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The accurate description of the internal structure of hadrons is a very challenging task. In order
to compare the predictions with the highly-accurate experimental data, it is necessary to control
any possible source of theoretical uncertainties. Thus, we can use the information extracted from
final state measurement to constrain our knowledge about the internal structure of hadrons. In
this work, we describe how direct photon production can be exploited to unveil details about the
partonic distributions inside protons. Also, we explain how to describe QCD-QED corrections to
hadron plus photon production at colliders, focusing on the accurate reconstruction of the partonic

momentum fractions from experimentally accessible observables.
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1. Introduction

One of the best strategies for studying the internal structure of the non-fundamental particles
is based on the parton model. It relies on factorization properties and parton distribution functions
(PDFs) that allow the characterization of the hadronic structure [1]. The PDFs are obtained from
the experiments, for example from the Large Hadron Collider (LHC), through advanced model
fitting methods. However, this methodology is not sufficient to explain the total spin of the proton.
Using the currently available data, only 30% of the total spin can be explained from the quarks
contributions [2—4]. Furthermore, data extracted from deep inelastic scattering (DIS) experiments
are not sufficient to place restrictions on the polarized distributions of quarks and gluons [5, 6].

There are different methodologies to characterize the internal structure of hadrons. A method
that gives direct access to the dynamics of the partons and obtain more information about the
proton’s spin, consists of detecting the photons created by the internal interaction of the partons
within the hadron: these are the so-called hard photons. The proton-proton collision creates a dense
medium with very high temperatures: as a consequence, any particle that couples to QCD partons
will interact with this medium. Due to the non-perturbative nature of this interactions, it is usually
preferable to detect particles that weakly interacts with this medium: this is why we will focus on
the identification of hard photons.

In this work, we analyze the production of one direct photon accompanied by a hadron,
including leading-order (LO) corrections in QED and next-to-leading order (NLO) corrections in
QCD. Specifically, we analyze the effects of QED corrections on the distribution of the cross-section,
for the energies of the PHENIX (200 GeV) and LHC (13 TeV) experiments [7]. This complements
the phenomenological study presented in Ref. [8] and constitutes a step forward towards a better
understanding of the process and an updated description of the phenomenology of hadron-photon
production at colliders.

2. Cross-section calculation

In the parton model, thanks to the factorization theorem [1], the cross-section can be described
by the convolution between parton distribution functions, fragmentation functions (FFs) and the
partonic cross-section. The non-perturbative effects associated with the low energy interactions are
included in the PDFs and FFs, while the partonic cross-section is calculated from a perturbative
framework, i.e.
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The PDF is represented by f;H)(x, uy), describing the probability density of finding a parton
a inside a hadron H, with momentum fraction x and initial energy scale yy. Similarly, the FF,
d2’3 (z, ), represents the probability density of generating one hadron /4 with momentum fraction
z at the energy scale ur.

To estimate the cross-section we considered two possible scenarios: i) the direct contribution
(i.e. the photon is generated directly from the partonic interaction), and ii) the resolved contribution
(the photon comes from the fragmentation of a hadron). Due to the quantum nature of the process,
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it is not possible to identify the true origin of the detected photon. To mitigate this problem we
implement the smooth cone isolation algorithm [9]. This is a good method that give the efficiently
separate the direct from the resolved component. Due to the high correlation between the production
of hard photons and isolated photons, we implemented the procedure described in Ref.[9] to identify
the hard photons. The smooth cone isolation algorithm allows for soft gluons throughout space,
and ensures an IR-safe cross-section. Finally, under these assumptions, Eq. (1) can be written as
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where d EJ'CIISI% ,—a; y 18 the partonic cross-section that contains the smooth cone isolation prescription.

There are two partonic channels that contribute at LO,

99 — Y8, 498 — Y9, 3)

while at NLO we must also consider:

97 — v88. 498 —v8q. 88 —v4d. 93— v00. g0 — yq0 . 4

To implement NLO QCD corrections we rely on the FKS subtraction algorithm [10], which divides
the real emission phase-space into different regions containing non-overlapping singularities and
cancels them with the local IR counter-terms. Renormalization was carried out within the MS
scheme. Also, to estimate LO QED contribution, we add
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to Eq. (2). The new partonic channels involved in the QED corrections are gy — yq and g4 — 7y,
where the photon PDF appears.

3. Results

We focus on the process p + p — h + vy, specifically looking for a charged pion in the final
state. We implement a Monte-Carlo code with the following default kinematic cuts:

1. The rapidities of the photon and pion are restricted to || < 0.35.
2. The transverse momentum of the photon is restricted to 5 GeV < p% < 15GeV.
3. The transverse momenta of the pion must be greater than 2 GeV.

4. We do not consider restrictions on the azimuthal angles of the photon and the pion. We
constrain A¢g = |¢™ — ¢¥| > 2 (to include those events where the photon and pion are
produced close to a back-to-back configuration).

These cuts simulate PHENIX experiment at RHIC. We have explored center-of-mass energies of
Ecy = 200GeV (PHENIX) and Ecps = 13TeV (LHC). Furthermore, we used more modern sets
of PDFs and FFs than those in the work of Ref. [8]. Then, we explored the impact of NLO QCD
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Figure 1: Comparison of the combined NLO QCD + LO QED (purple line) versus the pure NLO QCD
corrections to the pZ distribution of p + p — n* +y. In the left, we consider PHENIX kinematics, whilst
we switched to LHC energies in the right plot.

and LO QED corrections as a function of the center-of-mass energy. We implemented the LHAPDF
interface [11] to select different PDF sets. For the default configuration, the NLO QCD correction
is fixed using the PDF set NNPDF3.1. To analyse the effects of the combined LO QED + NLO
QCD corrections, we use NNPDF3. 11uxQEDNLO [12, 13] . Finally, we update the FF routines to
implement the recent set DSS2014 [14]. In Fig. 1 we compare the process for different center-of-
mass energies. As expected from the behaviour of the electromagnetic coupling, QED corrections
are more relevant with increasing of center-of -mass energy, as well as in the high pr region.

4. Conclusions

In this work, we have studied the phenomenology of photon-hadron production. We included
LO QED + NLO QCD corrections and performed a careful comparison with the QCD only contribu-
tions. We used the NNPDF 3. 11uxQEDNLO set, centering the analysis on the p7 spectrum. We found
small but non-negligible corrections: O(2 %) for PHENIX and O(8 %) for LHC center-of-mass
energies. As already discussed in other works [7, 8], these results suggest the hadron plus photon
might be an important process to impose tighter constraints on PDFs. In particular, using novel
computational techniques (such as machine learning and artificial intelligence), we could expect to
have a better understanding of the partonic kinematics by using the photon as a probe to explore the
dynamics of the collisions [15].
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