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Abstract. A neural network, that allows someone to obtain results for semi-inclusive deep
inelastic scattering of charged leptons on polarized protons, with the production of pions or
strange K mesons, has been developed in this study. The research covered both transverse and
longitudinal polarizations of the proton. A range of initial energies of colliding particles was
chosen from 20 to 100 GeV in a central mass system. The range is typical for electron-ion
colliders currently being designed. It has been shown that it is possible to predict the physical
characteristics of the final lepton and hadron with high accuracy as well as different variants of
proton polarization using the proposed neural network.

Keywords: semi-inclusive deep inelastic scattering, asymmetries, machine learning, neural
network, generative-adversarial network

Citation: Lobanov A. A., Berdnikov Ya. A., Muzyaev E. V., A generative adversarial net-
work as the basis for a semi-inclusive deep inelastic lepton scattering generator on a polarized
proton, St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 17 (1)
(2024) 93—102. DOI: https://doi.org/10.18721/JPM.17110

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

© Lobanov A. A., Berdnikov Ya. A., Muzyaev E. V., 2024. Published by Peter the Great St. Petersburg Polytechnic University.

93



4SSt. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1
I

Hay4yHas cTaTbs
YAK 539.12
DOI: https://doi.org/10.18721/IJPM.17110

FTEHEPATUBHO-COCTHA3ATEJIbHAA CETb KAK OCHOBA
FEHEPATOPA NMONTYUHK/NMTIO3UBHOIO NMYBOKOHEYIMNPYIoro
PACCEAHUA NENTOHA HA NONAPU3OBAHHOM INMPOTOHE

A. A. JlobaHo8%, 4. A. bepdHukoB, E. B. My3se@

CaHkT-TeTepbyprckuin NoNnTEXHUYECKUIA yHMBepcuTeT lMNeTpa Benukoro,
CaHkT-leTepbypr, Poccus
= Jobanov2.aa@edu.spbstu.ru

AnHotamusa. B cTaThe TmpemioxkeHa pa3paboTaHHass HEHpPOHHAsI CETh, ITO3BOJISIONIAS
MOJy4aTh Pe3yJbTaThl TMOJYWHKITIO3UBHOTO TJYOOKOHEYNPYTOro paccessHUsT 3apsiKeHHBIX
JITITOHOB Ha IOJIIPU30BAaHHBIX MIPOTOHAX C POXICHUEM ITMOHOB WJIM CTpaHHBIX K-Me30HOB.
PaccMoTpeHBbl cOCTOSIHUSI TIOJsSIpM3alluM IIPpOTOHa (MoIepeyHass M MpomoJibHas). BriOpaH
JMana3oH HavyaJlbHbIX dHepruil crankupawmoluxca vyactui 20 — 100 I'sB B cucreme ueHTtpa
Macc, XapaKTepHBIN IS 3JIEGKTPOH-MOHHBIX KOJJIAIEpPOB, IPOEKTUPYEMBIX B HACTOsIIee
BpeMms. [TokazaHo, YTO C TOMOIIBIO MPEIOKEHHOI pa3paboTK MOKHO C BEICOKOI TOYHOCTHIO
MpeacKa3biBaTh (U3MUYECKUE XapaKTEePUCTUKU KOHEYHOTrO JIETITOHAa W aJpoHa, a Takxke
pas3IM4YHble BaApUAHTHI MOJISIPU3alUK IPOTOHA.
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Introduction

Deep inelastic scattering (DIS) of charged leptons by protons is one of the processes allowing
to gain insight into the internal structure of the proton [1].

It is well-known that a large number of different particles are generated in the DIS process.

Experimental research and theoretical approaches to description of such processes are usually
complex and require very sophisticated detector systems, involving various phenomenological
models for the analysis of experimental results, related, for example, to hadronization [2]. For
this reason, exclusive DIS studies have not yet been conducted.

However, as a rule, inclusive (with detection of only the scattered lepton) and semi-inclusive
(with detection of the scattered lepton and one of the hadrons produced) DIS is considered.

Study of semi-exclusive DIS of leptons by protons becomes much more complicated if the
lepton interacts with a polarized (longitudinally or transversely) proton [3].

At the same time, experiments with polarized particles are significantly more informative and
allow to come close to solving problems related to the origins of proton spin.

Taking into account the polarization of the proton in the initial state of semi-inclusive GNR
allows to measure various spin asymmetries that arise in the final state (after the process of semi-
inclusive DIS) [3].

Transverse single-spin asymmetries occur during transverse polarization of the proton;
these can be described within the framework of the Sivers [4] and Collins effects [3]. The
Sivers asymmetry A, can be used to generate the Sievers parton distribution functions,

© Jlobanos A. A., bepnuukos . A., Myssies E. B., 2024. WUznatens: Cankr-IletepOyprckuii moJmuTeXHUUECKU YHUBEPCUTET
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describing the correlations between the transverse momenta of quarks and the nucleon spin. The
Collins asymmetries A, help measure the transverse functions of the parton distribution together
with the Collins fragmentation functions [3]. All these functions are of great importance for
describing the internal structure of the nucleon [3].

In the case of longitudinal polarization of the proton, a longitudinal single-spin asymmetry
A, occurs. Its values allow to generate the 7-odd correlation functions (parton distributions and
fragmentation functions), which arise due to the exchange between quarks and longitudinally
polarized gluons [5]. It was established relatively recently that non-zero 7-odd parton
distributions are compatible with the invariance of the strong interaction with respect to time
reversal [5].

Large amounts of data obtained in each experiment are required to investigate any of the
above-mentioned asymmetries and the associated mechanisms of their formation, which are
determined by the parton distribution functions and fragmentation functions. In addition, it is
necessary to carry out experimental studies with a large set of initial energies (reference points).
Analysis of results of such experiments makes it possible to gain information about the parton
distribution functions and fragmentation functions [6].

Due to limited experimental capabilities (particularly financial resources), it is impossible to
obtain a sufficient number of reference points that can be used to approximate the distribution
functions. As a result, it is necessary to develop programs that can interpolate or extrapolate
experimental data by the selected parameters. The increase in data volumes (due to interpolation
and extrapolation) should have a positive effect on the accuracy of the obtained distribution
functions.

by
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Fig. 1. Simplified scheme of hadronization process:
O is the interaction point; Q,, Q,, ..., Q,,, are the string breaking points;
H, ..., H, are the emission points of hadrons 4,, h,, ..., h,; q,, g, are the interacting quark 4 and the remnant B,
respectively; y* is the virtual photon; arrows indicate the directions of motion of ¢, and ¢,

H

1°

Machine learning methods and, in particular, generative adversarial networks (GANs) can be
used to solve problems related handling big data [7].

GAN:Ss allow to develop algorithms and write computer programs (called event generators) that
can quickly obtain the necessary values from the original dataset, without specialized simulation
of the interaction of particles and the detector. We should also note that such programs allow
to avoid using large amounts of disk space, since they preserve the target distributions as small
subsets of parameters [9].

Methodology

As noted in the introduction, the current state of experimental technology, the financial
capabilities of the global scientific community and the presence of a large number of competing
physical problems do not allow to experimentally obtain a sufficient number of data points that
could be used for machine learning.

Due to this circumstance (lack of sufficient experimental data), the reference points were
obtained in our study via modeling semi-inclusive deep-inelastic scattering of leptons by a
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polarized proton. The simulation was carried out using the PYTHIAS program based on the
Monte Carlo generator [10], expanded by the StringSpinner software package [11]. The latter
includes the string+°P  model [12], based on the Lund model [2], making it possible to account
for the fragmentation of polarized quarks during hadronization.

The Lund model of hadronization can be illustrated by a simplified scheme (Fig. 1) [12].
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Fig. 2. Kinematics of semi-inclusive deep inelastic scattering [13];
planes of hadrons and leptons are shown
(see the notations used in the text)

We assume that the proton interacting with the charged lepton consists of a quark 4 and a
remnant B (g, and g, , respectively, in Fig. 1) [12].

The virtual photon y* emitted by the charged lepton is absorbed by one of the quarks of the
unpolarized proton (for example, the quark g, in Fig. 1). The photon y* transfers its momentum to
quark A, so that the separation of quark 4 and proton remnant B consequently begins. According
to the Lund model, a relativistic string is stretched between objects A and B as a result of color
interaction whose energy increases throughout the separation. The increase in tension continues
until a quark-antiquark pair gq can be produced. The string then breaks with the production of a
qq pair at the breaking points Q,, Q,, ..., Q ., [12]. This process can occur repeatedly, as long as
the law of energy-momentum conservation allows it. In some cases, quarks and antiquarks can
form a bound state, producing mesons [2]. This leads to semi-exclusive deep-inelastic scattering
of charged leptons by unpolarized protons.

As noted above, the PYTHIAS8+StringSpinner software package should be used for semi-
exclusive deep-elastic scattering of a charged lepton by a polarized proton.

Using PYTHIAS8+StringSpinner made it possible to simulate semi—inclusive deep inelastic
lepton scattering by a polarized proton in the initial energy range V. S,y = 20—100 GeV. The values
of 20, 40, 60, 80 and 100 GeV were considered as reference initial energies.

100,000 events were generated for the considered charged leptons (e*, e-, u*, u~) and hadrons
(n°, m+, -, K*, K at reference initial energies and at various polarizations of the proton
(longitudinal, transverse, and without polarization). The four-momenta of the finite lepton p, and
hadron p, were obtained from each event. These are referred to as real data. Using real data allows
to obtain the Sivers and Collins asymmetries Ay, and A_ , for transversely polarized proton and the
asymmetry A , for longitudinally polarized proton.

The multiplicity distribution N, for Collins asymmetry A_ , is proportional to the binomial in
the case of transversely polarized proton [14]:

dN,
dededeh doc,

o 14+ Dy S Acy SIN Py, (1
where D, is the depolarization factor, D,, = 2(1-y)/[1+(1-y)*].
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The quantity @, in Eq. (1) is defined as
(PCOI = (ph + (PS + T,

where @, is the azimuthal angle between the transverse component of the spin vector S and the
lepton scattering plane; ¢, is the azimuthal angle between the hadron emission plane and the
lepton scattering plane (Fig. 2).

The hadron multiplicity distribution N, for the Sivers asymmetry A, is defined as [14]:

dN,
dededehd Dsiy

oc 1_'_STASiV sin (pSiv’ (2)

where @, = 9, ~ g | | |

S, in expressions (1), (2) is the nucleon spin vector perpendicular to both the virtual photon
and the emitted hadron.

The values of asymmetry A, for longitudinallu polarized proton can be obtained from the

hadron multiplicity distribution N,, which is defined as [14]:
dN,

—— o 1+(1-y)4,sin20,. (3)
dej d=dp, do, (1-»)4, ?,
The following quantities were used in expressions (1)—(3):
2
Xgj = 2% is the Bjerken variable [13] describing the fraction of the proton momentum carried
q

by the parton (P is the four-momentum of the proton, ¢ is the four-momentum of the virtual
photon, @ = — ¢* );

P- . . .
z _ D is the fraction of the four-momentum of the virtual photon transferred to the

P-q
emitted hadron [13] (p, is the four-momentum of the hadron produced);

Py, is the projection of the hadron momentum, perpendicular to the virtual photon;

P-q

P-pl'

is the fraction of the energy of the incident lepton transferred to the virtual photon

y

[13] (p', is the four-momentum of the lepton before interaction).

The described method for calculating asymmetries was successfully tested by comparing it with
experimental data obtained in the HERMES and COMPASS experiments [12, 13], yielding good
agreement of the predictions with the experimental results. This success gives us reason to select
and use a technique for calculating semi-inclusive scattering of leptons by a polarized proton. The
range of initial energies typical for future electron-ion colliders is taken [16].

As noted above, specific calculations can be performed using the PYTHIA8+StringSpinner
software package.

More details can be found in [17] (see the section “Methodology”), where PYTHIAS is
combined with a generative adversarial network (GAN) to build a generator for semi-exclusive
deep-elastic scattering of charged leptons by polarized protons.

In this paper, the type of proton polarization was added as another input parameter of the
generator (in addition to those used in [17]). Furthermore, the number of hidden layers of the
GAN generator and discriminator was increased to 6

Results of neural network construction and discussion

Fig. 3 shows the values of the Collins asymmetry as a function of the Bjerken variable x,,
for the hadrons = and n* with the electron ¢~ and muon p~ scattered by transversely polarized
protons at an initial energy of 40 GeV. Evidently, the asymmetries obtained based on GAN
predictions coincide within the uncertainty range with the predictions obtained based on
PYTHIA8+StringSpinner data.
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Fig. 3. Dependences of Collins asymmetry ACol on the Bjerken variable x,,
for scattering of electrons e~ (a, b) and muons U~ (¢, d) by transversely polarized protons
with the production of negative (n7) (a, ¢) and positive (z*) (b, d) pions.
The initial energy of the particles is 40 GeV.
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)

Fig. 4 shows the values of the Sivers asymmetry as a function of the Bjerken variable x, for
kaons K~ and pions ©’ under scattering of positrons e” and antimuon Q" by transversely polarized
protons at an interpolated initial energy of 70 GeV; the results were obtained based on GAN
and PYTHIA8+StringSpinner. It follows from the data presented in Fig. 4 that the GAN-based
generator retains the prediction accuracy with a different scattering configuration for Sivers
asymmetries, including at energies that were not involved in the learning process.
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Fig. 4. Dependences of Sivers asymmetry A, on the Bjerken variable x,,
for scattering of positrons e* (a, b) and antimuons p* (¢, d) by transversely polarized protons
with the production of negative kaons K~ (a, ¢) and neutral pions n° (b, d).
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)
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Fig. 5 shows the values of asymmetries A , depending on the values of the Bjerken variable x,, for
kaons K* and pions n~ under scattering of electrons e~ and antimuons p* by transversely polarized
protons at an initial energy of 120 GeV, obtained based on GAN and PYTHIA8+StringSpinner.
The analysis of these data shows that the GAN model can work with longitudinally polarized protons
as well as at energies exceeding the energy range considered during training (extrapolated values).
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Fig. 5. Dependences of asymmetry A , on the Bjerken variable Xg
for scattering of electrons e~ (a, b) and antimuons p* (¢, d) by longitudinally polarized protons
with the production of positive kaons K* (a, ¢) and negative pions = (b, d).
The initial energy is 120 GeV.
The data were obtained using GAN (gray dots) and PYTHIA8+StringSpinner (black triangles)

Conclusion

In the presented study, a software package (event generator) was developed based on a
generative-adversarial network model in order to predict the characteristics of the final state of a
lepton and an additional hadron as a result of semi-exclusive deep-elastic scattering of a lepton
on a polarized proton.

It is established that the constructed event generator can work accurately with various scattering
configurations: incident leptons (e*, e-, u*, u7), hadrons (n’, n*, ©~, K*, K*), proton polarization
states (longitudinal, transverse, without polarization) and initial energies (we considered the range
of 20—100 GeV). Moreover, the generator works with the initial energies on which it was pre-
trained (20, 40, 60, 80, 100 GeV), with the interpolated energies (between the reference values)
and extrapolated ones (values above the considered range).

Studies indicate that the event generator can accurately (accounting for errors) predict various
types of asymmetry (4., A, 4,) that occur in the presence of proton polarization. The prediction
accuracy is preserved for various scattering configurations.
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CBEAEHUA Ob ABTOPAX

JIOBAHOB Amnmpeii  AmekcanapoBmd —  cmydenm — Du3uKo-mMexXaHu4eckoeo  uUHCMuUmyma
Cauxkm-Ilemepbypeckoeo noaumexnuueckoeo ynusepcumema Ilempa Beauxoeo, Cankm-Ilemep6ype, Poc-
cusl.

195251, Poccus, r. Cankr-Iletepoypr, Iloaurexnuueckas yi., 29

lobanov2.aa@edu.spbstu.ru

ORCID: 0000-0002-8910-4775

BEPIHUKOB SlpocaaB AneKcaHapoBH4 — JoKmMOp (uU3UKO-MameMamu4ecKux Hayk, npogeccop
Boicuteir wikonvt pyndamenmanvroix uzuveckux uccaedoganuti Cankm-Ilemepbypeckoeo noaumex-
Huueckoeo ynueepcumema Ilempa Beaukoeo, Cankm-Ilemepbype, Poccus.
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MY3AEB Eprenmii BaxepbeBuu — cmydenm — Qusuko-mexanuveckoeo  UHCMUMYmMA
Cankm-Ilemepbypeckoeo noaumexuuueckoeo ynusepcumema Ilempa Beauxoeo, Cankm-Ilemep6bype,
Poccus.
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