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Quark spin effects in hadronization have been recently included in the PYTHIA 8 event generator
for the simulation of the deep inelastic scattering (DIS) process off a polarized nucleon target
via the external StringSpinner package. The spin effects can be simulated for the produc-
tion of pseudoscalar mesons using the string+3𝑃0 model of polarized quark fragmentation and
parametrizations of the transversity PDFs.
We present here a major development of StringSpinner which includes the production of
vector mesons in the polarized PYTHIA 8 string fragmentation as well as their polarized decays.
The package is validated and used to simulate the transverse-spin asymmetries in semi-inclusive
DIS (SIDIS). The simulation results on the Collins and dihadron asymmetries for the final state
mesons are compared with the asymmetries measured in SIDIS off transversely polarized protons.
Also shown are the predictions for the Collins asymmetries for 𝜌 mesons produced in SIDIS off
transversely polarized protons.
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1. Introduction

Monte Carlo event generators (MCEGs) are fundamental tools in high energy physics com-
monly used for the extraction of physics information from data, for the interpretation of data and
to make predictions for future experiments. The requirements for the construction of MCEGs
come mainly from the LHC physics program while other interesting phenomena explored in recent
years are typically not considered. The most remarkable example is the observation of the Collins
transverse spin asymmetry (TSA) in semi-inclusive DIS (SIDIS) processes [1, 2] and the corre-
sponding azimuthal asymmetry for back-to-back hadrons produced in 𝑒+𝑒− annihilation [3]. The
combined analysis of these asymmetries led to the extractions of the transversity PDF, describing
the transverse polarization of a quark in a transversely polarized nucleon, and to the Collins frag-
mentation function (FF), describing the fragmentation of a transversely polarized quark in hadrons
(the so-called Collins effect [4]). Other examples are the dihadron transverse-spin asymmetry [5]
and the jet-handedness [6].

To enable the simulation of these effects with a MCEG, we started a systematic introduction of
quark spin effects in the string fragmentation routine of the PYTHIA 8 event generator [7] with the
StringSpinner package [8]. The spin effects can be simulated for the DIS process off a transversely
polarized nucleon with pseudoscalar (PS) meson production using the recent string+3𝑃0 model of
polarized quark fragmentation [9] and parametrizations of the transversity PDFs for the calculation
of the transverse polarization of the struck quark. The model is capable of reproducing the Collins
effect as well as the dihadron and jet handedness effects. Parton showers are switched off, as their
activation would require further developments of the string+3𝑃0 model to handle the fragmentation
of the complex string topologies produced by the showering process.

In this article we present a major recent development of StringSpinner, namely the produc-
tion and decay of vector mesons (VMs) in the final states of DIS events. To achieve this goal we
used the most recent version of the string+3𝑃0 model as well as its standalone MC implementation
[9]. This development allows for a more complete simulation of transverse spin effects in DIS
events and it is described in Sec. 2. The new version of StringSpinner is used to compare the
simulated TSAs with the data from SIDIS measurements and the results are shown in Sec. 3. In
Sec. 4 we show the simulation results for the Collins asymmetries for VM production in SIDIS,
another interesting observable arising in the polarized fragmentation process which is still poorly
explored theoretically and experimentally. Finally in Sec. 5 we draw our conclusions.

2. Inclusion of spin effects in PYTHIA hadronization

The introduction of quark spin effects in the string fragmentation process of PYTHIA is achieved
using the UserHooks class of the generator. This class allows an external user to step in during the
execution of the normal string fragmentation process and to veto each produced hadron according
to some externally imposed logic. The logic implemented in StringSpinner is inspired to the
string+3𝑃0 model presented in Ref. [9] and it is the following.

Each hadron ℎ emitted in string fragmentation is viewed as arising from the splitting 𝑞 → ℎ+𝑞′,
where 𝑞 is the fragmenting quark and 𝑞′ the leftover quark. The hadron is accepted with the
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probability

𝑝(k′
T, S𝑞T) =

1
2
×
[
1 + 𝑎

2Im(𝜇)
|𝜇 |2 + k′2

T
S𝑞T ·

(
ẑ × k′

T
) ]

. (1)

The ẑ axis defines the string axis, stretched in a DIS event between the struck quark and the target
remnant. The vectors k′

T and S𝑞T are the transverse momentum of 𝑞′ and the transverse polarization
of 𝑞 with respect to the string axis, respectively. The vector S𝑞T is encoded in the spin density
matrix 𝜌(𝑞) of 𝑞. The quantity 𝜇 is a complex mass parameter introduced in the string+3𝑃0 model
to parametrize the relative 3𝑃0 wave function of the 𝑞′𝑞′ pair produced at the string breaking. The
imaginary (real) part is responsible for transverse (longitudinal) spin effects in the fragmentation
process.

The factor 𝑎 is constant, and it is 𝑎 = −1 for a PS meson and 𝑎 = 𝑓L for a VM. 𝑓L is a free
parameter of the string+3𝑃0 model which gives the fraction of longitudinally polarized VMs w.r.t
the string axis. It is defined as 𝑓L = |𝐺L |2/(2|𝐺T |2 + |𝐺L |2), where 𝐺L and 𝐺T are the complex
constants describing the coupling of quarks to VMs with longitudinal and transverse polarization
with respect to the string axis. The combination of the coupling constants 𝜃LT = arg(𝐺L/𝐺T)
defines the second free parameter of the string+3𝑃0 model needed to describe the spin effects for
VM production. A non-zero 𝜃LT is responsible for the oblique polarization of VMs [9].

If a VM is accepted after the veto procedure, its spin density matrix is calculated using [9]

𝜌𝛼𝛼′ (ℎ) =
Tr

[
(𝜇 + 𝜎z 𝝈 ·k′

T) Γh,𝛼 𝜌(q) Γ†
h,𝛼′ (𝜇∗ + 𝝈 ·k′

T 𝜎z)
]

Tr
[
(𝜇 + 𝜎z 𝝈 ·k′

T) Γh,𝛽 𝜌(q) Γ†
h,𝛽 (𝜇∗ + 𝝈 ·k′

T 𝜎z)
] , (2)

where Γℎ,𝛼 =
(
𝐺T𝜎𝑥𝜎𝑧 , 𝐺T𝜎𝑦𝜎𝑧 , 𝐺L 12×2

)
defines the coupling of quarks to the VM and 𝛼 =

𝑥, 𝑦, 𝑧. The 𝜎 matrices indicate the Pauli matrices. The density matrix 𝜌(ℎ) is used to generate
the polarized hadronic decays of the VM as explained in Ref. [9] using as external routines those
developed in the stand alone implementation of the string+3𝑃0 model. The decay products of the
VM are book-kept and provided to PYTHIA at at later stage (see below).

The external decays also give in output a decay matrix 𝐷̌, encoding the correlations between
the polarization of the fragmenting quark 𝑞 and the decay products of the VM. This matrix is used
to calculate the density matrix of the leftover quark 𝑞′

𝜌(𝑞′) =
[
𝐷̌𝛼𝛼′ (𝜇 + 𝜎𝑧 𝝈 · k′

T) Γℎ,𝛼 𝜌(𝑞) Γ†
ℎ,𝛼′ (𝜇∗ + 𝝈 · k′

T 𝜎𝑧)
]
/Tr [Numerator] , (3)

which allows to propagate the spin-correlations along the fragmentation chain [10], until the chain
is ended by PYTHIA.

After string fragmentation, PYTHIA starts the decays of the produced resonances. The methods
of the UserHooks class are again used by StringSpinner to provide PYTHIA with the decay
products of the externally simulated decays, which are finally stored in the event record. Non-
hadronic decay channels of VMs as well as all the decays of PS mesons are handled by PYTHIA.

The introduction of quark spin effects in the string fragmentation and decay routines of PYTHIA
is complemented by the calculation of the polarization of the struck quark in a DIS event, which is
performed as in Ref. [8].
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3. Comparison with transverse-spin asymmetries in SIDIS

The new version of StringSpinner is validated by comparing the relevant simulation results
with those obtained from the standalone MC implementation of the string+3𝑃0 model [9], finding
the very same results (not shown here).
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Figure 1: Top row: Comparison between the simulated Collins asymmetry (squares and triangles) and the
asymmetry measured by COMPASS [2] (circles) for 𝜋+ as function of 𝑥 (left), 𝑧 (middle) and 𝑃T (right).
Bottom row: comparison between the simulated Collins asymmetry multiplied by the quark depolarization
factor DNN and the HERMES data [1] (the same sign convention as in the upper row is used).

Figure 1 shows the comparison between the Collins asymmetry Asin(𝜙h+𝜙S−𝜋 )
UT for 𝜋+ as obtained

from simulations of the SIDIS process off transversely polarized protons with the COMPASS data
[2] (top row) and HERMES data [1] (bottom row). The asymmetry Asin(𝜙h+𝜙S−𝜋 )

UT is defined as the
amplitude of the sin(𝜙h + 𝜙S − 𝜋) modulation in the SIDIS cross section, where 𝜙h and 𝜙S are the
azimuthal angles of the pion and of the target transverse polarization around the exchanged virtual
photon momentum, respectively. The same kinematic cuts as in the real data analyses are applied.
In each panel the asymmetries are shown as function of the Bjorken-𝑥 variable, the fraction 𝑧 of the
available energy carried by the 𝜋+ and its transverse momentum 𝑃T with respect to the momentum
of the exchanged virtual photon. The values of the free parameters used in simulations are the
same as in Ref. [9]. The simulation results are shown for the two choices 𝑓L = 0.93 and 𝜃LT = 0
(squares), and 𝑓L = 0.33 and 𝜃LT = −𝜋/2 (triangles). The former choice favours the production of
longitudinally polarized VMs without oblique polarization, and it gives a satisfactory description
of both COMPASS and HERMES data. The latter choice, instead, gives equal probabilities for
the production of longitudinally and transversely polarized VMs and allows for a non-zero oblique
polarization, giving an unsatisfactory description of the data. Other combinations of 𝑓L and 𝜃LT

which lead to a satisfactory description of data are also possible [9]. In fact, more precise SIDIS
data would be needed to determine the values of these free parameters. Concerning the asymmetries
for 𝜋−, which depend weakly on 𝑓L and 𝜃LT, a satisfactory description of data is obtained as well.

Simulations have also been carried out to calculate the dihadron TSA ⟨Asin 𝜙RS
UT,p sin 𝜃⟩ for ℎ+ℎ−
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pairs in SIDIS off transversely polarized protons. The asymmetry ⟨Asin 𝜙RS
UT,p sin 𝜃⟩ is the amplitude

of the sin(𝜙R + 𝜙S − 𝜋) modulation in the cross section for the production of a ℎ+ℎ− pair, 𝜙𝑅 being
the azimuthal angle of the relative momentum of the pair around the direction of the exchanged
virtual photon [5]. The result obtained with 𝑓L = 0.93 and 𝜃LT = 0 for the COMPASS kinematics
is shown in Fig. 2 (closed circles) as function of 𝑥, the fraction 𝑧 of the available energy carried by
the pair and the invariant mass 𝑀 of the pair. A satisfactory comparison with the COMPASS data
(empty points) is found as function of the explored kinematic variables. Other choices of 𝑓L and
𝜃LT have a weak effect on the dihadron TSA, meaning that this asymmetry is not suitable for the
tuning of such parameters.

2−10 1−10
x

0.1−

0.05−

0

0.05 >θ
si

n
R

S
φ

si
n

U
T

,p
<

A

−h+StringSpinner h
−h+COMPASS h

0.2 0.4 0.6 0.8
z

0.1−

0.05−

0

0.05 >θ
si

n
R

S
φ

si
n

U
T

,p
<

A

0.5 1 1.5

)2M (GeV/c

0.1−

0.05−

0

0.05 >θ
si

n
R

S
φ

si
n

U
T

,p
<

A

Figure 2: Comparison between the simulated dihadron asymmetry for ℎ+ℎ− pairs (full points) and the
asymmetry measured by COMPASS [5] as function of 𝑥 (left), 𝑧 (middle) and invariant mass 𝑀 (right).

4. Collins asymmetries for 𝜌 mesons in SIDIS

Figure 3 shows the simulation results for the Collins asymmetries for 𝜌 mesons, as function of
𝑥, 𝑧 and 𝑃T, in the COMPASS kinematics (top row) and HERMES kinematics (bottom row). The
free parameters 𝑓L = 0.93 and 𝜃LT = 0 are used. Also, the same kinematic requirements as in the
COMPASS analysis of the Collins TSA for 𝜌0 mesons produced in SIDIS off protons are used [11].
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Figure 3: Top row: the simulated Collins asymmetry for 𝜌+ (circles), 𝜌0 (squares) and 𝜌− (triangles) in
SIDIS off protons in the COMPASS kinematics. Bottom row: the same asymmetries in the HERMES
kinematics.
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As can be seen, the asymmetry for 𝜌+ is large and increases up to 10% for large values of
𝑥, both in the COMPASS and HERMES kinematic configurations. Also, the asymmetry is larger
compared to the 𝜋+ asymmetry shown in Fig. 1. This is partly because of the higher 𝑧 cut applied to
𝜌+ mesons and due to the fact that only a small fraction (few percent) of the 𝜌+ mesons come from
decays of heavier resonances, as suggested by PYTHIA. Concerning 𝜌− mesons, their asymmetry is
smaller in size compared to the 𝜌+ one, and it is negative. Finally, the asymmetry for 𝜌0 mesons
has a size in the between of that for 𝜌+ and that for 𝜌− mesons, as expected from isospin invariance,
and has positive value, as indicated by the measurement of the COMPASS experiment [11].

The Collins asymmetries for 𝜌 mesons have been calculated also for other values of 𝑓L and
𝜃LT, finding a strong dependence on 𝑓L and essentially no dependence on 𝜃LT, as expected from Eq.
(1). The asymmetry vanishes at small 𝑓L, namely when VMs are mainly produced with transverse
polarization. The sensitivity on 𝑓L makes the measurements of the Collins asymmetries for 𝜌

mesons suitable for the tuning of this parameter. These measurements are however difficult because
of the high combinatorial background in the hadron sample used to identify the 𝜌 mesons, but
feasible, as shown in Ref. [11].

5. Conclusions

We have introduced the quark-spin effects in the hadronization routines of the PYTHIA 8 event
generator for the simulation of the polarized DIS process with PS meson and VM production.
The spin effects are enabled by the StringSpinner package, which uses the string+3𝑃0 model of
polarized fragmentation to propagate these effects along the fragmentation chain. The package can
be used to simulate transverse spin asymmetries in semi-inclusive DIS. The results of the simulations
have been compared with the available data on the Collins and dihadron asymmetries, finding a
satisfactory description. A write-up of the new version of StringSpinner is in preparation and is
foreseen to be published soon.
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