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In certain situations, such as one-particle inclusive processes, it is possible to model the hadronization
through fragmentation functions (FFs), which are universal nonperturbative functions extracted from
experimental data through advanced fitting techniques. Constraining the parameters of such fits is crucial to
reduce the uncertainties, and provide reliable and accurate FFs. In this article, we explore strategies to relate
pion and FFs for other hadrons (in particular, kaons), comparing cross-section ratios imposing proper
kinematical cuts. We exploit the phenomenology of photon-hadron production at colliders, including up to
Next-to-Leading Order (NLO) in Quantum Chromodynamics (QCD) and Leading Order (LO) in Quantum
Electrodynamics(QED) corrections, and make use of accurate formulas to reconstruct the partonic
momentum fractions. By studying different cuts, we manage to isolate the contribution of u-started FFs.
Then, we relate the ratios of the z-spectrum for pion and kaon production, with the corresponding FFs
ratios. The methodology described in this article can be used to relate FFs for any pair of hadrons, and could
be further explored to keep track of the flavor of the partons undergoing the hadronization.
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L. INTRODUCTION AND MOTIVATION

Nowadays, one of the greatest challenges of humankind
is related to a proper understanding of the microscopic
behavior of matter. During the last five decades, a great
knowledge was acquired through various generations of
precise experiments [1-9], as well as an extensive develop-
ment of theoretical models. One of these theories, the
Standard Model (SM), is currently considered as one of the
most precise descriptions of Nature. However, there are
several aspects of SM that escape our technical skills.

One of these aspects is related to the extraction of exact
solutions. Since it is a quantum field theory (QFT), with a
non-Abelian gauge group, the underlying mathematical
structure is rather complex. For this reason, several
approximated strategies were deployed, including pertur-
bation theory. This method is particularly useful to describe
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high-energy collisions of particles, although unable to
provide a reliable quantification of the low-energy inter-
actions involved in the hadronization process. This prob-
lem is partially bypassed using the so-called parton model
[10-13], which proposed to describe hadronic cross sec-
tions in terms of convolutions of partonic cross section
(perturbative object describing the scattering of fundamen-
tal particles) and distribution functions (nonperturbative
components that indicate the distribution of fundamental
particles within hadrons).

The nonperturbative distribution functions can be of two
different types. In one side, we have the parton distribution
functions (PDFs), f”(x,u), which roughly quantify the
probability distribution of extracting a parton of flavor a
from a hadron 4 with momentum fraction x at the energy
scale p. On the other side, there are fragmentation functions
(FFs), d’(z, u), that indicate the probability distribution of
originating a hadron 4 with momentum fraction z through
the hadronization of a parton a at the energy scale u. The
purpose of this article is to provide novel strategies for the
precise determination of the latest.

Highly-accurate determination of the nonperturbative
distributions is not a simple task but they are crucial to
understand high energetic collider experiments. Since
they cannot be fully predicted from first principles, their
extraction need to consider theoretical and experimental

Published by the American Physical Society
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inputs. From the experimental community, different experi-
ments can provide the data for different mesons coming from
semi-inclusive deep inelastic scattering (SIDIS) [14—16] and
hadron-hadron collisions [17-23], in the case of PDFs, and it
is important to include single-inclusive annihilation (SIA)
[24-33] results for a global QCD analysis of the FFs. On the
other side, theoretical predictions at LO, NLO [34-40] are
available, and efforts in order to include up to NNLO
corrections [41-43] are under investigation. Matching
between theory and experiment assumes a particular model-
ing of the nonperturbative objects. There are different
ansatzes to characterize them and nowadays there are also
proposals with no ansatz such as those using neural network
frameworks [44]. Although, all groups provide a good
agreement to describe the experimental data, among error
bands, there is still the question about the correct theoretical
description of the PDFs and FFs.' Furthermore, it is known
that the inclusion of data from experiments at different
energies (for instance, RHIC at 500 GeV and LHC at
13 TeV) could lead to incompatibilities of the models and
break the expected naive universality of the FFs. When the
processes included in the experiment-theory confrontation
are inclusive enough, the discrepancies can be reduced by
manipulating the factorization scales [46]. The situation is
expected to worsen when less inclusive processes are
considered, which posses a clear challenge for understanding
the hadronization and forces to explore new techniques to
describe this phenomena.

With this panorama in mind, the purpose of the present
article consists in exploring strategies for imposing stricter
constraints on FFs. In particular, it is important to recall that
there are experimental efforts to determine FFs per flavor
(i.e., keeping track of the flavor of the parton undergoing
the hadronization). Since flavor-tagged SIA data restrict
heavy quark FFs, it is worth investigating phenomenologi-
cal disentanglement of FFs, at least for the leading flavor.
Therefore, we exploit the fact that pion FFs are determined
with a relatively small error with respect to fragmentation
processes involving heavier hadrons. Also, that the pres-
ence of hard photons in the final state could be used as a
clear probe to reveal information of the hard scattering
process (i.e., parton level collisions). For these reasons, we
use previous results of y 4+ & production at colliders
[47,48], including up to NLO QCD + LO QED corrections
[49,50]. These calculations are implemented into a semi-
automatic code that allows the user to change the FFs set,
thus switching to y + & with a generic hadron 4 in the
final state. In this paper, we specify the case 7 = K since it
is the next-to-lightest meson. Then, we make use of
reconstruction formula to rewrite the momentum fraction
of the parton undergoing the fragmentation, i.e. z, in terms
of experimentally-accessible quantities. In concrete, we

'A further review can be found in Ref. [45].

take advantage of our previous studies in Refs. [49,51] to
achieve a reliable quantification of this momentum fraction.

Once the differential distributions for y + 7 and y + K

are calculated in terms of the reconstructed momentum
fraction z, we go one step further and quantify the impact of
kinematical cuts to discriminate ¢ and g initiated subpro-
cesses. With this, we aim to relate the ratio of the cross
sections with ratios of FFs involving specific partons
undergoing the hadronization. Similar analysis using pho-
ton-jet or hadron-jet correlations were previously per-
formed to extract information about FFs [52-54]. The
spirit of the exploration proposed in this paper is motivated
by very recent results on jet structure analysis and dis-
crimination of gluon/quark initiated jets exploiting
machine-learning (ML) techniques [55-58].

After this introduction, we can summarize the three main

ideas of this paper:

(1) Requiring the presence of an isolated photon in the
process p + p — y + h, we can accurately recon-
struct the partonic momentum fractions x and z in
terms of experimentally accessible variables.

(2) The pion FFs are very well determined, in compari-
son to fragmentation into heavier hadrons (such as K
mesons).

(3) Imposing proper kinematical cuts, which could
involve restricting the values of x and/or z, we
can factorize the dependence of certain FFs (d/,
d?, etc.) at the differential cross-section level.

Then, the main motivation of this paper is to find relations
between parton-to-pion and parton-to-hadron FFs from
the study of ratios of the z-spectra of p + p - y + 7 and
p+p—-ovr+h

The outline of this paper is the following. In Sec. II, we

carefully describe the details of the implementation. Also,
we explain the different cuts implemented and their
relevance in disentangling the production channels.
Then, in Sec. III, we compare the ratio of the distributions
in the reconstructed momentum fraction z against ratios of
FFs. We discuss the similarities among these plots and
suggest potential improvements in constraining the FFs
from the cross-section shape. In particular, in Sec. III B, we
use the reconstructed momentum fractions discussed in
Refs. [49,51] to impose specific cuts and extract informa-
tion about FFs ratios. Finally, in Sec. IV, we present the
conclusions of this work and depict possible future research
strategies to improve the quality of kaon (an other heavier
hadrons) fragmentation functions.

II. COMPUTATIONAL DETAILS AND
PHENOMENOLOGICAL ANALYSIS

As a first step, it is necessary to calculate the hadron +
photon fully-differential cross section. For this purpose, we
use the factorization theorem [59] and compute the had-
ronic cross section in terms of convolutions of partonic
cross sections, PDFs and FFs. In this work, we rely on the

096002-2



CONSTRAINING FRAGMENTATION FUNCTIONS THROUGH ...

PHYS. REV. D 107, 096002 (2023)

implementation presented in Refs. [49,50], centering our
attention on the production of prompt photons. This code
incorporates Next-to-Leading Order (NLO) in Quantum
Chromodynamics (QCD) and Leading Order (LO) in
Quantum Electrodynamics(QED) corrections, which
turned out to be relevant to provide a reliable phenom-
enological description in the high-energy regime [50]. The
requirement of having a prompt or hard photon in the final
state is crucial for accessing the parton-level kinematics,
and hence reconstructing with high-precision the parton
momentum fractions in terms of the momenta of the photon
and the produced hadron. In concrete, we perform the
cross-section simulation of the processes

p+p-oy+m, (1)
p+p—-y+K, (2)

with 7z = {z%,7°} and K = {K* K°}. To restrict the
contamination due to events in which the photon comes
from a hadronic decay, we implemented the smooth-cone
isolation algorithm [60]. In particular, we used

) = e (1 et )’ (3)

1 —cosry

as cut function to restrict the amount of hadronic energy
surrounding the photon. This cut depends on transverse
energy photon E%. Additionally, we set the parameters
€, = 1 and ry = 0.4, following the choice done in previous
analysis of this process. Likewise, we define

7 h
§= Pr —; Pr , ( 4)
as the typical energy scale of the hard process, i.e. we
average the transverse momenta of the hadron and the
photon (h = 7z, K). So, the default configuration is given
by p = pr = pg = pr.
Regarding the hadronic center-of-mass (c.m.) energy,
we used E,.,, =+/S.,, = 13 TeV, as well as the default
kinematic cuts,

{In"|. 1|} <25, (5)
2 GeV > ph > 15 GeV, (6)
Pl >30 GeV, (7)

which corresponds to the range covered by LHC Run I1. With
respect to azimuthal angles, we have imposed the restriction
A¢ = |¢" — ¢7| > 2, with the purpose of keeping events
which are close to a back-to-back configuration.

The nonperturbative effects due to the low-energy
interactions driving hadron internal structure were cap-
tured inside the definition of PDFs and FFs. These
functions were implemented using the unified framework

LHAPDF [61,62]. In our simulations, we used two different
PDF sets: NNPDF40_ lo as 01180 [63] for LO QCD,
while we relied on NNPDF31 nlo as 0118 luxged
[44,64,65] PDF set when including LO QED + NLO QCD
corrections. The impact of the hadronization of hard partons
into light mesons (pions, kaons, etc.) was quantified through
the FFs of the DSS collaboration: we relied on DSS2014
[39] and DSS2017 [40] to describe pion and kaon produc-
tion, respectively. In any case, we would like to emphasize
that the codes used allow to implement any PDFs or FFs set.

A. Differential cross section vs partonic
momentum fraction z

Since the aim of this work is to impose constraints on FFs,
the first study consists in the examination of the z-spectrum
of the hadronic cross sections. Instead of the Monte-Carlo
(MC) momentum fraction z, we need to study the distribu-
tions in terms of experimentally accessible quantities. As
discussed in Refs. [49,51], it is possible to obtain approx-
imations to the momentum fractions, based on a proper
reconstruction and estimation of the parton-level kinematics.
Due to the fact that this analysis is focused on theoretical
simulations, we have access to the z variable generated by the
MC integrator (zZggar.), and we can compare the results with
possible reconstructions using the kinematics of the external
particles (zggc). In particular, we used

h
Pr

ZREC — 7> (8)
Pr

because it leads to a simpler implementation and the results
obtained with the other approximations described in
Refs. [49,51] are rather similar. Our analysis is restricted
to the region z € (0.1, 0.8), due to two main reasons. On one
side, the cross section is strongly suppressed outside this
range because of kinematical constraints. On the other,
the FFs are reliable only in that range, so any attempt to
extrapolate them might lead to unphysical conclusions.

Before moving into the analysis, we would like to motivate
the fact that we compared the z-spectrum of y + z+(=) vs
y + K+, but also considered y + z° vs y + K°. Since the
purpose of the study is to relate pion and kaon FFs, we expect
K+() and 7t~ to share similarities because they have the
same electromagnetic and isospin charges. However, while
{zn*,7° 7~} belongs to the same isospin multiplet, it is not
true for {K*, K=} and K°. In any case, since K and z° are
both neutral, we expect to reduce (or cancel) any electro-
magnetic deviation effect when comparing y + z° and
y + K°. As we will better explain later in the article, our
methodology, in fact, turns out to be independent of the
nature of the hadrons that we are comparing.

In Fig. 1 we display the differential cross-section results
with respect to zggar (left column) and zggc (right column)
for both K (red) and 7 (blue). In these plots, we include the
LO QCD (dashed line) and NLO QCD + LO QED (solid
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FIG. 1. Differential cross-section distribution of 7 and K as a function of zzga; (left column) and zggc (right column), using LHC
kinematics (1/S.,,. = 13 TeV). In the left panels, we display the differential cross sections, while in the right ones we present the ratio
doX /dc™. We present the results for negative (first row), positive (second row), and neutral (third row) hadron production.

line) corrections, to take into account higher-order effects. Asexpected, we appreciate that 6 is smaller than 67 in the
As discussed in Refs. [49,50], the K-factor due to NLO  left panel of Fig. 1. This is because kaons are heavier than
QCD corrections can be higher than 2 (i.e., a 100% effect  pions, being their production less favorable: this effect is
with respect to the Born level contribution). Besides, it is  incorporated exclusively within the corresponding FFs.
important to mention that we obtain rather similar results ~ When studying the cross-section rations, in the right panels,
when considering negative (first row), positive (second  there is a compensation of NLO effects, because their
row), and neutral (third row) hadron production. This is contribution is embodied within the partonic cross section
because the FFs involving quarks are very similar, inde- (which partially cancels in the ratio). Still, we notice that
pendently of producing same or opposite sign hadrons, and  do® /do™ goes from 0.2 for zgga, = 0.2 to approximately
the different production channels are entangled. In fact, the  0.40 for zggar, = 0.8, reaching a peak of 0.5 for zggap, &~ 0.5.
shapes are almost identical at LO; the only noticeable effect ~ This behavior is mainly due to the FFs shapes, but the
due to NLO corrections is that the peak becomes slightly  presence of NLO QCD corrections enhance the peak. In all
narrower for negative hadron production. the cases, the effect of QED corrections is negligible.
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Some comments about the difference among the left and
right columns of Fig. 1 are worth. In first place, we recall
that zggay, 1S not accessible in the experiments, but we can
estimate the shape from our MC simulations. By con-
struction, zggc tends to mimic the behavior of zgppap,
specially close to Born-level kinematics. So, we expect that
the agreement between both spectra tend to increase as
|7| = 0. In any case, the distributions in zggc lead to
smoother ratios, which are better behaved in the high-z
region. Also, the peak around z = 0.5 is softened specially
when dealing with the NLO QCD corrections. This
behavior is expected because we are using a reconstruction
formula which is only exact at LO, and the region z ~ 0.5
has an important contribution of events including real-
radiation corrections (i.e. NLO effects). In fact, this is the
reason for the O(10%) deviation between NLO and LO
predictions in the left column (i.e. for the zgpa;, spectrum).

B. Analysis of different parton-initiated contributions

The second study that we performed is intended to
achieve a better understanding of the different partonic

1072 1072

1073 1073

107 1074

opN(pbarn)

107 1072

10°6

1076

opN(pbarn)

F—— = K~ g9

[, P K-, q¢ i_.
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FIG. 2. Differential cross-section distribution as a function of
zree for z (left) and K (right) production. We indicate the
contributions due to the different partonic channels: gg (dashed
red line), gg (point blue line), and ¢gQ (dashed orange line). We
use LHC kinematics (1/S.,, = 13 TeV) and present the results
for positive (upper row) and negative (lower row) hadron
production. In the upper sector of each plot, we indicate the
relative contribution of each channel.

contributions involved in the hadron-photon production
process. Besides identifying the dominant one, we want to
perform a rough estimation of its dependence with respect
to some kinematical cuts.

In Fig. 2, we present the contributions of the different
partonic channels to the cross section with respect to zggc, for
pion (left panel) and kaon (right panel) production. We use
the LHC cuts specified in the beginning of this section, and
we include predictions for positive (upper row) and negative
(lower row) hadron production, up to NLO QCD + LO QED
accuracy. From these plots, we reconfirm that pion is
enhanced with respect to kaon production, but the contri-
butions of the different partonic channels is almost the same.
Also, we find that the cross-section rates are roughly identical
independently of the charge of the produced hadron. The
most important conclusion from these plots is that gg channel
dominates, being a factor O(10) larger than the others. It is
also interesting to notice that gQ channel is larger than gg
one, even including the gluon PDF enhancement for proton-
proton collisions. However, this difference tends to reduce
for larger values of z. Regarding gy channel, it is greatly
suppressed compared to the NLO QCD contributions; for
this reason, we are not displaying it in Fig. 2.
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FIG. 3. Differential cross-section distribution as a function of

zrge With LHC kinematics (y/S,,, = 13 TeV), for Cases 1
(upper row) and 2 (lower row). In the right panel, we consider
neutral kaon production, while the left one shows the distribution
for neutral pion production. In the upper sector of each plot, we
indicate the relative contribution of each channel.
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As a first exploratory step, in this article we study the
weight of the different channels when changing the
pseudorapidity cuts. This is relevant because such selection
cuts can be easily modified by experimental analysis. So,
we considered the default scenario (Case 0), described in
the beginning of this section, along with:

(i) Case 1: {|#"],|n"|} < 0.5, and

(i) Case 2: 1.5 < {|#"],|n"|} <2,
keeping all the other variables unchanged. The idea is that
Case 1 should retain those events that are closer to the Born-
level kinematics, thus favoring gg and ¢gQ channels. On the
contrary, Case 2 is expected to enhance the contributions
originated by non-Born kinematics. In Fig. 3, we study the
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of positive and negative distributions). In both Cases, we
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FIG. 4. Same as Fig. 1 for hadrons with charge —1 (first row), +1 (second row), and 0 (third row), with the kinematical cut || < 0.5

(Case 1).
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this points toward an effect originated at the partonic cross-
section level, rather than induced by the FFs.

Then, we studied the impact of the cuts associated to
Cases 1 and 2 in the ratio doX /do™, since differences might
appear. However, as in the previous case, all the distribu-
tions and ratios are rather similar, independently of the
charge of the hadron. In Fig. 4, we display the differential
cross-section distribution as a function of zggar (left
column) and zggc (right column) for Case 1. The first,
second, and third rows correspond to the production of
hadrons with charge —1, +1, and 0, respectively.
Meanwhile, for z € (0.1,0.7), we note that the K-factor
for do®X/do™ tends to 1, which indicates that the

0.60
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FIG. 5.

1.5 < |n] < 2 (Case 2).

higher-order effects are due to corrections in the partonic
cross sections and that the cuts imposed are eliminating an
important part of the real-radiation contribution. As already
mentioned, zggc has a smoother behavior and corresponds
to a physical observable, so it gives a more reliable
phenomenological description.

Similarly, in Fig. 5, we show the differential cross-
section distributions with respect to the momentum fraction
z imposing the restrictions associated to Case 2. However,
this time the differences between the LO and NLO
distributions are more noticeable: this is expected since
we are looking at events that are being produced far
from the Born-level kinematics. In particular, the NLO
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Same as Fig. 1 for hadrons with charge —1 (first row), +1 (second row), and O (third row), with the kinematical cut
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corrections are O(15%) larger than the LO ones for the
ZrREAL-Spectrum associated to negative hadron production.
In any case, we notice that this higher-order effects tend
to reduce the doX/do™ in the low-z, but behave in the
opposite direction for medium and high values of z. Also,
for these kinematical cuts, there is an important difference
between negative (first row) and positive (second row)
hadron production, specially when considering the NLO

141
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08 F

B LO(QCD)

¢ NLO(QCD)+LO(QED)
== Trend LO(QCD)
—— Trend NLO(QCD)-+LO(QED)

06k  Charge-1

2 3 4 5 6 7
ZREC (>< 1071)

14

0.8 F
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. . . | |
2 3 4 5 6 7

ZREC (>< 1(]71)
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M L0(QCD)
4 NLO(QCD)+LO(QED)
06k  Charge0 — = Trend LO(QCD)
—— Trend NLO(QCD)+LO(QED)
2 3 4 5 6 7

zrEc (X 1071)

FIG. 6. Comparison of cross-section ratios R(')/R? as a
function of zggc. We include the LO QCD (red) and NLO QCD +
LOQED (blue) predictions, for negative (upper), positive
(center), and neutral (lower plot) hadron production.

contributions. Regarding the differences between zgga;,
and zgpc spectra, the behavior is very similar to the one
observed for Case 1, pointing toward a reduced sensitivity
in the kinematical cuts.

To conclude this section, let us comment on the
differences between Cases 1 and 2. We have to keep in
mind that our purpose is to disentangle the different
partonic channels as much as possible, because we want
to extract information about the FFs (and they depend on
the flavor of the parton undergoing the hadronization
process). We have seen that Case 1 leads to an enhancement
of gg-channel contribution compared to the default con-
figuration (as well as with respect to Case 2). Since gg
channel is associated to the subprocesses gg — ¢ + y at LO
and gg — g + g + y at NLO, there is a high probability that
the final state hadron comes from the hadronization of
quark g. On the other hand, it is worth analyzing the
relations between the doX /do” ratios in both scenarios. In
Fig. 6, we study the ratio R /R with

do¥

do” 1.5<|

R = ,
do™ ||, 1<0.5

R® ,
n|<2

for LHC energies and different charges of the produced
hadron. The red (blue) points represent the LO
(NLOQCD + LOQED) predictions, while the dashed
(solid) black lines corresponds to the respective linear trend
of RW/R® as a function of zzpc. We observe that the
NLOQCD + LOQED corrections tend to decrease
(increase) the cross-section for negative (positive) hadron
production, and still the ratios are O(1.1) in all the cases.
Since this effect is charge-dependent, it is originated by the z-
dependence of the FFs and confirms the trend observed in
Figs. 4 and 5. Also, for neutral hadron production, we notice
that LO and NLO QCD + LOQED corrections tends to
cancel, preserving the same trend as a function of zggc.

III. IMPOSING CONSTRAINTS ON FFs
THROUGH CROSS-SECTION RATIOS

At this point, it is worth recalling the definition of the
hadronic cross section through the factorization theorem. In
the particular case studied in this work, we have

do" = Z /dxldxzdzle (xl)fgzz(XZ)dZ.% (Z)

ay,ay,a;

X da-aluz—mgy(xlpleZPZvPh/ZvP}/)’ (10)

where {Py, P,} are the momenta of the colliding hadrons
H, and H,, P, is the momentum of the photon and P, is
the momentum of the produced hadron and the hadronic
c.m. energy is given by E.,, = /2P, - P,. All the par-
tonic dependence, including the phase-space integrals,
the higher-order terms and the corresponding measure
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functions,” is embodied within d644,~ayy- TO keep the
discussion simpler, we avoid writing explicitly the factori-
zation scale dependence inside the PDFs and FFs. Then, let
us consider the z-distributions for two different hadrons, A,
and h,. According to Eq. (10),

do’i :
& Zdﬁ; (2)

as

X |:Z / dxldXZfaHll (xl)fasz (XZ)d&alaz—mﬂ

ay,dy

= dai(2) X ga, (2), (11)

where we define a new function, g, which is independent on
the hadron produced in the final state. Having in mind
Eq. (11) we can make two assumptions:

(1) z = zggar, has a rather similar behavior compared to

Zrec, and

(2) there is only one dominant partonic contribution.
By virtue of the first one, we can make the replacement
7z — zgrgc Without introducing relevant effects and keeping
the factorization. This is motivated by the fact that zgygc is
strongly correlated with zggsr, in particular in some
specific kinematical regimes [51]. Regarding the second
assumption, we recall the discussion in Sec. II B. The point
is that imposing proper cuts, we can enhance or suppress
some partonic channels. In the case studied before, we
realize that it is possible to enhance gg-channel, making it
more than 10 times larger than the others. On top of that, we
can make another approximation: the u-channel is domi-
nant. This is not only supported by the fact that the protons
contain more up than down quarks (very naively speaking),
but also because

|Mug—>u}/|2 = 4|Mdg—>dy|21 (12)
which is a consequence of producing a photon. With all of

these, we can primarily settle in Case 1 kinematics (where
the gg-channel was enhanced), and claim that

do® /dzgec _ di (zrec) — RK/=

RK/ﬂ d - ~
(6) do” | dzgec dZ(ZREC)

(dn),  (13)

is a reasonably good approximation. During the rest of this
section, we will explore the validity of Eq. (13). For the
sake of simplicity, we will also restrict the higher-order
corrections to NLO QCD. This is because the considered
FFs do not include higher-order QED effects. Furthermore,
it was found that their impact in the cross section

*For a more detailed explanation of the inclusion of higher-
order corrections, as well as the explicit formulas, we refer the
interested reader to Refs. [49-51].

pp — v+ h was far below O(1%). So, it is safe to test
Eq. (13) up to NLO QCD accuracy.

Finally, we would like to emphasize that the assumptions
considered here are independent of the nature of /; and h,.
In other words, we are comparing any pair of hadrons,
regardless of their electromagnetic charge, isospin or
composition. We expect deviations in the validity of
Eq. (13) originated in a very different composition of #/;
and #h,, and this is why we decided to compare same-sign
hadrons. The presence of different valence quarks will
result in a different weight of other initial-state parton
flavors, but still a noticeable enhancement of the u-started
FFs is expected. This is the reason that explains the
similarity of y + 7% and y + K*, and the slightly larger
discrepancies between y + z° and y + K°.

A. Cross section vs FFs ratios

The first step in testing our approximations consists in
the calculation of the FFs ratio [rhs of Eq. (13)]. Since FFs
are sensitive to the energy scale, it is important to choose a
reasonable reference value. Furthermore, this reference
energy value must be related, in some sense, to the physical
cross sections. As we explained in Sec. II, the default scale
choice y is the average of the transverse momenta of the
produced hadron and the photon. Following Eq. (4), this
quantity depends on each individual event. Even if this
situation is fully suitable for cross-section calculations, it is
not the case for FFs determination. In fact, FFs fits start
from a fixed-scale and then evolved through DGLAP
equations [13,66,67]. So, we can fix this issue by defining
the energy scale average, Q, as

0= > i H(PTs p?)i(GBIN)i ’ (14)

OTOTAL
where we are using information extracted from the histo-
grams generated by the MC code (run with the default u
scale). For all the configurations considered in the previous
sections, we have O = 26 GeV. In this way, we are fixing
an energy scale for the MC that still contains physical
information, and have well-defined FFs evaluated at the
energy Q.

In Fig. 7, we present a comparison between the FFs and
the cross-section ratios as a function of zggc, for positive
hadron production. As motivated in the previous discus-
sion, we restrict our attention to the up-initiated fragmen-
tation processes. Thus, we plot the ratio of the FFs
RX/7(d,) (dashed black lines) evaluated at the energy
scale Q = 26 GeV, including up to NLO QCD corrections.
In the same figure, we present the ratio of the cross-sections
R¥/7(do) up to NLO QCD accuracy (dashed green lines) in
two different scenarios: (1) using the reference energy scale
defined in Eq. (4), i.e., the average transverse momenta of
the produced particles (upper plot), and (2) fixing the
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FIG. 7. Comparison of u-started FF (dashed black line) and
cross-section ratios (green dashed line) as a function of zggc, for
positive kaon and pion production up to NLO QCD accuracy. For
the cross-section calculation we consider two scenarios: (1) with
the default energy scale (upper plot), and (2) fixing the reference
scale to Q = 26 GeV (lower plot). The error bands are calculated
as described in the main text.

reference energy scale as u = Q (lower plot). The theo-
retical uncertainties associated to the cross-section ratios
(green band) was calculated varying the energy scale by a
factor two up and down, namely the standard procedure
followed in Refs. [49-51]. Meanwhile, the uncertainty for
the ratio RX/*(d,) (pink band) was estimated based on
Ref. [68], where the reported errors were 10% and 15% for
the pion and kaon fragmentation functions, respectively.
For the two scenarios considered in Fig. 7, the FF ratio
oscillated in the range 0.1-0.35, reaching a maximum for
Zrrc =~ 0.6. In scenario (1) (upper plot), the cross-section
ratio closely follows the FF-ratio for zggc < 0.55, although
then RX/*(ds) almost stabilizes around ~0.48 and
RX/7(d,) diminishes to ~0.48. The behavior is rather
similar for scenario (2) (lower plot), being the ratio of
the cross sections slightly smaller in the high-z region. The
most appreciable difference between both scenarios comes

from the error band: the band for scenario (2) is wider than
the one for scenario (1) due to the fact that in the former we
fixed the reference energy scale to Q. It is important to
notice that the error bands associated to both ratios overlap,
indicating that they represent compatible quantities. In
other words, this means that the ratio of the cross-sections
is directly related to the ratio R¥/#(d,,), and could be used
to constrain the shape of these FFs.

B. Improved analysis with physically motivated cuts

In the previous two Scenarios, we observed that
R¥/7(d,) and R¥/*(do) have a very similar shape, with
overlapping error bands. Still, the central values present a
small offset, due to the contributions of different partonic
channels, both during the collision (PDFs) as well during
the hadronization process (FFs). So, we can give a step
further and enhance the dominance of u-started processes
by looking into the PDF shapes. For this, we consider the
distributions of the NNPDF31 nlo as 0118 luxged
set in Fig. 8, where it is possible to appreciate that u and d
PDFs differ the most in the region x € (0.05,0.3). In fact,
in that range f, is roughly 50% larger than f;, and almost 3
times larger than f;. The other flavors are even more
suppressed with respect to u PDF, and f, is roughly 10
times larger than any quark PDF. This means that, by
restricting to the aforementioned region, the luminosity of
the ug channel is at least 50% bigger than dg channel, and
more than one order of magnitude larger with respect to the
remaining contributions.

For this reason, we decided to implement a cut and
restrict the x range. Since x is not a physical variable, we
relied on the discussion presented in Refs. [49,51] and used
an approximation in terms of experimentally accessible

1.0

«Q.\ — Up
‘\'\:\ —+ Down
N NN — 1
0.8 1 \'\‘\ NN - :ntl Up
\ NN\, trange
NN
AN ~. Gluon
'\\. N N S e— _—
06 .\\,\ A <,
= NN U~ N
) NN \.\'\ \
& i NN ~.
0.4 N S \\
\. \. .\ .
NN\, . \
NN N\, g
0.2 o NN NN
NL N (NN
Q = 26 GeV ST NN
~ N -
' T AN
1072 107!
X
FIG. 8. Parton density functions (PDF) from the

NNPDF31 nlo_as 0118 luxged set, evaluated at the scale
energy O = 26 GeV. We consider only the up, down, anti-up and
strange flavors, which are the quark flavors contributing the most to
the total cross section of this process, as well as the gluon PDFs
(divided by a factor 10 to match the scale of the other distributions).
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FIG. 9. Comparison of u-started FF (dashed black line) and
cross-section ratios (green dashed line) as a function of zggc, for
positive kaon and pion production up to NLO QCD accuracy.
For the cross-section calculation we fixed the reference scale to
Q = 26 GeV and impose the restriction x € (0.05,0.3) on both
colliding partons to enhance the contribution of the u-channel.
The error bands are calculated as described in the main text.

quantities. Explicitly, we have the reconstructed x momen-
tum fractions given by

, exp(n”) + exp(n’)

(X1)rec = PT N , (15)
(o )se = pp SR TR) g

\% Sc.m. '

which are strongly correlated with the real MC partonic-
momentum fractions in a wide kinematical range [51].
Then, we defined the scenario (3) by imposing the cuts

0.03 < {(x1)rec: (%2)rec} < 0.5, (17)

on top of the ones already applied for scenario (2). The
results are presented in Fig. 9, with the corresponding error
bands calculated following the procedure previously
described. We immediately notice that RX/7(d,) and
R¥/%(do) are much closer than in the previous scenarios,
particularly in the range z € (0.35,0.65). Again, both
ratios exhibit a rather similar shape, although a deviation
is present in the low- and high-z region. In any case, the
error bands overlap for the whole z range considered. This
indicates that more stringent constraints can be imposed to
R¥X/7(d,) from the ratio of the cross sections, paving the
road for a more precise determination of heavy-meson FFs
from experimental data.

Finally, we compared the three proposed scenarios among
them, and with respect to the LO estimation within scenario
(3). As we already explained, the gg-channel is the dominant
one for photon-hadron production at colliders, being gQ

2.4 l‘- === Scenario (1) -
l‘ === Scenario (2)
2.9 .|‘ === Scenario (3) -
1 —L0
200\
L)
‘\
1.8F “
A
“
AN

1.6

1.4F

RK/™(dg) /R¥I7(d,)

121

2 3 4 5 6 7
ZREC (X 10_1)

FIG. 10. Ratio R¥/*(ds)/R¥/*(d,), as a function of zggc for
different scenarios: (1) (green), (2) (red) and the physically-
improved, and (3) (blue). We also include the LO ratio (black),
with the configuration of scenario (3), to have an estimation of the
impact of higher-order corrections.

almost one order of magnitude smaller. At LO, the gg-channel
is even more relevant because the other available channel is
qq, whose luminosity is highly suppressed by the presence
of sea distributions. In Fig. 10, we present the ratio
RX/7(de)/RX/"(d,) for scenarios (1) (red), (2) (green),
(3) (blue) and the LO estimation in scenario (3) (black). If
only ug-channel at LO contributes, then the ratio
R¥/7(do)/RX/7(d,) should be equal to 1, in agreement with
Eq. (13). Since the cuts associated to scenario (3) enhance ug-
channel, the complete LO contribution tends to 1 for high-z
values, in spite of deviating toward smaller values of z. It is
important to notice that the NLO QCD corrections to the
RX/7(ds)/RX/7(d,) are also close to 1, showing an almost
flat behavior in the range z € (0.3, 0.65). This, again, means
that the FFs for kaons could be directly obtained by means of a
constant rescaling factor from the pion FFs, which is much
more precisely determine from the experiments.

IV. CONCLUSIONS AND OUTLOOK

In this article, we analyzed strategies for imposing con-
strains on heavy-mesons FFs, based on our knowledge of
hadron-photon production at colliders. We relied on the fact
that parton-momentum fractions can be accurately described
in terms of functions of experimentally-measurable quan-
tities, as we demonstrated in Refs. [49,51].

Then, we center into the study of the zggc spectrum of
v + h production at colliders, including up to NLO QCD +
LO QED effects. We consider the cases h = {x, K} since
they are the lightest mesons, which involve larger cross-
sections and smaller statistical errors. We studied the ratio
of production rates for y + K with respect to y + 7z, as a
function of zggc, varying the charge of the hadron and other
kinematical cuts. We concluded that positive and negative
hadron production have a different behavior when NLO
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QCD corrections are taken into account. Also, we analyzed
the contributions of the different partonic channels, iden-
tifying gg as the dominant one.

With all this information, we proceed to study the relation
between the kaon-to-pion FFs and cross-section rates, as a
function of zggc. First, we realize that ug-channel is favored
both by the luminosity as well as for the electromagnetic
charge of u with respect to d quarks. Then, we defined three
scenarios with different kinematical configurations and
analyzed the relations between the ratios RX/"(do) =
do® /do™(zrec) vs RX/7(d,) = df (zrpc)/di(zrec). By
imposing a cut in the rapidity to concentrate events
around the Born-like kinematics and requiring 0.03 <
{(x1)recs (%2)rec} < 0.5, we succeeded in enhancing
even more the contribution of the ug-channel and isolate
the u-initiated FFs. In fact, the results shown in Fig. 9 suggest
that the ratio of FFs is strongly constrained by the corre-
sponding cross-section ratios. In other words, that it is
possible to relate pion and kaon FFs by computing RX/” (do).

This works suggests that by using appropriate cuts it is
possible to impose stringent constraints on the FFs. Here
we present a concrete example of such constraints for
u-initiated FFs, supporting the validity of the proposed
strategy. It is worth highlighting that the proposed meth-
odology is largely independent of the hadrons being

compared, since it relies on the enhancement of certain
production channels. Furthermore, we foresight that the
application of ML-inspired selection cuts could help us to
isolate contributions of other production and/or hadroniza-
tion channels, thus allowing to determine with much more
precision the FFs, shedding light into the underlying
phenomena driving the hadronization process.
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