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The prompt photon production in hadronic collisions has a long history of providing information on the substructure of hadrons
and testing the perturbative techniques of QCD. Some valuable information about the parton densities in the nucleon and nuclei,
especially of the gluon, can also be achieved by analysing the measurements of the prompt photon production cross section whether
inclusively or in association with heavy quarks or jets. In this work, we present predictions for the inclusive isolated prompt photon
production in pp collisions at center-of-mass energy of 13 TeV using various modern PDF sets. The calculations are presented as
a function of both photon transverse energy E}. and pseudorapidity 7 for the ATLAS kinematic coverage. We also study in detail
the theoretical uncertainty in the cross sections due to the variation of the renormalization, factorization, and fragmentation scales.
Moreover, we introduce and calculate the ratios of photon momenta for different rapidity regions and study the impact of various

input PDFs on such quantity.

1. Introduction

From past to present, prompt photon production at hadron
colliders has undergone very impressive experimental [1-
18] and theoretical [19-41] developments. The experimental
measurements cover a large domain of center-of-mass energy
and also a wide range of photon transverse energy E}.. The
prompt photon production cross section at the LHC [11-16]
has a significantly higher magnitude when compared to the
Tevatron [3-10]. It is also much larger than the photoproduc-
tion cross section at HERA [42-44]. By definition, “prompt
photons” are those photons that come from the collision of
two primary partons in the protons, that is, photons not
originating from hadron decays. The study of such photons
provides a probe of perturbative Quantum Chromodynamics
(pQCD) and measurement of their production cross sections,
because of the sensitivity of the process to the gluon content of
the nucleon, can provide useful information about the gluon
parton distribution function (PDF) [45-49]. The associated
production of prompt photons and heavy quarks, where
the heavy quarks are either charm or bottom, can also
provide a powerful tool for searching the intrinsic heavy

quark components of the nucleon [50-52]. Moreover, a better
understanding of prompt photon production is essential to
have accurate QCD predictions for physical processes for
which the prompt photons represent an important back-
ground such as diphoton decays of the Higgs boson [53-56].

Inclusive prompt photon production consists of two types
of photons: direct and fragmentation photons [30]. Direct
photons are those produced predominantly from initial hard
scattering processes of the colliding quarks or gluons. Frag-
mentation photons are produced as bremsstrahlung emitted
by a scattered parton, from the fragmentation of quarks
and gluons. In this way, the fragmentation contribution of
the inclusive prompt photon production is expressed as a
convolution of the hard parton spectra with the nonperturba-
tive fragmentation functions (FFs). An isolation requirement
is used to reject the contamination from the dominant
background of photons originating from hadron decays. As
will be discussed later, imposing an isolation cut for the
photons also reduces the fragmentation contribution so that
the prompt photon cross section will be more sensitive to the
direct component.
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The production of photons in heavy-ion collisions [57-
67] looks a promising future tool for studying the cold nuclear
matter effects [68, 69], since photons are not accompanied
by any final state interaction and hence leave the system
with their energy and momenta unaltered. It has also been
recognised as a powerful tool to study the fundamental
properties of quark-gluon plasma (QGP) created in these
collisions [70-76]. Furthermore, since the nuclear parton
distribution functions (nPDFs) [77-82] (especially of the
gluon) cannot be well determined using the available nuclear
deep inelastic scattering (DIS) and Drell-Yan experimental
data compared with the PDFs of the free nucleon, the
measurements of prompt photon production in heavy-ion
collisions can be used to constrain the gluon distributions
within nuclei [83-86]. One of the important questions in
the theoretical calculation of the particle production cross
sections in nuclear collisions is that whether the factorization
theorem [87-90] of collinear singularities is valid or not in
this case (note that it is established in the case of hadronic
collisions). So, the production of photons in nuclear collisions
can also be recognised as a useful tool to answer this question.

Although in [48] the authors found a small effect on the
gluon density due to the inclusion of large number of isolated
prompt photon production data until 2012 related to the
various experiments at different center-of-mass energies in a
global analysis of PDFs, it is expected that the recent ATLAS
data [16] measured at center-of-mass energy +/s = 8TeV
can be used to improve PDF fits especially at larger Bjorken
scaling variable x where the PDF uncertainties are relatively
large [35]. Such expectation can be accounted for near future
ATLAS measurements at 13 TeV [91]. In this work, we are
going to make predictions for the isolated prompt photon
production in pp collisions at +/s = 13 TeV using various
modern PDF sets [92-94].

The paper is organised as follows. In Section 2, we first
describe briefly the prompt photon physics and introduce
various prescription of photon isolation. Then, using various
modern PDF sets, we present the theoretical predictions
for the isolated prompt photon production at 13TeV to
study the impact of input PDFs on the obtained results. The
differential cross sections are presented as a function of both
E! and photon pseudorapidity #”. In Section 3, we study in
detail the theoretical uncertainty in the cross sections due
to the variation of the renormalization, factorization, and
fragmentation scales and determine its order of magnitude.
In Section 4, we introduce and calculate the ratios of photon
momenta for different rapidity regions and study the impact
of various input PDFs on such quantity. Finally, our results
and conclusions are summarized in Section 5.

2. Predictions for the Isolated Prompt Photon
Production at 13 TeV

Theoretical and computational aspects of the inclusive iso-
lated prompt photon production such as involved leading
order (LO) and next-to-leading order (NLO) subprocesses,
direct and fragmentation component of the cross section, and
photon isolation requirement have been discussed in many
papers (e.g., see [30, 32]). Generally, the prompt photon cross
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section can be calculated by convolving nonperturbative
PDFs and FFs with a perturbative partonic cross section by
virtue of the factorization theorem. Actually, as mentioned
in the Introduction, there are two components contributing
to the prompt photon cross section: direct and fragmentation
parts. In view of the theoretical calculations, they can be com-
puted separately, though they cannot be measured separately
in the experiments. Accordingly, the prompt photon cross
section in hadronic collisions can be written as follows:

do?*¥ = dagrx + dog’r:)g(m, 1)
where the first and second terms represent the direct and
fragmentation contributions, respectively, and X indicates
the inclusive nature of the cross section as usual.

There are three scales that should be set in the calculation
of the cross section equation (1). For the direct part, the
renormalization scale y appears in perturbative partonic
cross section while the (initial state) factorization scale M
appears in both partonic cross section and PDFs. For the
fragmentation part, in addition to ¢ and M, the partonic
cross section includes also the fragmentation scale M, (final
state factorization scale for the fragmentation process). In this
case, M, also appears in the parton-to-photon fragmentation
functions. Note that, whether for direct or fragmentation
components, the renormalization scale y appears in the
strong coupling constant «,. In theoretical calculations of the
prompt photon production, some uncertainties come from
scale variations. We study in detail these uncertainties for
the isolated prompt photon production at 13 TeV in the next
section.

AtLO, there are two Born-level subprocesses contributing
to the prompt photon production cross section: the quark-
gluon Compton scattering q(q)g — yq(q) or quark-anti-
quark annihilation gg — yg. Although at NLO there are
more contributing subprocesses q(q)g — ygq(q) and qq —
ygg and the others from the virtual corrections to the Born-
level processes, the point-like coupling of the photon to
quarks makes the calculations easier [19, 20, 29] (note that
the first calculation of direct photon production at next-to-
next-to-leading order (NNLO) accuracy in QCD has also
been presented recently [40]). It is established that the gg
annihilation channel is suppressed compared to the other
subprocesses at pp colliders such as LHC and RHIC whereas,
at the Tevatron that is a pp collider, this channel is relevant
[47].

For measuring the prompt photon production at hadron
colliders inclusively, the background of secondary photons
coming from the decays of hadrons produced in the collision
should be well rejected. We can do it by imposing appropriate
isolation cuts. As mentioned, the photon isolation also
significantly reduces the fragmentation components of the
prompt photon cross section. Actually, the reason is that the
fragmentation photons are emitted collinearly to the parent
parton, and on the other hand, the isolation cut discards the
prompt photon events that have too much hadronic activity.
Here we introduce two prescriptions of photon isolation used
so far in photon production studies. The most used is the cone
criterion [30] that is defined as follows. A photon is isolated
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if, inside a cone of radius R centered around the photon direc-
tion in the rapidity y and azimuthal angle ¢ plane, the amount

of hadronic transverse energy E}Tlacl is smaller than some value
EMex,
S

El%ad < E;Elax,
(2)
(y - yy)z + (‘/’ - ¢Y)2 < R

Although both the CMS and ATLAS collaborations take
R = 0.4, the value of EX* is different in their various mea-
surements. For example, it is a finite value 5 GeV in the CMS
measurement [12] or 7 GeV in the ATLAS measurement [15]
both at \/s = 7 TeV whereas it has been considered as a func-
tion of photon transverse energy E. as E7** = 4.8GeV +
0.0042E¥ in the recent ATLAS measurement at \/s = 8 TeV
[16]. In another prescription of photon isolation proposed by
Frixione [97], the fragmentation components are suppressed
while the cross section is kept infrared safe at any order in
perturbative QCD. In this case, the amount of E}%ad is required
to satisfy the condition EX*® < f(r), for all radii r inside the
cone described in (2). The energy profile function f(r) can be
considered as

1—cos(r)) ’ 3)

f ) =ekEy ( 1 -cos(R)

where €, and » are positive numbers of order one. Note that
f(r) is an increasing function of r and falls to zero as ¥ — 0,
since # is positive.

There are some computer codes that can be used to
calculate the prompt photon production cross section at NLO
such as JeTPHOX [30, 32, 98] and PETER [99]. JETPHOX
is a Monte Carlo programme written as a partonic event
generator for the prediction of processes with photons in
the final state. It can calculate the direct and fragmentation
contributions of the cross section, separately. The calculation
can be configured to specify several parameters like kinematic
range, PDFs, and FFs and also to use an isolation cut with a
finite value or E}. dependent linear function for Ef** in (2).

Now we are in position to predict the isolated prompt
photon production in pp collisions at center-of-mass energy
of 13TeV using various modern PDF sets (CT14 [92],
MMHTI4 [93], NNPDF3.0 [94], HERAPDF2.0 [95], and JR14
[96]). In this way, we can also investigate the effect of the
PDF choice on the predictions. Note that, for each group, its
NLO PDF sets with a,(M,) = 0.118 are taken through the
LHAPDF package [100]. It should be also noted that we use
the kinematic settings introduced in [91]. All calculations in
this work are performed using the JETPHOX with including
all diagrams up to the LO and NLO order of QED and QCD
coupling, respectively, defined in the MS renormalization
scheme (it is worth pointing out in this context that since
the NNLO calculations [40] have not yet been incorporated
into any readily available codes like JETPHOX, the NLO results
are still interesting). The fine-structure constant (o) is set
to the JETPHOX default of 1/137. Moreover, for calculating
the fragmentation component of the cross sections, we use
in all predictions the NLO Bourhis-Fontannaz-Guillet FFs
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FIGURE 1: The NLO differential cross section of the isolated prompt
photon production in pp collisions at /s = 13 TeV as a function of
E; in the kinematic range 125 < E% < 350GeV for |n¥| < 2.37
excluding the region 1.37 < [4'| < 1.56 and using NLO CT14
[92] PDFs. The direct (red dashed curve) and fragmentation (blue
dotted-dashed curve) contributions to the total cross section (black
solid curve) have been shown, separately.

of photons [101]. The isolation transverse energy is taken to
be E! dependent as Ef** = 4.8GeV + 0.0042E}. [91]. In
all calculations that are performed in this section, the renor-
malization (u), factorization (M), and fragmentation (M)
scales are set to the photon transverse energy (4 = M = My =
EY) and the scale uncertainty is studied separately in the next
section.

As a first step, we calculate the NLO differential cross
section of the isolated prompt photon production in pp
collisions at /s = 13 TeV as a function of E% in the kinematic
range 125 < EJ. < 350GeV for |’| < 2.37 excluding the
region 1.37 < |n¥| < 1.56. It should be noted here that pho-
tons are detected in ATLAS by a lead-liquid Argon sam-
pling electromagnetic calorimeter (ECAL) with an accordion
geometry, divided into three sections: a barrel section cover-
ing the pseudorapidity region |#¥| < 1.475 and two endcap
sections covering the pseudorapidity regions 1.375 < || <
3.2. Measurement of the isolated prompt photon production
with the ATLAS detector is usually performed for |1"| < 2.37
excluding the region 1.37 < |¥| < 1.56 to include the detec-
tor region equipped with tracking detectors, but ignoring the
transition region between the barrel and endcap calorimeters
where the detector response is not optimal [14-16]. Figure 1
shows the obtained results using CT14 PDFs [92] for direct
(red dashed curve) and fragmentation (blue dotted-dashed
curve) contributions to the cross section and also total
cross section (black solid curve), separately. Note that the
horizontal error bars show the edges of each bin in E.
and the theoretical uncertainties in the results are discussed
separately in the next section. This figure indicates that the
direct component dominates completely the cross section,
in all ranges of E). especially at larger values. To be more
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FIGURE 2: Same as Figure 1, but as a function of #".

precise, the contribution of the fragmentation component
to the total cross section is of the order of 5% at smallest
value of E) and even less than 3% at larger ones. This
fact can be very important in view of the phenomenology,
because we can use the future ATLAS data at +/s = 13
in a new global analysis of PDFs without considering the
fragmentation component, since its calculation can be time
consuming and also adds FFs uncertainties in the analysis
(note that our present knowledge of photon fragmentation
functions is not satisfactory enough).

By virtue of the JETPHOX facilities, we can also calculate
the NLO differential cross section of the isolated prompt
photon production in pp collisions at v/s = 13TeV as a
function of photon pseudorapidity #”. The obtained results
using CT14 PDFs for 125 < E!. < 350 GeV and both |5’| <
1.37 and 1.56 < [|4¥| < 2.37 regions have been shown in
Figure 2 where we have again plotted both the direct (red
dashed curve) and fragmentation (blue dotted-dashed curve)
parts and also total cross section (black solid curve), for com-
parison. In this case, the contribution of the fragmentation
component to the cross section is either about 5% at all values
of ¥ or then completely negligible compared with the direct
component.

In order to study the impact of input PDFs on the
final results and estimate the order of magnitude of the
difference between their predictions, we can now recalculate
the differential cross sections presented in Figures 1 and 2,
but this time using other PDF sets. To this aim, we choose
the NLO MMHTI4 [93], NNPDF3.0 [94], HERAPDF2.0
[95], and JR14 [96] PDF sets (it should be noted that
we use the dynamical PDFs set of JR14). Figures 3 and
4 show the comparison between their predictions for the
total differential cross section of the isolated prompt photon
production in pp collisions at 4/s = 13 TeV as a function of
E! and 7" for the same kinematic settings as Figures 1 and
2, respectively. The difference between the predictions in the
various kinematic regions can be investigated in more detail
from the bottom panel of each figure where the ratios of all
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FIGURE 3: A comparison of the NLO theoretical predictions for
the total differential cross section of the isolated prompt photon
production as a function of EY. using various NLO PDFs of CT14 [92]
(black solid curve), MMHTI14 [93] (blue dashed curve), NNPDF3.0
[94] (green long-dashed curve), HERAPDF2.0 [95] (red dotted-
dashed curve), and JR14 [96] (pink dotted-dotted-dashed curve) at
\/s = 13TeV in the kinematic range 125 < E}. < 350GeV for
|7"] < 2.37 excluding the region 1.37 < |#"| < 1.56. Ratio to the
central value of CT14 has been shown in the bottom panel.

predictions to the central value of CT14 have been shown.
As can be seen, for both cross sections, all predictions are
in good agreement with each other so that, for example, the
CT14, MMHT14, and NNPDEF3.0 are the same to a large
extent at smaller values of E? in Figure 3. However, the
differences between the HERAPDF2.0 and JR14 predictions
with CT14 are somewhat larger than the others at low EI.
Overall, we can state that the difference between these PDF
sets is up to 5%. This is due to the fact that the parton
distributions from various PDF sets, especially of the gluon
in this case, become very similar at very high energies. Note
also that in view of the experimental uncertainties [91] the
total systematic uncertainty is smaller than 5% at low values
of E}. and it increases as EJ. increases. Therefore, considering
only the systematic uncertainty, discrimination between the
theoretical predictions at the level of 5% is going to be possible
just at low values of EY. However, although the systematic
uncertainty dominates the total experimental uncertainty at
low values of E}, the statistical uncertainty should also be

considered as it increases towards high E.

3. The Study of Scale Uncertainty

In the previous section we calculated the cross section of
isolated prompt photon production in pp collisions using
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FIGURE 4: Same as Figure 3, but as a function of 7.

various PDF sets. Now, it is important to calculate and
study the theoretical uncertainties in the results. Since the
dominant theoretical uncertainty is that arising from the
scale uncertainties, in this section, we discuss only the scale
uncertainties and ignore the study of PDFs uncertainties
(note that the uncertainty arising from those in the PDFs
amounts to 1-4%). As discussed in the previous section, the
NLO calculation of the isolated prompt photon production
involves all three renormalization (u), factorization (M), and
fragmentation (Mp) scales. If we could calculate the cross
section to all orders in perturbation theory, we could say
that the cross section is scale independent and there is no
theoretical uncertainty on the results due to the scales choice.
But the scales choice becomes an important issue when
we calculate the cross section to a fixed order in «. Since
the mentioned scales are all unphysical, the more reliable
predictions are those for which the dependence of the cross
section on the scales is minimised. It has been established
that no optimal scale choice is possible for the prediction of
the inclusive photon cross section in the region of the phase
space of interest [102]. In this way, it was accepted that the
predictions and their uncertainties should be made by setting
all scales to be equal and varying them by a factor of 2 around
the central value 4 = M = My = EJ.. However, if we want to
be more correct in the calculation of the scale uncertainties,
we should follow a method consisting of the combination
of both incoherent and coherent scales variations [102]. To
be more precise, in an incoherent variation one should vary
the scales independently by a factor of 2 around the central
value so that one scale is varied keeping the other two equal
to EY. In a coherent variation one should vary the scales
simultaneously by a factor of 2 around the central value as
before. Then, the total scale uncertainty can be calculated by
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F1GURE 5: The NLO theoretical predictions for the total differential
cross section of the isolated prompt photon as a function of E}.
using NLO CT14 [92] PDFs with scale uncertainty (red band) at
v/s = 13TeV in the kinematic range 125 < E}. < 350GeV for
|#"] < 2.37 excluding the region 1.37 < |#¥| < 1.56. Ratio to the
central value of CT14 has been shown in the bottom panel.

adding in quadrature all obtained uncertainties considering
the following constraints:

(i) u=M = My € [EV/2,2E)];

(i) p € [EY/2,2EV], M = My = EY;
(iii) M € [EY./2,2EY], u = My = EX;
(iv) My € [EV/2,2EY],u=M = EL.

In order to study the scale uncertainty of the isolated
prompt photon production cross section in pp collisions at
/s = 13 TeV, we again select the CT14 [92] PDFs and perform
the calculations as a function of both E!. and #" for the
ATLAS kinematic [91]. Figures 5 and 6 show the obtained
results where the predictions and scale uncertainties have
been shown as black solid curves and red bands, respectively.
The ratio to CT14 central prediction has been shown in
the bottom panel of each figure. As one can see, the scale
uncertainty can reach 20% in some regions. The large scale
variations indicate that the NNLO calculations are needed to
make more realistic theoretical predictions. Such calculations
[40] are now becoming available and will be the subject of
further work.

4. The Ratios of Photon Momenta for
Different Rapidity Regions

As we saw in the previous section, if one considers the com-
bination of both incoherent and coherent scale variations, the
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resulting scale uncertainty is considerably large. Generally,
the decrease of the total uncertainty origination from various
sources is a very important issue in both the experimental
measurements and theoretical calculations. In most cases, the
expression of results as ratios can be very useful to this aim.
For example, in nuclear collisions, it is well established now
that the measurement of nuclear modification and forward-
to-backward ratios is more suitable than single differential
cross section [85, 86]. In this section, we calculate and study
the ratios of photon momenta for different rapidity regions
using various input PDFs. Such ratios have the advantage of
cancelling some theoretical and experimental uncertainties.
Consider the relation

do/dEy)|

nelnn,l
4
do/dEr| )

Rz; = ,
N€[13:14]

in which [#,,#,] and [#;,7,] represent different rapidity
regions. Note that since the differential cross section is
sensitive to the different values of x in different rapidity
regions, then Rg can probe the input PDFs in a more curious
way. Now, we calculate the ratios of the NLO theoretical
predictions for the differential cross section of the isolated
prompt photon for the rapidity region 1.56 < |y¥| < 2.37
to the same ones but for the rapidity region || < 1.37. The
calculations are performed again using NLO PDFs of CT14
[92], MMHTI14 [93], NNPDF3.0 [94], HERAPDF2.0 [95],
and JR14 [96] at +/s = 13 TeV. Figure 7 shows the obtained
results as a function of E}.. The ratio to the central value of
CT14 has been shown in the bottom panel. Compared with
Figure 3 (see the bottom panel of two figures), the difference
between the HERAPDF2.0 and JR14 predictions with the
CT14 decreases at low values of E!. in this case. However,
the NNPDF3.0 prediction is taken away from CT14 towards
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FIGURE 7: A comparison of the ratio of the NLO theoretical
predictions for the differential cross section of the isolated prompt
photon for the rapidity region 1.56 < || < 2.37 to the same ones
but for the rapidity region || < 1.37 as a function of E}. using
various NLO PDFs of CT14 [92] (black solid curve), MMHTI14 [93]
(blue dashed curve), NNPDF3.0 [94] (green long-dashed curve),
HERAPDF2.0 [95] (red dotted-dashed curve), and JR14 [96] (pink
dotted-dotted-dashed curve) at +/s = 13 TeV in the kinematic range
125 < E}. < 350 GeV for |1’| < 2.37 excluding the region 1.37 <
|#"| < 1.56. Ratio to the central value of CT14 has been shown in the
bottom panel.

larger values of EJ. so that the difference between them is
reached even to 10%.

5. Summary and Conclusions

The study of the energetic photons produced in the collision
of two hadrons provides a probe of perturbative QCD and can
also give us some valuable information about the parton den-
sities in the nucleon and nuclei especially of the gluon. Photon
production in heavy-ion collisions is also a powerful tool to
study the cold nuclear matter effects and the fundamental
properties of QGP. It is indicated that the recent ATLAS data
[16] measured at center-of-mass energy /s = 8 TeV can be
used to improve PDF fits especially at larger Bjorken scaling
variable x [35]. So, the near future ATLAS measurement at
13 TeV [91] has more important role in this respect. In the
present paper, we presented the theoretical predictions for
the isolated prompt photon production in pp collisions at
V/s = 13 TeV as a function of both photon transverse energy
E. and pseudorapidity #”. All calculations were performed
using the JETPHOX with including all diagrams up to the LO
and NLO order of QED and QCD coupling, respectively,

defined in the MS renormalization scheme. The isolation
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transverse energy is taken to be E). dependent as Ef™* =
4.8 GeV + 0.0042E2. [91]. As a result, we found that the dir-
ect component dominates completely the cross section in
both cases, so that the contribution of the fragmentation
component to the total cross section is not more than 5%
and is even reduced to 3% at some regions. So, we can
study the impact of future ATLAS data at /s = 13 on
PDFs in a new global analysis, neglecting the fragmentation
component since its calculation can be time consuming
and also adds FFs uncertainties in the analysis. Then we
compared the predictions from various modern PDF sets,
namely, the CT14 [92], MMHTI14 [93], NNPDF3.0 [94],
HERAPDF2.0 [95], and JR14 [96] to investigate the effect
of the PDF choice on the cross sections. We found that all
predictions are in good agreement with each other. To be
more precise, overall, the greatest difference between them
is about 5%. This can be attributed to the similarity of the
parton distributions, especially of the gluon in this case,
from various PDF sets at very high energies. In particular,
the CT14, MMHTI14, and NNPDF3.0 predictions are the
same to a large extent at smaller values of E}. while the
HERAPDEF2.0 and JR14 predictions differ a little more with
them. We also studied in detail the theoretical uncertainty in
the cross sections due to the variation of the renormalization,
factorization, and fragmentation scales. The method consists
of the combination of both incoherent and coherent scales
variations. We found that the scale uncertainty can reach
20% in some regions so the NNLO calculations are needed
to make more realistic theoretical predictions. Finally, we
calculated the ratios of photon momenta for different rapidity
regions and studied the impact of various input PDFs on such
quantity. It has the advantage of cancelling some theoretical
and experimental uncertainties and can probe the input PDFs
in a more curious way because the differential cross section
is sensitive to the different values of x in different rapidity
regions.
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