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Fragmentation Functions (FF) are universal non-perturbative objects that model hadronization
in some general kind of processes. They are mainly extracted from experimental data, hence
constraining the parameters of the corresponding fits is crucial for achieving reliable results. As
expected, the production of lighter hadrons is favoured w.r.t. heavy ones, thus we would like to
exploit the precise knowledge of pion FFs to constraint the shape of kaon (or heavier) FFs. In this
talk, we show how imposing specific cuts on photon-hadron production leads to relations between
the u-started FFs. For doing so, we exploit the reconstruction of momentum fractions in terms of
experimentally-accessible quantities and introduce NLO QCD + LO QED corrections to reduce

the theoretical uncertainties.
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1. Motivation

A precise phenomenological description of particle production in high-energy collisions is
crucial to understand the fundamental constituents of matter. Our current knowledge relies on the
Standard Model (SM), a gauge theory that successfully predicts most of the measurements obtained
in hadron colliders. However, precision plays a fundamental role, since tiny discrepancies between
theory and data could hide new physics signals.

Solving the complicated equations of SM to extract accurate phenomenological predictions is
plagued with challenges and bottlenecks. One of these bottlenecks is related to the description of the
hadronization process, in which a bunch of partons (gluons, quarks or other fundamental particles)
originate hadrons through non-perturbative interactions. Even if there are models [1] that could be
use to approximate this process, exact solutions are not available. Thus, in order to describe the
production of pions, kaons and other hadrons, we rely on Fragmentation Functions (FFs), which
are extracted from analysis and fits of experimental data [2—-11]. Being able to experimentally
constraint these FFs is important to reduce the fit errors and obtain more precise predictions.

In Ref. [12], we propose to use photon-hadron production at colliders to improve the extraction
of FFs, specially for heavy hadrons. Since the photon acts as a clean probe of the parton collision,
it could help us to reconstruct the parton kinematics with more precision. This knowledge can be
then used to relate FFs of different hadrons by comparing the ratios of their production rates. The
aim of this article is proving that we can constrain dX (z)/d” (z) (i.e. the ratio of pion and kaon FF)
exploiting the ratio of their cross-sections (i.e. doyx /doy ) after imposing proper cuts.

2. Reconstructing the parton kinematics

In the context of the parton model, it is worth noticing that momentum fractions are not physical
quantities; in other words, we can not directly measure them. Still, they allow us to understand
what is going on inside the hadrons and we can relate them to experimentally-accessible quantities.
For instance, inspired by the LO kinematics of photon+hadron production, we can define

Y

XLREC = vfCLM(exp(n")+exp<rﬂ>>, (1)
pﬂ'

REC = 2
Pr

Whilst the r.h.s. of Egs. (1)-(2) correspond to a function of {p%, n”, p7.n"}, the Lh.s. provide an
estimator of the momentum fraction of the parton a; entering the reaction a; + a — 7y + as, and
the momentum carried by the pion in the hadronization process az — m, respectively.

2.1 Reconstruction at NLO (and beyond)

The estimators in Eqs. (1)-(2) are strictly valid at tree-level because the presence of real
radiation associated to higher-order QCD corrections introduces new events with different parton-
level kinematics. For instance, at next-to-leading order (NLO) we need to combine events involving
2-to-3 (real radiation) and 2-to-2 (virtual corrections) processes. In order to do so, we first discretize
the external (experimentally-accessible) variables (VEXP and create bins. Then, given a point in the
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corresponding grid, p; = { p%, n”, ¢, p7.n", ¢}, we calculate the integrated cross-section o™ (p )
and define

(xl)j

d
> (xl)ia‘i(p,-; (x1)i) 3)

@ = <z>,~‘;—j<pj; 20, 4

that provide a cross-section-weighted approximation to the partonic momentum fractions x; and z.
Once this is done, we need to find the maps

Yrec = Vexp — YREAL )

with Y = {x, x7, z} and Yrgar given by Eqgs. (3)-(4), that will allow us to reconstruct the partonic
momentum fractions using only information obtained from experimentally-accessible variables. In
Ref. [13], we proposed the LO-inspired relations Eqs. (1)-(2) as an approximated map, and we

showed that these formula were highly correlated to the true momentum fractions including NLO
QCD effects.

1.0 I l I 1.0

784 Neural-Network W 014 Neural-Network W
: NLO QCD + LO QEDJ - NLO QCD + LO QEDJ

6.4 7.3

0.6

0.6

5.0

55

Xgeaw (x1072%)

Zgpar (x1071)

3.6 3.7

2.2 1 1.9

0.0 0.0
22 3.6 5.0 6.4 7.8 1.9 37 5.5 7.3 9.1

Xrec (x1072) Zgpc (x1071)

Figure 1: Correlation plots of the real vs. reconstructed momentum fractions x; (left) and z (right), including
up to NLO QCD + LO QED effects. We used an optimized neural network based on multilayer perceptrons
[14]. {xREAL>ZREAL} are the true momentum fractions of the events generated by the simulator.

Exploiting the recent advances in machine-learning techniques, in Ref. [14], we also used
neural networks to find the maps in Eqs. (1)-(2). The resulting correlation plots are shown in Fig.
1, which exhibit a very accurate reconstruction of the momentum fractions x; and z, with minimal
human intervention (no need to define a function basis for the fit).

3. Constraining Fragmentation Functions

Once the approximated momentum fractions are described in terms of the external variables,
we have access to z. We will use this fact to extract information about the FFs. First, we consider
the differential cross-section for the process H| + Hy — h; +y as a function of the real momentum
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fraction:
dohi ' .
d = / dxidxydz Z dZ;(Z)flel (xl)f:lll (x2) do—ala2—>a3'y 0(z — ZREAL)
ZREAL a s
= Z 2 (zrEAL) 8a3 (ZREAL) ©6)

ap,az,das

where dZ;'(z) is the FF associated to a parton a3 that hadronizes into /; carrying a momentum
fraction z. In order to have the second line of Eq. (6), we are neglecting the scale dependence, thus
having a perfect factorization. Notice that g,,(z) is independent on the final state hadron A;.

At this point, our aim is clear: exploit Eq. (6) to find relations among FF for different hadrons.
In particular, keeping in mind photon-hadron production, we perform the following approximations:

1. Since z = p?’/ ply, = zrec 1s strictly valid at tree-level, we can impose || < 0.5 to keep
mainly events with Born-level kinematics and use z = zrgc even when including up to NLO
QCD + LO QED corrections [15].

2. gg-initiated channel is roughly 10 times larger than the others, mainly due to gluon PDF
enhancement. Having in mind the LO picture, this implies that the dominant production
channel at parton level is ¢ + g — ¢q + 7y, or equivalently that a3 is a quark.

2

3. As a consequence of a factor e

in the matrix element, U-channels are 4 times larger than
D-channels.

As a consequence of 1, 2 and 3, together with the fact the u is the dominant U-sector quark flavour
inside the proton, Eq. (6) leads to

do® |dzrec d¥ (zrEC)

do™ [dzrEC - dj (zrec)

RE/™ (dor) = = R/ (d,), ©)

where we achieve a relation between kaon and pion u-started FFs. We considered to initial
scenarios to test the validity of this approximation. On one side, we fixed the reference energy
scale to u = Q = 26 GeV. On the other, we choose the default definition u = ( p? + p;)/ 2 which
changes event-by-event. In both cases, RX/7(d,,) and RX/7 (do-) exhibit a rather similar shape and
they overlap within their corresponding error bands!. In Fig. 2 (left) we show the results fixing the
energy scale to u = Q without further cuts (except those mentioned in 1).

3.1 Enhancing different partonic channels

From Eq. (6), we appreciate that the sum over quark flavours spoils a perfect cancellation of
8a, 1n the cross-section ratios considered in Eq. (7). Thus, we can impose additional kinematical
cuts to enhance even more the contribution of the u-quark channel.

By taking a look to different PDF sets, we notice that u is favoured w.r.t. d for x € (0.03,0.5).
Thus, we used the reconstructed x momentum fractions from Eq. (1) and selected those events
fulfilling

0.03 < {(x1)rEC, (x2)rREC} < 0.5. ®)

1As usual, we obtained these bands by varying a factor 2 up and down the renormalization and factorization energy
scales. More details are available in Ref. [12].
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Figure 2: Comparison of the ratios RX/7 (d,,) (black dashed) and RX/” (do-) (green dashed) including up to
NLO QCD and LO QED effects. The central energy scale is fixed to 4 = Q. We show two scenarios: (left)
without additional cuts and (right) imposing 0.03 < {(x1)rec, (x2)reCc} < 0.5.

Notice that this cut is totally realistic because xggc is expressed in terms of experimentally-
accessible quantities. In Fig. 2 (right) we show the results of this new scenario, where we
appreciate that RX/7(d,,) and RX/7(do) are much closer. Furthermore, the overlap of their error
bands is larger, which indicates that the Eq. (7) is a good approximation.

4. Conclusions and outlook

In this article, we motivate the importance of photon-hadron production to access parton-level
kinematics, specially when we require the presence of a prompt-photon in the final state. Since this
photon acts as a clean probe of the underlying partonic collisions, we can reconstruct the momentum
fractions by using experimentally-accessible variables. By using machine-learning tools, we test
the validity of the analytic approximations provided in Ref. [13] and show that neural-networks
lead to a very accurate reconstruction with minimal human intervention.

Once the momentum fractions are expressed in terms of measurable quantities (such as pr or
n), we proceed to study cross-section ratios for different hadrons in the final state. By using proper
approximations, we manage to relate these ratios to FF ratios. This means that, if we are able to
accurately determine FFs for hadron %, then we can constrain the FF of another hadron /h; by
computing R"2/" (do) as defined in Eq. (7). By imposing optimized kinematical cuts (as the ones
described in Sec. 3.1), we can enhance the contribution of different partonic channels and, in this
way, extract more information about the FFs. In the future, we plan to implement machine-learning
techniques to optimize the cuts and better constrain FFs for heavy hadrons.
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