and trigger rejection factor, see Ref. [1] for
details) are reported in Table 4.

Table 4: Normalisation relative uncertainty sources in per cent of the cross section pγ

T spectra. When two values
are given, they relate to pγ

T below or above 12 GeV/c. The last row gives the combination of uncertainties used in
the data-over-theory ratio of Figs. 14(b) and 15(b) of Ref. [1] and of Fig. 25 in this note.

Norm. unc. (%) Pb–Pb Pb–Pb Pb–Pb Pb–Pb Pb–Pb Pb–Pb pp
Source 0–10% 10–30% 30–50% 50–90% 50–70% 70–90%

σ
col. system
MB 0.9 0.9 0.9 0.9 0.9 0.9 2.1
〈Ncoll〉 1.1 0.9 1.2 1.6 1.8 1.8 –
RFεtrig –, 0.2 –, 0.4 –, 0.6 0.8, 1.0 1.1, 1.4 3.4, 4.5 1.6, 1.6
σ

col. system
MB ×RFεtrig/〈Ncoll〉 1.4, 1.4 1.3, 1.3 1.5, 1.6 2.0, 2.0 2.3, 2.5 3.5, 4.5 2.6, 2.6

The uncertainties on the purity are shown in Figs. 14 (R = 0.2) and 15 (R = 0.4). The contributions of
the individual sources of systematic uncertainty are displayed in the table and the figures, along with the
statistical uncertainty and the total one. The uncertainties (systematic source-by-source, total systematic,
and statistical) on the pγ

T-differential cross section are shown in Figures 16 (R = 0.2) and 17 (R = 0.4).
Figs. 18 and 19 show the uncertainties for the 50–90% Pb–Pb centrality class. Figures 16, 17 and 19
include points labelled as “other systematic” that correspond to the quadratic sum of the uncertainty
sources with small or no dependence on pγ

T and values at most at 2.5%: material budget, time, trigger
efficiency, energy scale, CPV, and distance to masked channels. A detailed discussion on the different
sources of systematic uncertainty and the methods used for their estimation can be found in Ref. [1].
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5.2 pp collisions cross sections ratio at different centre-of-momentum energies

Figure 17 of Ref. [1] shows the ratio of the measured isolated-photon production cross sections in pp
collisions at

√
s = 13 TeV (from [4]) over

√
s = 5.02 TeV, f√s

( 13
5.02

)
, and of

√
s = 7 TeV (from [3])

over
√

s = 5.02 TeV, f√s
( 7

5.02

)
, in data along with the corresponding ratios from JETPHOX NLO

pQCD calculations described in Ref. [1]. All these measurements and calculations were done for a cone
radius R = 0.4.

Not all the systematic uncertainties cancel in this ratio: since both the
√

s = 7 and 13 TeV measurements
were done without UE subtraction, the full “gap and area UE” uncertainties from the

√
s = 5.02 TeV

measurement are used. Also, the clusters were selected depending on their number of local maxima,
which is not applicable in this analysis due to the growth restriction when aggregating cells to the cluster
that can only generate clusters with one local maximum, so the corresponding uncertainty is taken from
those measurements fully. Since there is no CPV selection for the

√
s = 5.02 TeV measurement, both

CPV uncertainties from the previous measurements are taken as well. Since the “isolation probability”
source uncertainty is expected to cancel partially, we chose to take half of the denominator uncertainty
for the ratio. Finally, the “SM dependent” uncertainty does not cancel in the ratio f√s

( 7
5.02

)
, since

the SM behaviour can change per running period and the acceptances were very different: no DCal
and |η | < 0.27 for the

√
s = 7 TeV sample. It was taken as the quadratic sum of the SM-dependent

uncertainty: 3.5%×
√

2 = 4.9%. For the ratio f√s
( 13

5.02

)
, the data-taking periods were close and it was

considered that the SM performance does not change. All these remaining systematic sources are added
in quadrature, resulting in an uncertainty on the ratio f√s

( 13
5.02

)
that ranges between 6.4% and 9.2%

depending on pγ

T, and in an uncertainty on the ratio f√s
( 7

5.02

)
between 7.7% and 14%. Due to the small

size of the
√

s = 7 TeV dataset, the dominant uncertainty in the ratio f√s
( 7

5.02

)
is the statistical one,

which ranges from 15% to 40% depending on pγ

T. For the ratio f√s
( 13

5.02

)
, the statistical uncertainty

is smaller than the systematic uncertainty and ranges from 2–4% at low pγ

T up to 8% in the highest pγ

T
interval.

The normalisation scale uncertainty is not added to the systematic uncertainty. It is calculated from
the luminosity of the two measurements, and is found to be equal to 3.2% for the ratio f√s

( 13
5.02

)
, with

a similar contribution from each dataset, and to 10% for the ratio f√s
( 7

5.02

)
, again dominated by the√

s = 7 TeV uncertainty.

The NLO pQCD scale uncertainty decreases with pγ

T from 7% to 3% in the ratio f√s
( 13

5.02

)
, and from 2%

to 1% in the ratio f√s
( 7

5.02

)
. The PDF uncertainty is smaller than the NLO pQCD scale one, decreasing

from 2.7% to 1% for the ratio f√s
( 13

5.02

)
and from 1.6% to 0.7% for the ratio f√s

( 7
5.02

)
.

5.3 Ratio of yields with different cone radius

Figure 20 compiles all the uncertainties for the ratio of the pγ

T-differential cross sections with different
cone radii, fR( 0.4

0.2 )
. Points in the figures labelled as “other systematic” correspond to the quadratic sum of

the uncertainty sources with small or no dependence on pγ

T and values at most at 2.5%: trigger efficiency,
CPV, signal range for σ2

long, 5×5, the variation of F+, the spectral shape, the cross talk tuning, and the UE
area and gap.

5.4 Nuclear modification factor

Figures 21 (R = 0.2) and 22 (R = 0.4) compile all the relative systematic uncertainties for the RAA.
Points in the figures labelled as “other systematic” correspond to the quadratic sum of the uncertainty
sources with small or no dependence on pγ

T and values at most at 2.5%: trigger efficiency, CPV, and the
background ranges for the piso, ch

T and σ2
long, 5×5.
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Fig. 21: Compilation of the systematic uncertainties for the calculation of the RAA with R = 0.2. Total uncertainty
(black dots) is calculated as the quadratic sum of all of the inputs. The statistical uncertainty (grey squares) is also
shown.

10 20 30 40 50
)c (GeV/γ

T
p

1−10×5

1

2
3

10

20
30

 u
nc

er
ta

in
ty

 (
%

)
A

A
R

 = 0.4R, 10%− 0Pb −Pb

 = 5.02 TeVNNsALICE, 

10 20 30 40 50
)c (GeV/γ

T
p

1−10×5

1

2
3

10

20
30

 u
nc

er
ta

in
ty

 (
%

)
A

A
R

 = 0.4R, 30%−10Pb −Pb

10 20 30 40 50
)c (GeV/γ

T
p

1−10×5

1

2
3

10

20
30

 u
nc

er
ta

in
ty

 (
%

)
A

A
R

 = 0.4R, 50%−30Pb −Pb

10 20 30 40 50
)c (GeV/γ

T
p

1−10×5

1

2
3

10

20
30

 u
nc

er
ta

in
ty

 (
%

)
A

A
R

 = 0.4R, 70%−50Pb −Pb

10 20 30 40 50
)c (GeV/γ

T
p

1−10×5

1

2
3

10

20
30

 u
nc

er
ta

in
ty

 (
%

)
A

A
R

 = 0.4R, 90%−70Pb −Pb Total systematic
Statistical
Isolation probability
MC signal amount
No MC tuning
Spectra shape
UE area
UE gap

2
5×long, 5σSig. 

Time
+F

Other systematic

Fig. 22: Compilation of the systematic uncertainties for the calculation of the RAA with R = 0.4. Total uncertainty
(black dots) is calculated as the quadratic sum of all of the inputs. The statistical uncertainty (grey squares) is also
shown.
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6 Results

6.1 Nuclear modification factor using pQCD NLO as pp collisions

Figure 23 shows the RAA calculated from the measured cross sections in Pb–Pb collisions using as de-
nominator the cross section calculated with JETPHOX at NLO for pp collisions instead of the measured
one. This Rpp col.: NLO pQCD

AA and the ratio of the calculated cross sections with JETPHOX using nPDF
(Pb–Pb collisions) over PDF (pp collisions) without centrality selection are closer than in Fig. 16 of
Ref. [1] as expected from the reported data over theory ratios in Figs. 12 and 13 of Ref. [1].
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Fig. 23: (colour online) Nuclear modification factor RAA for isolated photons at
√

sNN = 5.02 TeV for isolation-
cone radii R = 0.2 (black) and R = 0.4 (blue). In data, the denominator is replaced by the pp collisions NLO pQCD
calculation with JETPHOX. Error bars and boxes are the statistical and systematic uncertainties, respectively. The
bands correspond to pQCD calculations with JETPHOX for Pb–Pb collisions (nPDF) for 0–100% centrality over
pp collisions (PDF). The width of each band corresponds to the scale and PDF uncertainties. The normalisation
uncertainties are represented as a red box centred at unity. The solid line in the most peripheral centrality class
70–90% at RAA = 0.82 corresponds to the HG-PYTHIA model expectation [12].
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6.2 Pb–Pb collisions 50–90% centrality class

In Ref. [1], the centrality classes 50–70% and 70–90% are shown in most of the figures, but the result for
their combination 50–90% is also discussed for the RAA when comparing to the CMS experiment results.
Here, we show the main results for the centrality class 50–90% for completeness.

Figure 24 shows the purity and efficiency for both values of the cone radii. The purity values found
are very similar for both R and compatible with those of the 50–70% and 70–90% centrality class. The
efficiency values are in between those of the 50–70% and 70–90% centrality classes as it can be seen by
comparing Fig. 24-right with the corresponding panels in Fig. 8 of Ref. [1].
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Fig. 24: (colour online) Isolated-photon purity (left) and efficiency (right) as a function of pγ

T for peripheral
Pb–Pb collisions in the 50–90% centrality class for R = 0.2 and R = 0.4. The points are shown with systematic
and statistical uncertainties discussed in Sect. 4 of Ref. [1] and shown in figures in Sect. 5.1 of this note. The purity
is calculated using Eq. (5) and is calculated adding in quadrature all the sources shown in Fig. 18. The lines in
the purity plot are the result of the fit with two sigmoid functions, Eq. (8), for each cone radius. The efficiency is
obtained as explained in Sect. 3.5 of Ref. [1].

Analogous to Figs. 14 and 15 in Ref. [1], Fig. 25 shows the pγ

T-differential cross section for the 50–90%
centrality class. The cross sections for the two cone radii are shown in Fig. 25-left. Table 5 lists the
luminosity and trigger normalisation parameters used to obtain the cross sections with the corresponding
uncertainties. The ratio data-to-theory is displayed in Fig. 25-right. A fair agreement with theory is
seen although most points tend to be below unity like for the 70–90% centrality class in Ref. [1]. The
theory calculation is an NLO pQCD calculation from JETPHOX 1.3.1 [13, 14]. The fragmentation
function used is BFG II [15], and the nuclear parton distribution function is nNNPDF3.0 [16], which has
been calculated for 0–100% centrality. The theory calculation is scaled by 〈Ncoll〉 = 38.4± 0.6 for the
centrality class 50–90%, obtained from Ref. [17].

Table 5: Trigger RF trig
εtrig (Eq. (8) of Ref. [1]), L trig

NN , and L trig
int (Eq. (9) of Ref. [1]) for 50–90% Pb–Pb collisions per

trigger inclusive cluster pT range. The L trig
NN uncertainty contains both the AA inelastic cross section σ INEL

NN and
rejection factor uncertainties. The integrated luminosity uncertainty includes in addition the 〈Ncoll〉 uncertainty.
See definitions of the different parameters in Ref. [1].

Trigger pT (GeV/c) RF trig
εtrig L trig

NN (nb−1) L trig
int (nb−1)

MB+L1-γ-low pT < 12 117.2 ± 1.2 7.02 ± 0.08 270 ± 5
MB+L1-γ-high+low pT > 12 158.4 ± 1.8 9.83 ± 0.12 378 ± 8
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Fig. 25: (colour online) Left: Isolated-photon differential cross section measured in Pb–Pb collisions at
√

sNN = 5.02 TeV for the 50–90% centrality class, for R = 0.2 (scaled by a factor 10) and R = 0.4 (not scaled).
Error bars and boxes are the statistical and systematic uncertainties, respectively. The bands correspond to NLO
pQCD calculations with JETPHOX, for Pb–Pb collisions calculated for the 0–100% centrality class but scaled by
〈Ncoll〉. Right: Ratio of data over JETPHOX NLO pQCD calculations for R = 0.2 (top) and R = 0.4 (bottom).
The bands centred at unity correspond to the JETPHOX NLO pQCD calculation uncertainties. The normalisa-
tion uncertainty of 2% is not included in the left panel but it is shown as a grey box in the right of each frame
around unity.

Figure 26 shows the ratio of the cross sections with different R, like Fig. 14 in Ref. [1]. This ratio is at
about 0.9 and is in agreement with the pQCD NLO calculation.

Figure 27 shows the modified RAA where the denominator is replaced by the JETPHOX NLO pQCD
calculation for pp collisions like in Fig. 23. This ratio is at about 0.8 for most points, but still in agreement
with the HG-PYTHIA model that expects a value of 0.91. The results for both R values are in good
agreement.
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Fig. 26: (colour online) Ratio of isolated-photon pγ

T-differential cross sections measured with R= 0.4 over R= 0.2,
fR( 0.4

0.2 )
, for Pb–Pb collisions at

√
sNN = 5.02 TeV and for the 50–90% centrality class. Error bars and boxes are

the statistical and systematic uncertainties, respectively. The pink band corresponds to pQCD calculations with
JETPHOX, the width represents the PDF uncertainty, and the blue vertical bars indicate the statistical uncertainty
of the calculations.
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Fig. 27: (colour online) Nuclear modification factor RAA for isolated photons at
√

sNN = 5.02 TeV for the 50–
90% centrality class, and for isolation-cone radii R = 0.2 (black) and R = 0.4 (blue). In data, the denominator
is replaced by the pp collisions NLO pQCD calculation with JETPHOX. Error bars and boxes are the statistical
and systematic uncertainties, respectively. The bands correspond to pQCD calculations with JETPHOX for Pb–Pb
collisions (nPDF) for 0–100% centrality over pp collisions (PDF). The width of each band corresponds to the
scale and PDF uncertainties. The normalisation uncertainties are represented as a red box centred at unity. The
solid line in the most peripheral centrality class 70–90% at RAA = 0.91 corresponds to the HG-PYTHIA model
expectation [12].
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6.3 Nuclear modification factor in ALICE and CMS

Figure 28 compares the RAA measured by ALICE and CMS for R = 0.4, equivalent to Fig. 17 of Ref. [1]
where the result for R = 0.2 from ALICE is also shown. In addition, the theory RAA is also shown here.
The good agreement between CMS and ALICE points is displayed.

10 20 30 40 210 210×2
)c (GeV/γ

T
p

0.2

0.4
0.6

0.8

1
1.2

1.4

1.6

A
A

R 10%−0 

 = 5.02 TeVNNsPb, −ALICE, pp & Pb
 = 0.4R, c < 1.5 GeV/iso, ch

T
p| < 0.67, γη|

  Stat. unc.
  Syst. unc. Norm. unc.

10 20 30 40 210 210×2
)c (GeV/γ

T
p

0.2

0.4
0.6

0.8

1
1.2

1.4

1.6

A
A

R 30%−10

 = 0.4R, c < 2 GeV/iso
T

pNLO (JETPHOX), 
pp       :   NNPDF40/BFG II FF

100%−Pb: nNNPDF30/BFG II FF, 0−Pb
PDF unc. Scale unc.

10 20 30 40 210 210×2
)c (GeV/γ

T
p

0.2

0.4
0.6

0.8

1
1.2

1.4

1.6

A
A

R 50%−30

CMS, JHEP07(2020)116
 = 0.4R, c < 1 GeV/I| < 1.44, γη|

Stat. unc.
Syst. unc.

 unc.intL

 unc.〉
AA

T〈

10 20 30 40 210 210×2
)c (GeV/γ

T
p

0.2

0.4
0.6

0.8

1
1.2

1.4

1.6

A
A

R 100%−, CMS 5090%−50

PYTHIA− = 0.91, HGAAR
Phys. Lett. B773 (2017) 408-411

Fig. 28: (colour online) Nuclear modification factor RAA for isolated photons measured by ALICE and CMS [18]
for isolation-cone radius R = 0.4 at

√
sNN = 5.02 TeV and for four centrality classes. Error bars and boxes are the

statistical and systematic uncertainties, respectively. The solid line in the peripheral centrality class 50–90% at RAA

= 0.91, is the result of the HG-PYTHIA model [12]. The ALICE normalisation uncertainties are represented as a
red box centred at unity. For CMS, the normalisation uncertainties are displayed as a violet box for the integrated
luminosity and a green box for the nuclear overlap function 〈TAA〉 = 〈Ncoll〉/σ INEL

NN . The bands correspond to
pQCD calculations with JETPHOX for Pb–Pb collisions (nPDF) for 0–100% centrality over pp collisions (PDF).
The width of each band corresponds to the scale and PDF uncertainties.
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6.4 Comparison of the isolated photon and Z boson cross section and nuclear modification factor
as a function of the centrality class: Check of the binary scaling factor

Electroweak particles are not expected to be modified by the quark–gluon plasma produced in Pb–Pb
collisions, thus, their measurement is considered a benchmark to validate the nucleon–nucleon binary
collision scaling, 〈Ncoll〉, calculated via the Glauber model [19]. If the scaling calculated by the Glauber
model was adequate, the RAA (see definition in Ref. [1]) of Z0 bosons and isolated photons must be at
unity. In Ref. [12] where the HG-PYTHIA model is presented, it is discussed that the presence of jets and
other geometrical effects in peripheral collisions biases the experimental measurements of the centrality
classes via particle multiplicity of the event and needs a correction.

Figure 29-left shows the cross section for isolated photons and Z0 bosons from CMS [20] as a function
of centrality and scaled by 〈Ncoll〉 (photons) or 〈TAA〉= 〈Ncoll〉/σAA

INEL with σAA
INEL the AA inelastic cross

section (Z0 bosons). Isolated photons are measured in the range 20 < pγ

T < 25 GeV/c, which is the
pγ

T interval with the smallest total systematic plus statistical uncertainty. The points are extracted from
Fig 14 and 15 of Ref. [1]. The Z0 bosons cross section is reported in Ref. [20] and is integrated over pT.

Figure 29-right shows the RAA for isolated photons (extracted from Fig. 20 of Ref. [1]), together with
ratio of the cross sections in each centrality class to the one in 0–90% centrality class for the Z0 boson
(the systematic uncertainty is taken from the numerator). Both ratios are not strictly the same but should
be equally sensitive to the validity of the 〈Ncoll〉 scaling.

The figures show that the 〈Ncoll〉 scaling works in the centrality range 0–70%, the scaled cross section
is the same for the different centrality classes and the RAA agrees with unity. In the 70–90% centrality
class, both the ALICE isolated photon and the CMS Z0 boson measurements show a deviation of the
ratio with respect to the other Pb–Pb collisions centrality classes. Both deviations are found to agree
with the HG-PYTHIA model, see [20] for the CMS Z0 bosons measurement ratio to the model.
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Fig. 29: (colour online) Left: Cross section of isolated photons with 20 < pγ

T < 25 GeV/c for R = 0.2 and 0.4
as a function of the centrality class or collision system, in Pb–Pb and pp collisions at

√
sNN = 5.02 TeV from

Figs. 14 and 15 of Ref. [1]. Also shown is the pZ
T-integrated cross section of Z0 bosons measured by CMS [20]

for Pb–Pb collisions at
√

sNN = 5.02 TeV. The 0–90% centrality class for isolated photons is calculated as the
〈Ncoll〉 weighted average of the other centrality classes. The dotted lines indicate the value of the 0–90% centrality
class centre. Right: RAA for isolated photons from Fig. 18 of Ref. [1] and ratio of the Z0 boson cross sections
in each centrality class to the one in 0–90%. The solid line in peripheral centrality class 70–90% at RAA = 0.82
corresponds to the expectation from the HG-PYTHIA model [12].
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6.5 Ratio of isolated-photon cross sections in Pb–Pb collisions: central to semi-central or semi-
peripheral

The comparison of the isolated photon production in the different Pb–Pb centrality classes, through the
ratios of the yields in (more) central over (more) peripheral collisions, offers experimental advantages:
first, because the systematic uncertainty cancellation is stronger than in the RAA, in particular for close
centrality classes; and second, because the pγ

T range can be pushed to slightly lower values than for the
RAA in some ratios.

Due to the centrality selection bias as well as to the poor statistics and smaller pγ

T range, the 70–90%
centrality class was not considered as a reference. The 50–70% class was used as a semi-peripheral
reference instead, and 30–50% as a semi-central reference. The following ratios were defined, in which
k denotes the centrality class index

RCSP =
〈Ncoll〉50−70%

〈Ncoll〉k
d2σ

γ iso
Pb−Pb/(dpT dη)|k

d2σ
γ iso
Pb−Pb/(dpT dη)|50−70%

, RCSC =
〈Ncoll〉30−50%

〈Ncoll〉k
d2σ

γ iso
Pb−Pb/(dpT dη)|k

d2σ
γ iso
Pb−Pb/(dpT dη)|30−50%

.

(9)

Figures 30 and 31 compile all the relative systematic uncertainties for the RCSP and RCSC ratios. Points in
the figures labelled as “other systematic” correspond to the quadratic sum of the uncertainty sources with
small or no dependence on pγ

T and values at most at 2.5%: trigger efficiency, CPV, background ranges
for the piso, ch

T and σ2
long, 5×5, signal range for the σ2

long, 5×5, and the UE area and gap.

The RCSP and RCSC ratios are shown in Fig. 32 with the systematic and statistical uncertainties, they are
compatible with unity as expected, and pγ

T independent.
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R = 0.2. Total uncertainty (black dots) is calculated as the quadratic sum of all of the inputs. The statistical
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Fig. 31: Compilation of the systematic uncertainties for the calculation of the RCSP (top) and RCSC (bottom) with
R = 0.4. Total uncertainty (black dots) is calculated as the quadratic sum of all of the inputs. The statistical
uncertainty (grey squares) is also shown.
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Fig. 32: (colour online) Ratio of the Pb–Pb isolated-photon yields, central (0–50%) over semi-peripheral (50–70%)
on top, and central (0–30%) over semi-central (30–50%) on bottom, for isolation-cone radii R = 0.2 and 0.4.
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