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ABSTRACT

Quark spin effects in hadronization were recently included in the PyrHIA 8 Monte Carlo event
generator for the simulation of the deep inelastic scattering (DIS) process off a polarized proton or
neutron target. The spin effects were activated via the external StringSpinner package, which is
based on the string+3Py model of polarized hadronization, and were restricted to the production of
pseudoscalar mesons in string fragmentation. The struck quark polarization could either be calculated
using parametrizations of the transversity PDFs or be freely specified. In this article we present a
major extension of StringSpinner that includes vector meson production in the PYTHIA 8 string
fragmentation. The spin-dependent emission and decay processes of the vector mesons are described
using the string+> Py model, which systematically accounts for the quark-spin degree of freedom in the
fragmentation chain. The new package works with the version 8.3 of the PyTHIA event generator and it
allows for a more complete and quantitative simulation of the final states in polarized semi-inclusive DIS
events. Also, it can be used to study the transverse-spin effects for the production of vector mesons. After
describing the new version of StringSpinner, examples of its usage in semi-inclusive DIS events are
presented.

* Corresponding author.
E-mail address: albi.kerbizi@ts.infn.it (A. Kerbizi).

1. Introduction

The quark spin effects were recently introduced in the hadroni-
zation part of the PyTHIA 8.2 Monte Carlo event generator (MCEG)
[1] for the simulation of the deep inelastic scattering (DIS) pro-
cess via the StringSpinner package [2]. The main purpose was
the simulation of the semi-inclusive DIS (SIDIS) process off a trans-
versely polarized proton or neutron, and in particular the study of
the transverse-spin effects induced by the transversity parton dis-
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tribution function (PDF) h‘{. The transversity PDF gives the trans-
verse polarization of a quark ¢ in a transversely polarized nucleon
and together with the spin-averaged PDF f{ and helicity PDF g
completes the collinear partonic structure of the nucleons at lead-
ing order.

Among the observable effects originated by h‘l’ in SIDIS there
are the Collins and dihadron transverse-spin asymmetries (TSAs).
In a factorized approach of SIDIS, such asymmetries arise from the
coupling between h‘ll and a spin-dependent fragmentation function
(FF), and show up as the amplitudes of specific modulations in the
azimuthal distributions of the final state hadrons. If single final
state hadrons are considered the related FF is the Collins function
Hliq” [3] that describes the fragmentation of a transversely po-
larized quark in unpolarized hadrons, and the corresponding TSA
is the Collins asymmetry [3]. If pairs of final state hadrons are
considered the corresponding FF is the interference fragmentation
function Hﬁlhh that describes the fragmentation of a transversely
polarized quark in a pair of unpolarized hadrons, and the related
TSA is the dihadron asymmetry [4]. The Collins and the dihadron
asymmetries have been measured by different experiments [5-7],
and have been used in combination with the corresponding ete~
data for the extraction of h] and the spin-dependent FFs Hﬁh

and Hfhh. In another observable, h‘lJ is coupled to a jet-function
which describes the conversion of a transversely polarized quark
in a jet of hadrons [8]. Unlike the Collins and dihadron asym-
metries, this observable presently has not been measured. For a
review on transverse-spin effects in hard semi-inclusive collisions
see, e.g., Ref. [9].

The main ingredients introduced in StringSpinner to sim-
ulate the polarized SIDIS process are the parametrizations of hﬁ’
[10] and the string+® Po model of polarized hadronization [11]. The
parametrizations of h‘f are implemented for valence quarks and
are used to calculate the transverse polarization of the quarks en-
tering the hard scattering. The string+>Py model is used for the
simulation of the string fragmentation process of the polarized
quarks [12]. Since the quark spin degree of freedom is propa-
gated along the full fragmentation chain in a systematic way, the
string+> Py model is expected to reproduce not only the Collins
and dihadron asymmetries but also possible spin effects in more
exclusive hadronic final states, e.g., as those described by the jet
functions.

In the first step toward the end goal of a systematic intro-
duction of the quark-spin effects in the PYTHIA event generator,
some restrictions were applied in the StringSpinner version
of Ref. [2]. They were essentially due to the current development
of the string+3Py model. The string fragmentation process was
in fact restricted to the production of pseudoscalar (PS) mesons,
while other hadronic states such as the vector mesons (VMs) were
ignored.! It is however known that a relevant fraction of the ob-
served final state hadrons consists in the decay products of VMs.
These secondary mesons contribute, together with the hadrons di-
rectly produced in the string fragmentation, in building the spin-
dependent observables in SIDIS. Understanding the contribution of
VMs is thus important for the interpretation of the data. More-
over, transverse-spin effects in the production of VMs are interest-
ing phenomena to explore as they provide a deep insight in the
spin-dependence of the hadronization process [13]. From the ex-
perimental point of view, data on transverse-spin effects for VMs
is rather poor. The first measurement of the Collins asymmetries

1 We also recall that in StringSpinner the parton showers are switched off
because presently the string+> Py model does not handle the more general string
configurations involving multiple partons that would be produced in the showering
process.

for p° mesons was recently performed by the COMPASS experi-
ment [14].

In this article we present a major extension of StringSpin-
ner that includes the production and the decays of VMs in the
polarized string fragmentation process of the PYTHIA event gener-
ator. For this purpose, we use the recently developed string+> P
model with PS meson and VM production [15]. The model intro-
duces two new free parameters to describe the relevant polar-
ization states of the VMs. The decays of the VMs are simulated
taking into account their polarization states. The spin information
is propagated along the fragmentation chain using the Collins-
Knowles (CK) recipe [16,17] to preserve the quantum mechanical
correlations between the angular orientations of the decay hadrons
and the polarization of the fragmenting quarks in the recursive
fragmentation chain. Concerning the actual implementation, the
UserHooks class of StringSpinner that enables external inter-
vention in the PyTHIA string fragmentation process is extended to
include the production of light and heavy VMs. The UserHooks
class is also updated to work with the version 8.3 of the PyTHIA
generator [18]. A new implementation of the PyTHIA class for ex-
ternal intervention in decay processes is developed in order handle
the polarized hadronic decays of the VMs. This new development
also provides the framework for possible future extensions of the
StringSpinner package aimed at introducing other species of
hadrons and their decays.

The article is organized as follows. The implementation of the
new quark spin effects in the PyTHIA string fragmentation and the
handling of the external decays of VMs are presented in Sec. 2.
The description of the program files and the instructions to use the
new version of the StringSpinner package are given in Sec. 3.
The main simulation results of TSAs obtained with the new version
of the package and the comparison with data are shown in Sec. 4.
The conclusions and the future prospects are discussed in Sec. 5.

2. Extension of the polarized string fragmentation of PYTHIA

When a DIS event is simulated, PYTHIA generates the values of
the Bjorken variable x and of the virtuality Q2 of the exchanged
boson, which here is considered to be a virtual photon. Using the
PDFs, this allows to select the flavor of the quark which under-
goes the hard scattering with the beam lepton. The hard scattering
is simulated and the four-momenta before and after the scatter-
ing are set up. As a next step, PYTHIA constructs the remnants of
the target nucleon and ties a string between the struck quark q
and a remnant qg. The remnant qg can be either a diquark or an
antiquark depending on whether the struck quark comes from the
valence or sea regions.

Before the fragmentation of the gqqgr string is started,
StringSpinner calculates the density matrix p(q) = (1 + o0 -
Sq)/2 of the scattered quark either by using the parametrizations
of the transversity PDFs or a value of the quark polarization chosen
by the user, as described in Ref. [2]. The vector Sq = (Sqt, SqL) indi-
cates the polarization vector of the scattered quark with transverse
component Sgr and longitudinal component Sq with respect to
the string axis, which defines the longitudinal direction or Z axis.
If the primordial transverse momentum of quarks is neglected, the
string axis coincides with the momentum of the exchanged bo-
son. The quantity o = (0x,0y,0;) is a vector of Pauli matrices.
The density matrix of the scattered quark is the initial condition
for the simulation of the polarized string fragmentation process.

In the following subsections we describe only the modifications
to StringSpinner regarding the simulation of the spin effects
in hadronization for the emission of PS mesons and VMs, and the
simulation of the decays of VMs. The other features of the package
are unchanged and the complete description of them is given in
Ref. [2].
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Fig. 1. Propagation of the spin information along the string fragmentation chain ac-
cording to the recipe in Refs. [16,17].

2.1. Reweighting of hadrons in string fragmentation

The string fragmentation process qqr — hq, hy,..., where
hi, hy, ... are the emitted hadrons, is simulated by PYTHIA as a re-
cursive process of elementary quark splittings ¢ — h+¢q’ as shown
in Fig. 1. In the splitting the fragmenting quark g emits the hadron
h and leaves the recurring quark q’ to be fragmented in the next
splitting. The four momentum is conserved, i.e., it is k=p + K/,
where k, p and k' indicate the four-momenta of ¢, h and ¢/, re-
spectively.

Each emitted hadron in string fragmentation is inspected by
StringSpinner, which applies a veto procedure to emulate the
rules of the string+>Pg model inspired by the standalone imple-
mentation of the model in Ref. [15]. The hadron h is rejected if it
does not belong to the multiplets of (light or heavy) PS mesons or
VMs, or if it is not produced from the fragmenting quark side. The
latter rejection is such that the string fragmentation evolves from
the fragmenting quark side towards the remnant side. If these se-
lections are passed, the hadron is rejected with a probability 1/2
in order not to change the composition of the produced hadrons
but only their transverse momenta.

If the hadron passes these preliminary selections, it is accepted
with the probability

1 2Im(w) K, Y
p(k'/raqu)=§ X |:1+aigqu’<ZXl(T) ) (1)

|n|? + Ky

which is inspired by the polarized splitting probability of the
string+> Po model in Ref. [15]. The vector k; is the transverse mo-
mentum of g’ with respect to the string axis and lA(/T = ky/K. The
mixed product Sgr - (i X lA(/T) which appears in Eq. (1) is respon-
sible for the Collins effect in the fragmentation of transversely
polarized quarks. The quantity u is a complex mass parameter in-
troduced in the string+3 Py model to parametrize the relative 3Py
wave function of the q'q’ pair produced at the string breaking. It
is taken to be the same for all quark flavors. The factor a is new
with respect to Ref. [2]. It is a constant given by a=—1 if h is a
PS meson and by a = fi if h is a VM, where f] is a free parameter
of the string+>Py model governing the fraction of longitudinally
polarized VMs. It is defined as fi = |G|?/(2|Gt|> + |GL|?), where
G and Gt are the complex constants describing the coupling of
quarks to VMs with longitudinal and transverse polarization with
respect to the string axis, respectively.

As can be seen in Eq. (1), the imaginary part of w is responsible
for the transverse spin effects in the fragmentation process, which
vanish for Im(u) = 0. The factor 2lm(,u)k’T/(|/¢|2 + k’Tz) regulates
the magnitude of these effects and it is common to the multiplets
of hadrons considered. The parameter f; governs mainly the spin
effects for the production of VMs. Note also that it is a < O for PS
mesons and a > 0 for VMs. Hence the spin effects for PS mesons
and VMs are opposite.

The real part of w is instead responsible for the longitudinal
spin effects as discussed in Ref. [12].

2.2. Decays of polarized vector mesons

In the standard procedure of PYTHIA, the decays of resonances
produced during string fragmentation are performed after the ter-
mination of the fragmentation chain. In order to implement the CK
recipe, however, it is necessary to perform the decays of the reso-
nances right after the resonances are produced, as shown in Fig. 1.
In the figure, the short arrows indicate the propagation of the spin
information along the chain.

To implement this recipe, each accepted hadron h is further
inspected by StringSpinner. If h is a PS meson, its possible
decay process is handled by PyTHIA as the meson does not carry
any spin information. If h is a VM it is decayed externally. The
external decays are performed by the class named polarizedDe-
cayHandler, which is new with respect to the previous version
of StringSpinner. It is a derived class of the DecayHandler
class offered by PyTHIA as a base class for the external handling
of decays. A PolarizedDecayHandler object is created inside the
main UserHooks class of StringSpinner, and a pointer to this
object is given to the main PyTHIA class together with the list of
the hadrons to be decayed externally. This activates the external
decays.

The actual decay process is performed within the Polarized-
DecayHandler class using the routines developed for the stan-
dalone implementation of the string+> Pq model [15]. Presently the
VMs admitted for the external decays are the light mesons p and
w, and the strange mesons ¢ and K*. The decay channels which
can be treated externally are the hadronic two-body decays of the
type VM— PS+PS and VM — PS+y, and the three-body decays
of the type VM— PS+PS+PS of the w and ¢ mesons. Other de-
cays are either not relevant for the goal of this work or have small
branching ratios, and they are handled by the standard routines of
PYTHIA.

To decay the hadron h the required ingredients are the identity,
the four-momentum in the string rest frame, and the polarization
vector §q of the fragmenting quark q. Knowing the identity of the
VM, the decay channel is selected by the same functions as those
used by PyTHIA in order to limit the introduction of external infor-
mation, e.g., the mass, width and branching ratios. The momenta
of the decay hadrons are generated using the spin density matrix
p(h) of h and the same routines of the standalone implementation
of the string+3 Py model [15].

The density matrix of the VM is calculated as

Tr [(,u +0,0 -Kp) The p(Q) F;rw, (u*+0-K; Gz)]

Paa' (h) = ; T ; ,
Tr[ (1 + 0,0 -KD) Th g p@T) 5 (1" +0 - K 0]

(2)

where the trace is taken over the quark-spin indices, and a sum-
mation over the repeated indices is understood. The matrix I'y o =
(Grox03, Gr0y 07, Gi, 12x2) is the coupling of the quarks g and ¢’ to
the VM with linear polarization along o = x, y, z. The density ma-
trix depends on , K;, fi and on the new parameter 6y1. The latter
is defined as 6t = arg(GL/Gt) and it is the second free parameter
of the string+3 Py model needed to describe the spin effects for VM
production. A non-zero 07 is responsible for the oblique polariza-
tion of VMs, which is a new source of Collins effect as described
in detail in Ref. [15].

The calculated density matrix o (h) is used to generate the non-
isotropic angular distribution of the decay products in the rest
frame of the VM. They are then are boosted to the string rest
frame, stored externally and provided to PYTHIA at a later stage
as described below. The detailed explanation of the generation of
the angular distribution of the decay products is given in Ref. [15].



2.3. Propagation of the spin information

The external decays provide as a result the decay matrix D
that is used to propagate the spin information along the string
fragmentation chain, as shown in Fig. 1. This matrix encodes the
correlations between the polarization of the fragmenting quark g
and the decay products of the VM, as required by the CK recipe.
It depends on the decay amplitude that describes the decay pro-
cess. The corresponding expressions for the decays considered in
this work can be found in Ref. [15].

The decay matrix is also used to calculate the density matrix of
the leftover quark q’ [15]

[Darec (1 +020 1) Tha P@ T (1 +0 - K 0|

Tr[Numerator]

p(q) =
(3)

This expression ensures that the information about the orientation
of the decay products is transferred to ¢’. In this way the spin in-
formation is propagated along the fragmentation chain accounting
for quantum mechanical correlations.

2.4. Closure of string fragmentation and storage of decay hadrons

The steps described in the subsections 2.1-2.3 are repeated at
each splitting generated during the string fragmentation process
until the fragmentation chain is closed by the standard PyTHIA pro-
cedure (see Fig. 1). To close the chain, the remaining string piece
(n—1GRr, Where g1 is the leftover quark after n — 1 hadrons have
been emitted, is fragmented by PyTHIA generating a further string
breaking where the g,G, pair is produced. No external veto pro-
cedure is performed on the construction of the final two hadrons,
hn—1 = (@n-1Gn) and h, = (qnqr). However, if the hadron h,_q is a
VM it is decayed externally as described in Sec. 2.2.

After the string fragmentation is terminated, the decays of the
produced hadrons are simulated by PYTHIA except those which are
deemed to be handled externally. The relevant information on the
decays simulated externally is in fact transferred by the polar-
izedDecayHandler class to PyTHIA. The decay products of the
externally decayed hadrons are thus stored in the event record and
can be accessed by the standard PyTHIA methods. Their momenta
are expressed in the same reference system as the one chosen by
the user for the simulation of the DIS process.

3. Program files and instructions

The new StringSpinner package is composed of the old
C++ files StringSpinner.h, Transversity.h, and dis.cc;
the old Fortran file mc3P0.£90; and of the new C++ files
VectorMesonDecays.h and PrimordialKT.h, and For-
tran file definitions.£90. Among the old files, Transver-
sity.h, which implements the definitions of the transversity
PDFs, has not been modified. The description of the modifications
of the old files as well as the description of the new ones is the
following.

StringSpinner.h is the main file of the package containing
the implementation of the UserHooks class for the introduction
of the spin effects in PYTHIA. It is updated as compared to Ref. [2]
with modifications that allow to extend the list of hadrons that
can be handled in string fragmentation according to the string+> P
model, and to decide which hadron is to be decayed externally.
Also, the interface with PyTHIA is updated to work with the version
8.3 of the generator.

VectorMesonDecays.h (new compared to Ref. [2]) is a header
file containing the PolarizedDecayHandler class to manage the
simulation of the polarized decay processes. It is an implemen-
tation of the ExternalDecays class, offered by PyTHIA to allow
the intervention of the external user during the decays. Polar-
izedDecayHandler decides which decays can be performed ex-
ternally, performs the decays by using the Fortran routines of
mc3P0.£90 (see below) and communicates with PytHIA for the
storage of the decay hadrons in the event record. This last step is
performed by the other two classes named Decayer and Saved-
Hadrons. These are new classes implemented to trace where the
decay was performed during string fragmentation and to correctly
save the decay products in the event record.

PrimordialKT.h (new compared to Ref. [2]) is a header file
implementing an auxiliary class that allows to obtain the string
axis in an event where the primordial transverse momentum of
quarks is switched on.

mc3P0.£90 implements the Fortran module that contains
all the routines needed for the calculation of the spin-dependent
quantities, e.g., the probability in Eq. (1), the density matrices in
Eq. (2) and Eq. (3), and for the generation of the angular distri-
butions of the hadrons produced in the decay processes of the
polarized VMs. This file is extended compared to Ref. [2] and gath-
ers the routines used in the standalone implementation of the
string+> Py model in Ref. [15].

definitions.f90 (new compared to Ref. [2]) implements a
Fortran module that contains the definitions of new types of
variables. In particular it includes the definitions of four-vectors
and spin density matrices as well as the definitions of the pos-
sible operations on these variables. The module is used only by
mc3P0.£90.

The complete StringSpinner package can be downloaded
from gitlab.? It includes also a configure script and a Makefile
for the compilation of the main program, as will be explained in
more detail in Sec. 3.2.

3.1. The main program

As in Ref. [2], a sample program for the simulation of DIS events
is provided by the dis. cc file. The structure of the main program
is the one of standard PyTHIA with few additions, which are sum-
marized as follows.

The schematic structure of the main program is

#include "Pythia8/Pythia.h"
#include "StringSpinner.h"
using namespace Pythia8;
int main() {
Pythia pythia;
Event& event = pythia.event;
auto fhooks =
std: :make shared<SimpleStringSpinners () ;
fhooks->plugInto (pythia) ;

// Standard Pythia settings.

// StringSpinner settings.

pythia.init (),

for (int iEvent:O;iEvent<nEvents;iEvent++){
if (Ipythia.next ()) continue;
// Analysis of the Pythia event record using
// the standard tools.

2 https://gitlab.com/albikerbizi/stringspinner.git.
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return 0;

1

The StringSpinner.h file must be included in the main pro-
gram. To activate the spin effects, the creation of the pythia
object by Pythia pythia, must be followed by the creation of a
shared pointer to a SimpleStringSpinner object. As described in
Ref. [2], simpleStringSpinner is the ad hoc implementation of
the UserHooks class for the insertion of spin effects in PYTHIA. The
pointer is named here fhooks and it can be created by adding the
line auto fhooks = std::make shared<SimpleStringSpin-
ner> (). The following command fhooks->plugInto (pythia)
is needed to pass the pointer to the created UsersHooks class
to the pythia class. This allows PyTHIA to simulate the spin ef-
fects for the processes that can be handled. It will also allow
StringSpinner to communicate with the user using the PYTHIA
settings system.

To change the settings of the generator, the standard PYTHIA
command pythia.readString() can be used before the
pythia.init () command. The same command can be used also
for the settings of StringSpinner, at variance with the old ver-
sion where it was necessary to use ad hoc methods implemented
in the SimpleStringSpinner class [2]. The pythia.read-
String() command takes a character string of the form “pa-
rameter = value” as argument, and in the following we will
describe the parameters available in StringSpinner.

The target polarization can be specified by the setting

e StringSpinner:targetPolarisation = Sx, Sy, Sz

where Sx, Sy and Sz are the components of the polarization vector
in the chosen reference system. To chose freely the polarization
vector for a given quark flavor the analogue setting

e StringSpinner:gPolarisation = Sx,Sy, Sz

can be used, where g indicates the flavor of the quark and it can
be u, 4, s, ¢, b, ubar, dbar, cbar and bbar. For more details
on the option of specifying the quark polarizations see Ref. [2].

The free parameters of the string+>Po model can be changed in
an analogous manner. The complex mass (& can be specified with
the settings

e StringSpinner:re(Mu) = reMu
e StringSpinner:im(Mu) = imMu

where reMu and imMu are the values of the real and imaginary
parts of p respectively. The parameters which concern specifi-
cally the spin effects for the production and decay of VMs can be
changed by the settings

e StringSpinner:GLGT = gLgT
e StringSpinner:thetalT = thetalT

glgT indicates the value of the coupling constant ratio |Gp/Gr|
which gives the parameter fi = |G1/Gt|%/(2 + |GL/G1/?). The pa-
rameter fi can be 0 < fi < 1. thetalT indicates the value of the
parameter 6yt which is expected to take values between —m and
.

As described in detail in Ref. [2], StringSpinner can pro-
duce more general final states allowing the emission of hadron
types that can not be handled by the string+>Pg model, e.g.
the baryons and heavier hadronic states. Their production can be
changed using the setting StringSpinner:hadronMode = opt.
Here opt can take the values 0 or -1. The former value allows

the production of all types of hadrons but the spin effects are
deactivated as soon as the first hadron that can not be handled
is produced. The latter, which is the default setting, rejects all
hadrons that can not be handled in the polarized string fragmen-
tation (see Sec. 2.1).

The same options are available also for the treatment of the
hadrons that in the string fragmentation process are emitted from
the remnant side. This possibility is described in more detail in
Ref. [2] and the corresponding setting is StringSpinner:rem-
nantMode = opt. The choice opt=0 activates the splittings from
both string ends by propagating the spin effects only from the
struck quark whereas the value -1, which is the default setting,
rejects the emissions from the remnant side (see Sec. 2.1).

After the settings of the generator have been specified, the
pythia.init () command is called followed by the loop over the
events. Inside the event loop the same PyTHIA commands to read
off the event record can be used for the analysis of the generated
events.

3.2. Installation and running

Assuming that PytHIA 8.3 has already been installed, the
StringSpinner package can easily be downloaded and installed
using the following shell commands

git clone https://gitlab.com/albikerbizi/stringspinner
cd stringspinner

./configure path/to/pythia/installation/directory
make

This produces the file Makefile.inc, which stores the path to
the installation directory of PyTHIA and is included in the file
Makefile. The latter gathers the necessary commands to com-
pile the main program.

The main program can then be compiled together with the
other files of the package using the command make dis, which
produces the executable dis, and run with ./dis. The cancel-
lation of the files generated by the compilation procedure can be
done using the make clean command.

4. Results on the transverse-spin effects in SIDIS
4.1. Validation and parameter setting

The new implementation of the spin effects in the String-
Spinner package has been validated by comparing the resulting
kinematical distributions of the final state hadrons and the trans-
verse spin asymmetries with those obtained with the standalone
implementation of the string+> Py model [15]. For the comparisons
(not shown here) only strings stretched between a transversely po-
larized u quark and a (ud)o diquark have been selected, which al-
lows to obtain similar conditions in the two generators. The results
obtained with the two generators were compared for different set-
tings of the free parameters and turned out to be consistent.

In this new version of StringSpinner the setting of the
free parameters responsible for the spin effects is chosen as fol-
lows. The complex mass u is set to Re(u)=0.42GeV/c? and
Im(u) =0.76GeV/c?, as in Ref. [15]. The imaginary part of f is
increased by a factor of two, while keeping the same value of | |2,
as compared to the previous version of the package in order to
compensate for the dilution of the spin effects arising from the
introduction of VMs and their decays in the fragmentation chain.
The couplings to the VMs are set to the values fi = 0.93 and
Ot = 0, which were shown to give a satisfactory description of the
TSA data [15]. Also the primordial transverse momentum of the
quarks in the nucleon is switched off using BeamRemnants:pri-
mordialKT = off. The other parameters are the same as those
of PYTHIA.



In the following subsections we give the main results obtained
from simulations of the SIDIS process off transversely polarized
protons and compare them with experimental results.

4.2. Collins asymmetries

To extract the values of the Collins asymmetries we consider
the simulations of the SIDIS process IpT — I'hX off the trans-
versely polarized target proton p at rest. With [ and I’ we indicate
the beam and the scattered leptons, respectively. In the gamma-
nucleon reference system (GNS), where the exchanged virtual pho-
ton momentum defines the Z axis and the transverse momentum
of the scattered lepton defines the X axis, the distribution of the
observed hadron h is expected to be [19]

dNp
dxdzdPtdpc

The distribution is given as a function of the Bjorken variable x,
the fraction of the exchanged photon energy z carried by h, the
modulus Pt of the transverse momentum Pr of h, and of the
Collins angle ¢c = ¢y, + ¢s — . The angles ¢y, and ¢s indicate the
azimuthal angles of Pr and of the target transverse polarization
St in the GNS, respectively. The amplitude of the sin¢c modu-
lation is proportional to the product of the depolarization factor
Dnn =2(1 — y)/[1+ (1 — ¥)], ¥ being the fraction of the energy
of I carried by the exchanged photon in the GNS, and of the Collins
asymmetry A5 %) (x 2z, Pr). The possible dependence of the
asymmetry on the virtuality Q2 of the exchanged photon is ne-
glected here.

To study the Collins asymmetries in the kinematical configu-
ration of the COMPASS experiment, we carried on simulations of
DIS processes with a 160 GeV/c muon beam and applied the same
kinematic selections of Ref. [6]. The results are shown as a func-
tion of x (left column), z (middle column) and Pt (right column)
in Fig. 2. The top row gives the asymmetries for 7+ and 7 ~, the
middle row those for K™ and K~, and the bottom row that for
K°. In each plot the simulation results (full points) are compared
with the COMPASS data. As can be seen, StringSpinner repro-
duces satisfactorily the trends and the magnitude of the Collins
asymmetries for pions. This is also the case for the trend of the
KT asymmetry that, despite the larger uncertainties, show a simi-
larity with the 7+ asymmetry. In simulations, the K+ asymmetry
is somewhat larger as compared to the 7 asymmetry owing to
the fact that the kaon sample receives a lower contribution from
the decays of VMs. Concerning K~ the measured asymmetry has
large uncertainties, which makes the comparison with the trends
of the simulation results difficult. The average value of the sim-
ulated asymmetry is, however, compatible with that of the data.
StringSpinner reproduces also the sign and the average value
of the asymmetry for K® mesons. An interesting feature of the
simulated K° asymmetry are the large positive values at large x,
compatible with the data.

The comparison with the Collins asymmetries from the HER-
MES experiment [5] is given in Fig. 3. For this comparison we
carried on simulations of DIS processes with a 27.6GeV/c elec-
tron beam and applied the same kinematic selections of Ref. [5],
keeping the same values of the free parameters. The results are
shown as a function of x (left column), z (middle column) and Pt
(right column). The top row shows the asymmetries for 7+ and
7 ~, the middle row shows the asymmetries for K™ and K—, and
the bottom row shows the asymmetry for 7° mesons. The sim-
ulation results (closed points) are compared to the HERMES data
(open points). Note that the sign of the HERMES asymmetries is
reversed in order to use the same convention for the Collins angle
as in Eq. (4), and that these asymmetries include the Dyy factor.
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Fig. 2. Comparison between the simulated Collins asymmetries (full points) and the
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Fig. 4. Comparison between the simulated dihadron asymmetries (full points) and
the asymmetries measured by COMPASS [7] (empty points) for h*h~ pairs.

StringSpinner gives an overall satisfactory description of the
experimental results, in particular for 7+, 7~ and K. For x > 0.2
the simulations produce a somewhat lower asymmetry for 7~ as
compared to data but still compatible within the uncertainties. The
simulated asymmetry for K~ is small and positive, and compati-
ble with the data within uncertainties. Concerning the asymmetry
for 7% mesons, the simulations produce a small negative asymme-
try as expected by considerations based on isospin symmetry and
the fact that the production of 7+ mesons is favored in SIDIS off a
proton target. The 70 asymmetry as measured by HERMES shows
instead mostly positive values, although with large uncertainties.

As compared to the Collins asymmetries simulated with the
previous version of StringSpinner, differences can be seen
in the trends of the asymmetries as a function of z and Pr, as
produced by the emission of VMs in the final states and their
polarized decays. This has also been studied in detail in the con-
text of the standalone implementation of the string+3 Py model in
Ref. [15]. The average values of the Collins asymmetries are instead
similar, as expected by the increase of the imaginary part of u dis-
cussed in Sec. 4.1.

4.3. The dihadron asymmetry

The dihadron asymmetries are obtained from the azimuthal an-
gle distribution of pairs of oppositely charged hadrons hihy pro-
duced in the same event. According to the SIDIS cross section for
the production of hadron pairs [4], the distribution of the pair is
expected to be

th]hz . sin ¢y
———12 o1+ DnNST(sing Ay
dxdz thh d¢R5 o1+ DSt ur

) sin¢gs, (5)
where z = z; + zp is the fractional energy of the pair and My
is its invariant mass. The azimuthal angle ¢rs is measured in the
GNS and it is defined to be ¢rs = ¢r + ¢s — 7. Here ¢p is the
azimuthal angle of the relative transverse momentum of the pair
Rr = z Pi1/z — z21P)1/2, where Pt and Pyt are the transverse mo-
menta of the hadron hy (the positive one) and h; in the GNS,
respectively. The dihadron asymmetry (sinf Ai}?""‘s) appears in the
amplitude of the sin¢rs modulation and it can depend on the vari-
ables x, z, and Myy. The angle 6 is the polar angle of one of the
two hadrons measured in the rest frame of the pair with respect to
the direction of the total momentum of the pair. The angle brack-
ets indicate the integration w.r.t. this angle.

The simulated dihadron asymmetry for charged hadron pairs,
namely h; = ht and h, = h~, obtained from simulations of the
SIDIS process off a transversely polarized proton at rest in the
COMPASS kinematics, is shown in Fig. 4 (open points) as a func-
tion of x (left plot), z (middle plot) and My, (right plot). It is
compared with the dihadron asymmetry as measured by COMPASS
[7] (open points). In the simulations the same selection cuts as in
the COMPASS analysis are applied. The description of the dihadron
asymmetry by StringSpinner is satisfactory for all kinematic
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Fig. 5. Comparison between the simulated Collins asymmetry for p° mesons (full
points) and the corresponding asymmetry measured by COMPASS [14] (empty
points).

variables. Looking at the asymmetry as a function of My, a some-
what different trend can be seen in the simulations in the invariant
mass region of the p® meson. While the simulated asymmetry is
diluted by the p° decays, the data seem to indicate a possible
enhancement. This could be due to possible interference effects
among the pion pairs produced in the p-decay and those pro-
duced directly from string fragmentation, which are not considered
in the simulations.

Compared to the previous version of StringSpinner, the
trend of the dihadron asymmetries simulated with the new ver-
sion as a function of invariant mass is somewhat different. It is
due to the fact that the decays of VMs contribute only to the di-
lution of the dihadron asymmetry in Eq. (5) [15], which results in
structures in the invariant mass regions of the VMs.

4.4. Collins asymmetries for vector mesons

The Collins asymmetry for VMs is an important observable to
access information on the spin-dependence of the hadronization
process, as discussed in detail in Ref. [15]. The Collins asymmetries
for VMs can be extracted from the simulated data using Eq. (4) and
selecting the meson among the produced hadrons in the event.
From the experimental point of view, however, the measurement
of the Collins asymmetries for VMs is challenging. The main reason
is the large combinatorial background from non-resonant meson
pairs that must be subtracted when constructing the candidate
VMs. The data on the Collins asymmetries for VMs is presently
poor, the only existing measurement being the Collins asymmetry
for p° mesons measured in SIDIS off protons by COMPASS [14].

The comparison between the simulated Collins asymmetry for
p° mesons with the COMPASS data is shown in Fig. 5. We stress
that this is the first time that the simulation of the full Collins
asymmetry for p® mesons (and in general for that of VMs) pro-
duced in SIDIS is made possible. The asymmetry is shown as a
function of x (left plot), z (middle plot) and Pr (right plot). The
same selection cuts as in the COMPASS analysis are applied also
in the simulations. The simulated asymmetry (full points) shows
positive values as in the data (open points). As expected from the
string+3 Py model [20,15], the Collins asymmetry for 0° mesons
has the opposite sign as compared to the asymmetry for 7+
mesons (see Fig. 2). The simulation results exhibit an increas-
ing trend as a function of x and z, and a decreasing trend for
Pt < 0.5GeV/c. The data give indications for positive asymmetries
as well, but the large statistical uncertainties make a comparison
of the dependence on the kinematic variables difficult.

5. Conclusions

We presented the new version of the StringSpinner pack-
age that includes the production of vector mesons and their polar-
ized decays in the string fragmentation process for DIS events. For
this purpose we used the string+> Py model of polarized hadroniza-
tion, with pseudoscalar and vector meson production. The main



modifications to the previous version of the package concern the
production of vector mesons in the final state, the simulation of
the external decay processes of such mesons and the interface to
the most recent PYTHIA 8.3 event generator. The developments pre-
sented here provide in addition the framework for possible future
extensions of the package such as the production of other hadron
species in the polarized quark fragmentation and for its use in sim-
ulating other collision processes.

The new package was used to simulate transverse spin asym-
metries in SIDIS, which were compared with the experimental data
showing a satisfactory agreement. In particular, the results for the
Collins asymmetries agree with the measured ones for different
species of hadrons, i.e. charged and neutral pions and kaons, and
0% mesons.

The encouraging results obtained in this work confirm the
soundness of the string+> Pq model in the description of the (trans-
verse) spin effects in hadronization, and the framework presented
here is a promising candidate for the systematic introduction of
spin effects in the PYTHIA event generator. It would be a valuable
tool to be used in the preparation of future experiments like the
EIC, and deserves further development.
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