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Abstract: Achieving a precise description of the internal structure of hadrons is crucial for deciphering
the hidden properties and symmetries of fundamental particles. It is a hard task since there are several
bottlenecks in obtaining theoretical predictions starting from first principles. In order to complement
highly accurate experiments, it is necessary to use ingenious strategies to impose constraints from
the theory side. In this article, we describe how photons can be used to unveil the internal structure
of hadrons. We explore how to describe NLO QCD plus LO QED corrections to hadron plus photon
production at colliders and discuss the impact of these effects on the experimental measurements.

Keywords: hadron production; photon production; QCD corrections; NLO calculations

1. Introduction and Motivation

Understanding the internal structure of non-fundamental particles implies dealing
with complex models, for which the solutions cannot be easily obtained, even if they take
advantage of the fascinating simplifications introduced by gauge symmetries. Roughly
speaking, starting from the accepted framework to describe all of the fundamental particles,
namely the Standard Model (SM), it is not clear how to model strongly interacting systems
from first principles. The typical energy scale associated withthese systems is in between
the low and the high-energy regimes. For both, we can successfully evaluate the proper
limits of SM and use approximated methods to solve the resulting equations, although a
satisfactory description in the whole energy range is still missing.

A widely applied strategy to describe the internal structure of hadrons relies on the
parton model, which is based on the study of the distribution of partons (i.e., fundamental
particles such as quarks and gluon) inside the hadrons. These distributions are extracted
from the experiments, by using advanced fitting and modelling methods [1] and by includ-
ing spin information within the polarized parton distribution functions (PDF). However,
this methodology is not enough to explain the total spin of the proton. Using up-to-date
experimental data, it turns out that only about 30% of the proton total spin can be explained
by the quarks. Moreover, as shown in References [2,3], data extracted from deep-ineslastic
scattering (DIS) experiments is not enough to constrain the shape of polarized quark and
gluon distributions. A precise description of such distributions is crucial to tackle the
proton spin crisis, a long-standing problem in which the solution still eludes the efforts of
the scientific community.

In order to shed light onto possible solutions to the spin crisis and to obtain more
information about the internal dynamics of hadrons, we need to access parton level kine-
matics in the most clean and unperturbed manner. It is a well-known fact that high-energy
collisions of hadrons produce a hot and dense medium mainly composed of strongly
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interacting particles. As a consequence, any particle that couples to QCD partons suffer
from this interaction. The main problem is that such states cannot be easily described
within the perturbative approach, thus introducing huge uncertainties in its theoretical
modelling. Even if there were very recent and precise descriptions of Quark-Gluon Plasma
(QGP) evolution using hydrodynamic and AdS/CFT-inspired models [4,5], their consistent
combination with the customary perturbative approach is not well understood. For these
reasons, one clever alternative to overcome these issues relies on the measurement of final
states involving hard photons. These particles are almost transparent to the QGP states,
thus allowing us to access parton-level kinematics in a cleaner manner.

This work is based on Reference [6] and constitutes a step towards a more complete
and up-to-date description of the phenomenology of hadron—-photon production at colliders.
The use of photons as clean probes has been explored in several works to establish patterns
of energy loss in heavy ion collisions [7], the sensitivity to medium-induced modifications
to fragmentation functions (FF) [8-10], and the constraint of photon fragmentation in
hadron colliders [11], among other studies. Here, we focus on the production of a direct
photon plus one hadron including next-to-leading order (NLO) corrections due to QCD
effects. This is an interesting observation since it involves both PDFs and FFs, which
allows us to obtain constraints for such distributions. Thus, in Section 2, we explain the
theoretical framework applied to calculate the NLO corrections to the cross section as well
as the inclusion of sub-dominant QED corrections. Special emphasis is put on the isolation
algorithm that allows us to efficiently separate the contribution due to direct photon
emissions from the one originating from hadron decays. In Section 3, we present some
numerical results using up-to-date PDFs and FFs, comparing them to the ones presented
in Reference [6]. Finally, in Section 4, we summarize this presentation and explain future
strategies to explore the inner structure of hadrons by using this observation.

2. Implementation of the Computation

Our computation is based on the parton model for describing hadron-hadron colli-
sions in a high-energy regime. In such a kinematic regime, there are factorization prop-
erties [12] that allow us to apply perturbation theory to compute the cross section. The
factorization theorems have been rigorously proven for DIS using the method of operator
product expansions (OPE). However, neither the extension to hadron-hadron collisions nor
the one including fragmentation into hadrons have been formally demonstrated. In any
case, several studies [13,14] have explored potential factorization-breaking issues, and they
have shown that these problems might appear beyond NLO when color-charged particles
are involved.

Explicitly, the cross section is described by a convolution between PDFs, FFs, and
the partonic cross section. All of the non-perturbative effects associated to the low-energy
interaction inside the hadrons are included within the PDFs and FFs, whilst the partonic
cross section can be computed using the perturbative framework. Thus, in the case of
hadron-photon production, we can start writing

PR . = % / dxydxadz o (e ) 5 (g, ) a2 (2, ) d0DR (1)

a1axa3

with Hy and Hj as the hadrons colliding in the initial state, 4; as the partons involved in the

process, and do6P'R as the differential partonic cross section. The function fa(H) (x, i) repre-

sents the PDF associated to the collinear emission of a parton of flavor a from the hadron

H with momentum fraction x at the initial factorization scale ;. Analogously, d,gh) (z,ur)
represents the density probability function generating a hadron & with momentum fraction
z from the parton a at the final factorization scale yir. Regarding the scale dependence, the
partonic cross section includes terms depending on y; and yr and on the renormalization
scale, yg.

This formula assumes that the photon is directly generated in the parton interaction
but that additional contributions could arise. For instance, high-energy collisions of hadrons
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could originate pions, which may eventually decay into photons. Thus, if we look for final
state high-energy photons, our measurements could also include contributions from this
decay process. Due to the quantum nature of the process that we explore, it is not possible
to identify the true origin of the particles that we observe in the detector. Thus, in principle,
we must also compute the fragmentation or resolved component of the cross section, i.e.,

H H:
dag}f?{zﬁh'y = . aza:u /dX1dX2dZdZ/fa(l 1)(x1/,ul)fa(2 2)(x2,]41)
1020304
d(h) d(’Y) ! do )
X as (Zr]’lP) ay (Z/]/lF) 0'111112%113{14/ ( )

where the parton a4 generates a photon after hadronization. Notice the presence of the

parton-to-photon fragmentation function, dt(ﬂ) (z, pur). This quantity is not very well con-
strained experimentally due to non-perturbative and low-energy effects. Additionally,
strictly speaking, we should include a component originating from a non-perturbative
hadronization process leading to the desired final state, i.e., a purely non-perturbative
generation of one hadron plus an energetic photon. In any case, beyond the leading order,
the separation in direct, resolved, or double-resolved components is not physical. However,
it is possible to efficiently suppress the resolved contribution, relying on so-called isolation
prescriptions.

2.1. Isolation and Direct Photon Contribution

When QCD partons interact, they usually generate highly energetic states that very
quickly recombine to produce new hadrons. If the detector is hit by a photon, we could
use this fact to discriminate its origin. When the photon is generated as a consequence
of a QCD-mediated decay, several particles are produced close to the photon. On the
other hand, if the photon was generated in a pure partonic process, then it is expected to
leave a clean signal in the detector. It is possible to show that there is a high correlation
among direct photon production and isolated photons. By definition, isolated photons are
those that fulfill certain selection criteria, establishing a separation from this particle to
any hadron or jet. Usually, distances are measured within the rapidity—azimuthal plane: if

a= (171,¢1) and b = (172, $2), then

Argy = \/(771 —12)% + (1 — )2, 3)

represents the distance between these two points. Different definitions of distance are
available, but this one is especially suitable for experiments where angular variables can be
efficiently measured.

There are several criteria in the market, such as the cone isolation or the smooth
isolation prescription. The latest, introduced for the first time in Reference [15], posses
several theoretical advantages. The selection procedure goes as follow:

1. Identify each photonic signal in the final state, and draw a cone of radius rg around it.

2. If there are not QCD partons inside the cone, the photon is isolated.

3. If there are QCD partons inside the cone, we calculate their distance to the photon, ti,
following Equation (3) and then we define the total transverse hadronic energy for a
cone of radius r as

ET(T) = ZET]H(T—T}‘), (4)

]
where E7, is the transverse energy of the jth QCD parton inside the cone.

4.  Define an arbitrary smooth function ¢(r) that satisfies () — 0 for r — 0.
5. If Ep(r) < ¢(r) for every r < rq (i.e., for any point inside the fixed cone), then the
photon is isolated.

This algorithm is known as smooth cone isolation because it forces the QCD partons
to have less transverse energy as they are emitted closer to the photons. The fixed cone
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introduces a static cutoff, and this might lead to problems from the theory side. The smooth
cone isolation allows for soft gluons in any region of the phase space, leading to an IR-safe
definition of the cross section, especially when higher-order corrections are considered.
Additionally, this prescription completely eliminates the collinear quark radiation, which
implies that the fragmentation contribution in Equation (2) can be neglected. In this way,

h N
Aty = % [ dvidxadz () Geo, ) S Coa, o) ) (2, ) 4050,y (5)

a1ax0a3

represents the full contribution to the cross section when only isolated prompt photons are
measured, completely removing the resolved component and simplifying the calculation.

Finally, we would like to comment on the choice of the isolation prescription. Even
if the smooth cone isolation seems to be perfectly suitable for theoretical calculations, it
has several limitations from the experimental side. Specifically, a high angular resolution
is required to implement the condition of Equation (4). Thus, most of the experimental
collaborations still rely on fixed cone strategies. However, several studies were performed
to compare both approaches, finding that the differences can be minimized or directly
neglected for some observables [16,17].

2.2. Higher-Order Corrections

Once the observable has been properly defined, we can discuss how to introduce
higher-order corrections to Equation (5). Let us consider the Born level kinematic given by

Hy(Ky) + Ha(K2) — h(K3) + 7(Ky), (6)

with K; as the four momenta of the different particles in the lab frame. When we apply the
parton model, we introduce the momentum fractions x; and x; for the incoming partons
and z for the final-state parton that hadronizes into k. Thus, we can write

a1(x1Kq) + ax(x2Kz) — a3(K3/z) + v(Ky), 7)

for the parton kinematics. As usual, the calculation is performed in the partonic center-of-
mass frame and then boosted to the lab frame. In this work, we first focus our attention to
the QCD corrections to the process ¥ + h, up to NLO accuracy. Thus, the partonic cross
section can be expanded according to

~1SO _ 4« 20 [MO12(x1Ky, x2Ka, K3/ 2, Ky)
Wy = sz | S % S2
" 0w /dPSz—” IMW2(x1Ky, %Ky, K3/2,Ky) S
5 . 2
47 27T 28
2 0)2
&g i /dP 2—3 |M | <X1K],XZK2,K3/Z, K4/k5)

with § as the partonic center-of-mass energy, | M (9|2 as the squared matrix-element at the
Born level, and | M |? as the corresponding one-loop one. S, and S; are the measure
functions that implement the experimental cuts and the isolation prescription for the 2 — 2

and 2 — 3 sub-processes, respectively. There are two partonic channels contributing at LO,

qq9 — &, 48 = 9, )
whilst
q9 =88, 48— 89, 88— 99, 99— vQQ, 49Q — 1q9Q, (10)

are all of the QCD channels contributing at NLO. The opening of new channels could result
in enhanced effects due to gluon PDFs.
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In order to implement the NLO QCD corrections, we relied on the FKS subtraction
algorithm [18], which splits the real emission phase space into different regions contain-
ing non-overlapping singularities and cancels them with local IR counter-terms. The
renormalization was performed within the MS scheme.

On top of that, we also explored the impact of QED corrections. Going back to
Equation (8), we appreciate that the NLO QCD contributions and LO QED corrections
might have a similar weight due to the relation a? a ~ a? ~ O(10~*). Of course, photon
PDF is suppressed w.r.t. the QCD ones because of the sub-leading role of the electromag-
netic interactions in the determination of the inner structure of hadrons. In any case, it
constitutes a nonnegligible correction due to the high accuracy in experiments nowadays.
Thus, we add to Equation (8)

0) 2
J5ISOQED a? e [ Moepl*(x1K1, x2K2, K3/ 2, Ky)
ayap—azy 4772 23 2
associated to the new partonic channel
qy =9, 99 =77 (11)

Regarding the second channel, we neglect its contribution by looking into charged
hadrons in the final state. This is because such a sub-process involves the fragmentation of a
photon into a hadron, which is also suppressed by the fact that electromagnetic interactions
are sub-leading in the hadronization process. Furthermore, we assume that electromagnetic
contribution to the hadronization is almost negligible compared to photon production from
hadrons. We defer to future works for a deeper study of this assertion.

3. Numerical Simulations

The computation described in Section 2 was implemented in a Monte Carlo integrator,
based on the one developed in Reference [6]. For the isolation algorithm, we used the

function
1 — cos(r) > 4

12
1 —cosrg (12)

e =eof
with the parameters €, = 1, rp = 0.4, and the photon transverse energy EJ. The average
of the photon and hadron transverse energy was used as the typical energy scale of the
process,

h 4

u= Pr ;_ Pr , (1 3)
and we set by default yi; = yr = pur = p. It is worth appreciating that different isolation
algorithms lead to similar results, given the fact that we restrict our attention to the
computation of infrared-safe observations. This is because the resolved contribution given
by Equation (2) tends to be highly suppressed by isolation procedures. On the other hand,
our primary objective is obtaining access to the colliding-parton kinematics: the presence
of an additional convolution with the parton-to-photon fragmentation functions leads to a
more cumbersome relation between the original momentum fractions x; and x, and the
external, measurable observations. For this reason, we keep the isolation algorithm fixed
and focus on the effects due to the presence of NLO QCD and LO QED corrections. Explicit
details about the comparison of different isolation algorithms for infrared-safe observations
can be found in Reference [16].

Due to the fact that the production probability of heavy hadrons is very suppressed,
we focus on the the process p + p — 77 + 7, including the possibility of charge selection for
the pion. Regarding the cuts, our default configuration corresponds to the ones used by
the PHENIX detector:

e Pion and photon rapidities are restricted to || < 0.35.
. The photon transverse momentum fulfills 5GeV < p'% < 15GeV.
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*  Pjon transverse momentum must be larger than 2 GeV.
e We consider full azimuthal coverage, i.e., no restriction on {¢”, ¢ }, as a simplification
of the real detectors.

The lower cut on the pion transverse momentum is set to reduce the contamination
from the non-perturbative processes. A similar argument holds for the limitation in the
photon energy range. Regarding the center-of-mass energy of the hadron collisions, we use
by default Ecp; = 200 GeV, although we also explored the TeV region accessible by LHC,
setting Ecy = 13 TeV.

As already proposed in Reference [6], we restrict A¢ in order to keep those events
where the photon and the pion are produced in an almost back-to-back configuration:
A¢p = |¢™ — ¢7| > 2. This is because the LO kinematics in the partonic center-of-mass frame
allows for only back-to-back events; thus, imposing that restriction on A¢ is equivalent to
looking around the Born kinematics.

Finally, we performed an update in the PDF and FF available in the original version
of the code [6]. In particular, we switched from the standalone implementations of the
different PDFs to the LHAPDF framework [19]. This allows us to unify the treatment of the
PDFs and to simplify the numerical evaluations in the different scenarios. Moreover, we
implemented in the code the updated set of FFs, DSS2014 [20].

Phenomenology and Results

First, we reproduced the old results obtained with MSTW2008NLO PDFs [21] and
DS52007 fragmentations [22] but using the new Monte Carlo implementation within the
LHAPDF framework. Then, we explored the effects introduced by switching to novel versions
of the PDFs and FFs. In particular, we considered three configurations:

1. 0, NNPDF3.1 and DSS2014 (default up-to-date simulation)
2. 0p: NNPDF3.1 and DSS2007 (effects in the hadronization)
3. 0 MSTW2008 and DSS2014 (effects in the parton distributions)

We always used the corresponding sets with NLO QCD corrections. First, we
considered the kinematics for the PHENIX experiment, focusing on pp collisions at
Ecm = 200GeV. In Figures 1 and 2, we plot the differential cross section as a function of p7
and p7, respectively. We restricted our attention to the NLO QCD corrections for the process
pp — v+ " and used the default scale choice (as explained in the previous section).

Regarding the p7 spectrum for the three scenarios, we found that they are pretty simi-
lar. In fact, the absolute difference is smaller than 15% in the range 5 GeV < p? < 15GeV.
From the right plot in Figure 1, we notice that the MSTW2008 PDF tends to slightly enhance
the high-pr region (i.e., p7 ~ 13 GeV) whilst the effect of the DSS2007 FF goes in the oppo-
site direction. Namely, DSS2007 gives a larger cross section for low pr and a smaller for
high pr, reaching a relative difference of O(10%). In any case, it seems that the integrated
effect seems to compensate across the whole range of p7.

On the other hand, if we look at the pJ. spectrum, we find greater deviations from the
default configuration. As shown in the right plot of Figure 2, the cross section is about 12%
bigger when using the DSS2007 fragmentations, and the trend ncreases with the photon
transverse momentum. When we switch to MSTW2008 PDFs, we also find that the cross
section is higher than for the default configuration and that the trend increases with p-:
the relative difference is O(7%).

The comparison among the three PDF-FF scenarios show that there is room to impose
tighter constraints on both the PDFs and FFs from PHENIX kinematic. However, given
the fact that new colliders extend the available energy range, we studied the differences in
the pT spectrum at LHC, namely setting Ecj; = 13 TeV whilst keeping the same angular
resolution used for the PHENIX experiment. The results are shown in Figure 3, where
we restricted the attention to ¢, and o.. Namely, we compared NNPDF3. 1 (blue line) and
MSTW2008 (orange line), keeping the same fragmentation functions. The differences are
around 10%, with an enhancement of the cross section for p7 ~ 13GeV for 0; w.r.t. oc. As
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already observed in Figures 1 and 2, it is worth noticing that we did not use DSS2007 for
LHC energies because most of the events involve momentum fractions lying outside the
validity range of the interpolator.

= (0a) PDF NNPDF3.1 | ===+ |0p — 0,]/0, L 0.14
] FF DSS2014 ——loe—oon : .
(0b) PDF NNPDF3.1 | : -
1075 4 ~ FF DS52007 : : "1o.12
] —— (Oc) PDF MSTW2008 | : : '
" FF DSS2014 P
..... 1
% I I . I__" 1
2 1074 : | | Fo.08 8
3 ] = : I L
S ﬁ : | - 0.06
i I Ttttk
= I
1077 4 = Lol L 0.04
- . I I ------
In| <0.35 tt‘ Faeat L
M= g = U - L
Eem = 200 GeV - H 0.02
5GeV < pY<15GeV j
10_8 T T T T T T T T T T 0-00
6 8 10 12 14 6 8 10 12 14
pF (GeV)

Figure 1. NLO QCD corrections to the pF distribution of pp — 7 + 7" for PHENIX kinematics
(Ecm = 200 GeV) in three different scenarios. In the right panel, we show the relative difference w.r.t.
the default configuration (i.e., NNPDF3. 1 PDF and DSS2014 FF).

e -6
10 A = 0.200
|%| |n] <0.35 e |Op — 0al/0a
T __ M1 = HF =R == |oc—0s|/0s L 0.175

37 Emw=200Gev | I
== F 5GeV <pl<15GeV

8 - -Tx—l :: 10150

c ‘ PR T : [0.125
T 6 = (S
g °B T&J S r== £0.100 §
= P Loy J
S i | : |
| : | 1[0.075
4 ‘ ..... 1 o
(0a) PDF NNPDF3.1 = | L
— FF D552014 |—:|:—_:§ I | r0.050
(0b) PDF NNPDF3.1 R by’ I
FF DSS2007 I I ———a
I r _
2 (o) PDF MSTW2008 I L. 0.025
FF DSS2014
T T T T T T T T T T 0.000
6 8 10 12 14 6 8 10 12 14
pY (GeV)

Figure 2. NLO QCD corrections to the pJ. distribution of pp — 7 + 7" for PHENIX kinematics
(Ecm = 200 GeV) in three different scenarios. In the right panel, we show the relative difference w.r.t.
the default configuration (i.e., NNPDF3. 1 PDF and DSS2014 FF).
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1073 ¢
il PDF NNPDF3.1
_ ~ FF DSS2014
o PDF MSTW2008
= FF DSS2014
1074 5 ——
~ ]
g 5
3 =%
E
S =
1072 4 -
1 =
|n| <0.35 — S—
] Hi = HF = HR
{  Emm=13TeV
5GeV <p¥<15GeV
10_6 T T T T T T T T T
6 7 8 9 10 11 12 13 14
pT (GeV)

Figure 3. NLO QCD corrections to the pF distribution of pp — 7 + 71 for LHC kinematics (Ecyr =
13 TeV, angular constraints identical to those used for PHENIX) in three different scenarios. The
relative differences are shown in the right panel.

Finally, we explored the impact of the combined NLO QCD + LO QED corrections on
the process pp — v + 7", In order to deal with the photon distribution, we switched to
NNPDF3. 11uxQEDNLO [23-25], which also include lepton densities. In our analysis, we leave
aside lepton-initiated processes, since their contribution is very suppressed compared to
the QCD one. The inclusion of such corrections is deferred for future studies. We compare
the pT spectrum at Ecy; = 200GeV (Figure 4) and Ecy; = 13 TeV (Figure 5) for proton—
proton collisions extrapolating the typical PHENIX cuts. We found corrections of O(2%)
for Ecp; = 200 GeV, whilst they increase to O(9%) for LHC energies. This is partially due
to the behavior of the QED and QCD couplings, which goes in opposite directions as the
process energy increases. The weight of QED corrections tends to be slightly higher in the
high-pr region, although it seems to be more affected by the center-of-mass energy of the
collision.

PDF NNPDF3.1
| ~ FF DS52014
. PDF NNPDF3.1qed
107+ " FF DSS2014
<
8 10764
=
=
5
10—7 4
Inl <0.35
Hi = MfF =HRr
Ecm =200 GeV
10_8 |5Gevl<p7¥< 1|5 Gev T T T T T T
6 7 8 9 10 11 12 13 14
pT (GeV)

Figure 4. Comparison of the combined NLO QCD + LO QED (blue line) vs. the pure NLO QCD
corrections to the p7 distribution of pp — 7 + 71 in the PHENIX kinematics (Ecpr = 200 GeV). We
use as a shorthand notation NNPDF3. 1qed for NNPDF3. 11uxQEDNLO.
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1073
PDF NNPDF3.1
FF DSS2014
PDF NNPDF3.1ged
FF DSS2014
10744 F
€
@©
Q0
2
=
5
10—5 .
|n] <0.35
My = MfF = Ur
Ecm=13TeV
5GeV < p¥ <15 GeV
10_6 T T T T T T T T T
6 7 8 9 10 11 12 13 14

Pt (GeV)

Figure 5. Comparison of the combined NLO QCD + LO QED (blue line) vs. the pure NLO QCD
corrections to the p7 distribution of pp — 7 + 7" in the LHC kinematics (Ecp; = 13 TeV). We use as
a shorthand notation NNPDF3. 1ged for NNPDF3. 11uxQEDNLO.

4. Conclusions and Outlook

In this article, we discussed the phenomenology of photon-hadron production in
hadron colliders, centering on the process pp — v + . We included NLO QCD and
LO QED corrections to keep the effects of order a? &~ a3a under control. The results were
compared with previous studies performed in Reference [6]. In both cases, we relied on
the smooth isolation algorithm to get rid of the resolved component at NLO. The purpose
of this strict restriction was to obtain access to the colliding-partons kinematics, which can
be achieved more transparently by focusing on the direct production mechanism.

As a first step, we updated the Monte Carlo implementation to include the unified
framework LHAPDF and the new set of pion FFs of DSS2014. We carefully studied the
dependence of the PDF and FF sets by looking at the p7 and p7. distributions. We found
reasonable deviations (i.e., O(10%) on average), although our preliminary studies suggest
a stronger sensibility in the p7. distribution.

Then, we included the LO QED corrections by opening the partonic channel gqy. We
used the NNPDF3.11uxQEDNLO PDF set and tested the impact of these contributions on
the pJ spectrum. We restricted our attention to the production of positive pions, since
we claim that such a choice would heavily suppress any contribution associated to the
hadronization process v — 7. Comparing the corrections at pp colliders, we found small
but still nonnegligible corrections: O(2 %) for PHENIX and O(8 %) for LHC center-of-mass
energies.

The results presented in this article suggest that hadron+photon production might
be a useful process to impose tighter constraints on both PDFs and FFs, something that
could help enormously in unveiling the hidden properties and symmetries of hadrons.
An extensive study for different observables could lead to an enhanced sensitivity on
the PDFs through a careful reconstruction of the partonic momentum fractions. Further
developments on these directions are being performed by our group.
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