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The production of vector mesons in deep inelastic scattering is an interesting yet scarcely explored
channel to study the transverse spin structure of the nucleon and the spin-dependence of fragmentation.
The COMPASS collaboration has performed the first measurement of the Collins and Sivers asymmetries
for inclusively produced p® mesons. The analysis is based on the data set collected in deep inelastic
scattering in 2010 using a 160 GeV/c u* beam impinging on a transversely polarized NH3 target. The
0% mesons are selected from oppositely charged hadron pairs, and the asymmetries are extracted as a
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1. Introduction

In semi-inclusive deep inelastic scattering (SIDIS) IN — I'h X, a
high-energy lepton [ scatters off a target nucleon N, and in the fi-
nal state the scattered lepton I’ is observed in coincidence with at
least one hadron h produced in the current fragmentation region.
This process presently is the main tool to study the 3-dimensional
partonic structure of the nucleon, i.e. the transverse spin and
transverse momentum distributions of partons, and the possible
correlations between their spin, their motion, and the spin of the
nucleon. In the present quantum chromodynamics (QCD) frame-
work, such information is encoded in the Transverse Momentum
Dependent Parton Distribution Functions (TMD PDFs). In SIDIS, the
above mentioned correlations induce azimuthal asymmetries in
the angular distributions of the produced hadrons, which are in-
terpreted in terms of convolutions of TMD PDFs and Transverse
Momentum Dependent Fragmentation Functions (TMD FFs).!

Among the accessible asymmetries, the transverse single spin
asymmetries (TSAs), which arise for a transversely polarized target
nucleon, have been extensively studied in recent years. In particu-
lar, the Collins asymmetry [2] arises from the convolution between
the chiral-odd transversity PDF h? [3] and the chiral-odd and T-
odd Collins FF Hllqh [2]. The transversity PDF, which is the dif-
ference between the number density of partons with transverse
polarisation parallel and antiparallel to the transverse polarisation

1 For TMD PDFs and TMD FFs we use the notation of Ref. [1].

https://doi.org/10.1016/j.physletb.2023.137950

of the parent nucleon, is the least well known among the three
collinear PDFs needed for the complete characterization of the nu-
cleon structure at leading order. The Collins TMD FF describes the
correlation between the transverse polarisation of a fragmenting
quark and the transverse momentum of the produced hadron, and
probes the quark-spin dependence of the fragmentation process.

Another important TSA is the so-called Sivers asymmetry,
which is interpreted as the convolution of the Sivers function flqu
[4], the TMD PDF that describes the transverse momentum distri-
bution of an unpolarized quark in a transversely polarized nucleon,
and the spin-averaged TMD FF Dﬁ‘ that describes the fragmenta-
tion of an unpolarized quark into an unpolarized hadron.

Collins and Sivers asymmetries have been measured since
2005, in particular in SIDIS off protons, deuterons or neutrons for
unidentified charged hadrons and for identified pions, kaons and
protons by the HERMES [5], COMPASS [6-8] and JLab [9] experi-
ments. Phenomenological analyses of the Collins asymmetries and
the corresponding asymmetries measured in e*e~ annihilation to
hadrons [10-12] have led to the extraction of both the transver-
sity PDF and the Collins FF [13,14]. Similarly, from the HERMES
and COMPASS measurements of the Sivers asymmetry, the Sivers
function was extracted by several authors [15-17]. For a recent re-
view on transverse spin effects on semi-inclusive processes see,
e.g. Ref. [18].

Relevant information on nucleon structure and the fragmen-
tation process can also be obtained from measurements of TSAs
in inclusive production of vector mesons in DIS [19]. The Collins
asymmetry for vector mesons couples the transversity PDF to the
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Collins FF H]quM, which describes the fragmentation of a trans-
versely polarized quark into a vector meson. The investigation
of this channel could shed new light on the still poorly known
quark-spin dependence of the fragmentation process. Model pre-
dictions based on the recursive string+3Py model of polarized
quark fragmentation [20,21] suggest that the Collins asymmetry for
p mesons has the opposite sign compared to that of positive pions.
Depending on the choice of the parameters, the Collins asymmetry
for vector meson production can be as large as for positive pions.

Up to now, transverse spin asymmetries for vector meson pro-
duction have not been measured, neither in SIDIS nor in ete~
annihilation into hadrons. The low statistics of the produced vector
mesons and the high combinatorial background make the mea-
surement of these asymmetries very challenging.

In this article we present the first measurement of the Collins
and Sivers asymmetries for p° mesons produced in DIS off a trans-
versely polarized proton target. The analysis is performed on the
COMPASS data collected in 2010. The same data have already been
used for many published results, e.g., the Collins and Sivers asym-
metries for unidentified charged hadrons [6,7], pions and kaons
[8], and dihadron production asymmetries [22]. The final data set
used for the analysis described in this paper consists of 2.6 x 10°
0% mesons.

The article is organized as follows. The formalism of vector me-
son production in SIDIS is introduced in Sec. 2. Section 3 describes
the experimental apparatus and the data set used for this analysis.
The method used for the extraction of TSAs is explained in Sec. 4.
The extraction of the p° signal is described in Sec. 5 and the re-
sults for Collins and Sivers p® asymmetries are given in Sec. 6. In
Sec. 7 conclusions are drawn.

2. Theoretical formalism

The kinematics for the production of a vector meson (VM)
in SIDIS off transversely polarised protons in the one-photon ex-
change approximation is schematically shown in Fig. 1. The process
is represented in the gamma-nucleon system (GNS), namely in the
reference system where the momentum of the exchanged virtual
photon defines the z axis and the X-Z plane is the lepton scatter-
ing plane with the X axis along the transverse component of the
lepton momenta [23].

If the polarisation of the vector meson is not considered, at
leading twist TMD PDFs and TMD FFs and leading order QCD, the
differential cross section of the process IN — I p X is [24]:

d%o
dx dy dz dP% d([)\/M d(ﬁs

2

() e o]

P
+ DnN ISTI Zegc |:11’\/JI_\,4T hq HLVM:|
q

x sin (pym + ¢s — 1)

+|ST|Z ez [kT Pr qu }Siﬂ(¢vm—¢s)+-~~}~
(1)

Here, x is the Bjorken variable, y is the fraction of the initial
lepton energy loss in the target rest frame, and Q2 is the virtu-
ality of the photon. The variable z is the fraction of the energy of
the virtual photon carried by the produced VM in the target rest
frame and Pt is the modulus of its transverse momentum Pr in
the GNS. The variables ¢yy and ¢s are the azimuthal angle of Pr

Physics Letters B 843 (2023) 137950

Fig. 1. Kinematics of the SIDIS process for p° meson production in the gamma-
nucleon reference system.

and the one of the target transverse polarisation St in the GNS, re-
spectively. The combinations of angles ¢con = ¢vm + ¢s — w and
¢siv = ¢vm — ¢s are the Collins angle and the Sivers angle asso-
ciated to the transverse momentum of the VM, respectively. The
factor Dyy = (1 — y — Y2y?/4)/(1 — y + y?/2 + y2y?/4), where
y =2Mx/Q, is the virtual photon depolarisation factor. The nu-
cleon mass and the mass of the vector meson are denoted as M
and Myy, respectively. The summations run over the quark and
antiquark flavours and the (anti)quark charge eq is given in units
of the elementary charge. The cross section in Eq. (1) is written in
terms of structure functions each involving the convolution

C[WfD]=/d2de2pl5(2)(sz +p, —Py)

X W(kT, pJ_) Xf(X, kT) D(Za pj_)a (2)

where f indicates a TMD PDF, D indicates a TMD FF, and w is a
weight factor depending on the intrinsic quark transverse momen-
tum kr in the GNS and on the transverse momentum p,; of the
VM with respect to the direction of the scattered quark.

The expression for the Collins asymmetry can be obtained from
the ratio between the transverse-spin-dependent and the spin-
averaged terms of the cross section in Eq. (1), and is given by

ZMym Pt
Sgedc [ £1o1M]

The functions DY} and H{;""" describe the fragmentation of an un-
polarized and a transversely polarized quark q into a vector meson,
respectively.

The Sivers asymmetry reads [24]

Yz [ M £t DYY]
5 ezc [ £ DY]

The expected number of vector mesons is

>, e¢2;C [ p -Pr nt HLVM:I

ASMl (x 7, Pr) = (3)

5m¢SW(X z, PT)

Nw(x, 2, P, gcon, gsiv) o (14 D f PrA AR sin Gon
+ f P AT singsiy), (5)

where the other possible modulations are neglected. Here, f is the
dilution factor that takes into account the fraction of polarisable
protons in the target, and P; is the average transverse polarisation
of the polarisable protons in the target.

For the specific case of p° meson production considered in this
work, we use all oppositely charged hadron pairs in the event. The
four-momentum of the p° candidate is given by Py, + Pn,, where
Py, and Py, are the momenta of the positive and the negative
hadron of the pair, respectively. The fractional energy of the p°
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Fig. 2. Distributions of x (left panel), z
the z distribution before applying the requirements on hadron pairs.

candidate is given by z =z, + z, and its transverse momentum
in the GNS is given by Pt = Py, 1 + Pp,t, where we have indicated
by zn, and Pyt (i =1,2) the fraction of the virtual photon en-
ergy carried by the hadron h; in the target rest system, and the
transverse momentum of h; in the GNS, respectively. In the fol-
lowing we indicate with ¢y}, the azimuthal angle of Py, and with

Mpn =

discussed in Sec. 5, the data set of p° candidates contains a size-
able combinatorial background due to non-resonant hadron pairs.

+/(Phy + Pp,)? the invariant mass of the pair. As it will be

3. Experimental apparatus and data sample

The COMPASS experiment, a fixed target experiment located at
the M2 beamline of the CERN SPS, is in operation since 2002. A
detailed description of the apparatus can be found in Ref. [25,6,8].
The data used in this analysis were collected in 2010 using a
160GeV/c u* beam and a transversely polarized NH3 target. The
target consisted of three cylindrical cells with neighbouring cells
polarized in opposite directions in order to collect data simulta-
neously for both target spin orientations. The average polarisation
of the hydrogen nuclei was (P;) >~ 0.8. The average dilution fac-
tor was (f) =~ 0.15, with a slight dependence on x and constant
in z and Py7 [7]. The data taking was divided in twelve periods of
about ten days. In order to compensate for acceptance effects the
polarisation was reversed in the middle of each period.

Only events with an incoming and an outgoing muon track
and at least two produced charged hadrons are considered. Equal
flux along the target cells is assured by requiring the extrapolated
incoming muon to cross all three target cells. We only consider
hadrons coming from the muon production vertex, thus tracks
from mesons produced in weak decays do not enter this analy-
sis. In order to ensure the deep inelastic regime, we require Q2 >
1.0(GeV/c)? and the invariant mass of the final hadronic sys-
tem W > 5GeV/c2. The Bjorken x variable ranges between 0.003
and 0.7. The selection y > 0.1 removes events with poorly recon-
structed virtual photon energy and y < 0.9 removes events with
large radiative effects. For hadrons, we require z; > 0.1 to ensure
the current fragmentation regime and Pyt > 0.1GeV/c to ensure
good resolution in the respective azimuthal angle.

The dihadron samples with pairs h*h~, hTh™, h—h~ of charged
hadrons are selected as described in the following. In order to
avoid the contribution from non-SIDIS diffractive events, exclu-
sively produced h*™h~ pairs are rejected by requiring a missing
energy Emiss > 3.0GeV, where Episs = (M% — M?)/2M, and M% =
(q + P, — P)? where q, P, and P are the four momenta of the
exchanged photon, the target proton and the hadron pair respec-
tively. The requirements z < 0.95, 0.1GeV/c < Pt < 4.0GeV/c and
0.35GeV/c? < Mp < 3.0GeV/c? are also applied in order to de-
fine the kinematic range of the analysis. The selection z > 0.3 is
applied in order to enhance the fraction of p° mesons. No fur-

(middle panel) and Py (right panel) for the selected h*h~ pairs (filled histograms). The empty histogram in the middle panel shows
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Fig. 3. Invariant mass distribution of h*h~ pairs before (empty histogram) and af-
ter (filled histogram) applying the requirements on the hadron pair variables. The
vertical lines indicate the different invariant mass regions defined in Table 1.

ther selection improving the signal over background ratio could be
found.

The selected dihadron samples consist of about 3.4 x 107 h*th~
pairs, 1.1 x 107 h*h* pairs and 0.7 x 107 h—h~ pairs. The distri-
butions of x, z and Pt for the selected h™h~ sample are shown as
filled histograms in the left, middle and right panels of Fig. 2, re-
spectively. The empty histogram in the middle panel of the same
figure shows the z distribution without the requirements on the
hadron pairs. The exclusive peak at z =1, rejected by the require-
ment on the missing energy, is clearly visible.

The invariant mass distribution for the hth~ sample is shown
in Fig. 3, where the empty (filled) histogram is the invariant mass
distribution before (after) the application of the cuts on the hadron
pair variables. The peak corresponding to the p%(770) invariant
mass is clearly visible as well as the broad structures correspond-
ing to the fp(980) and f,(1240) mesons. As the requirement of
the missing energy rejects exclusive events, it also reduces the sig-
nificance of the p° peak.

4. Method for the extraction of the transverse single spin
asymmetries

The invariant mass range is divided in the four regions that are
defined in Table 1 and shown in Fig. 3 as separated by the ver-
tical lines. Region II covers the p° invariant mass peak and will
be referred to as the “p° region” in the following. Regions I and
Il are dominated by the combinatorial background and in the fol-
lowing will be referred to as the “side band” regions. Region IV
has a comparable number of pairs as region IIl and is included to
study the invariant mass dependence of TSAs for the combinato-
rial background, although it is not used in the extraction of the p°
asymmetries.

The extraction of the p° TSAs proceeds using the following
steps. First, the fraction fs of p° mesons in the p° region is
evaluated. Then, the transverse single spin asymmetry afﬁwx of
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Table 1
Invariant mass regions used in the extraction of the asymmetries.

Region Invariant mass range

I 0.35GeV/c? < My, < 0.52GeV/c?
11 0.60GeV/c? < My, < 0.94GeV/c?
1 1.02GeV/c? < Mpy, < 1.22GeV/c?
Y% 1.22GeV/c? < My, < 3.00GeV/c?

the h*h~ pairs in the p° region is extracted. The angle ¢x indi-
cates either the Collins angle ¢¢co; or the Sivers angle ¢si,. The
asymmetries are measured for all kinematic bins by using the
unbinned maximum likelihood method [22] and the fit function
F(écon, ¢siv) = o x (1 + Dnn f Prac singcon + f Pras singsiy) in
agreement with the r.h.s. of Eq. (5). The parameters ag, ac and as
are determined from the fitting procedure and are used to calcu-

1¥¢Coll =as. The transverse

. S
late the asymmetries aj;

=ac and alsj?‘psw

single spin asymmetry Af};‘f;’é of the background is evaluated as
the mean of the asymmetries in regions I and III using the same
procedure. In order to obtain the asymmetry for p° mesons, the
background transverse single spin asymmetry is subtracted from

the asymmetry in the p° region according to
1

A =[ali ™ - - A ] < 5 (©)
S

UT,bg

5. Estimation of the o° signal

In order to determine the fraction of 0® mesons in the invari-
ant mass region II, it is necessary to evaluate the contribution
of the combinatorial background. The shape of the background
distribution in the p° region is taken from the sum of the in-
variant mass distributions of h™h* and h~h~ pairs. As normali-
sation the ratio between the number of hth~ pairs and the num-
ber of like-sign pairs in the invariant mass interval 0.46 GeV/c? <
Mpp < 0.56GeV/c? is used, where the ratio between the invariant
mass distributions of opposite and like-sign pairs is constant. For
Min < 0.50GeV/c? the background subtraction procedure yields
negative counts, meaning that the estimated background is larger
than the hh~ distribution. The distribution of like-sign pairs is in
fact not expected to reproduce the full invariant mass spectrum of
h*h~ pairs because of the different resonant structures of like-sign
and unlike-sign pairs. However it can be used to estimate the back-
ground in the p° region. The estimated invariant mass distribution
of the background is shown in the top panel of Fig. 4 by the red
points. It is subtracted from the h*h~ distribution (continuous his-
togram) to obtain the difference of the distributions shown by the
filled histogram. After checking the compatibility of the invariant
mass distributions in the different data taking periods, this proce-
dure is performed on the invariant mass distributions integrated
over the full year of data taking.

In the difference of distributions, shown more clearly in the
bottom panel of Fig. 4, the peak corresponding to the p°(770) me-
son is clearly visible. Also visible are the structures corresponding
to the fo(980) and f2(1270) mesons. The difference of the dis-
tributions is fitted successfully by a sum of three Breit-Wigner
functions,” demonstrating that the subtraction procedure is clean.
In each Breit-Wigner function the parameters corresponding to the
nominal mass and the width of the resonance are fixed to the
corresponding PDG values, and only the normalisation parame-
ter is estimated by the fit procedure. The fit function is shown
by the continuous line, and the separate contributions of the p°,

2 A p-wave Breit-Wigner function is used to describe the p° peak and a s-wave
Breit-Wigner function is employed to describe the fp and f> peaks.
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Fig. 4. Top panel: the invariant mass distribution of h*h~ pairs (empty histogram),
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Fig. 5. The p° signal fraction as a function of x (left), z (middle) and Py (right).
fo and f, mesons are shown by the dashed lines. The fact that
the extracted p° distribution can be successfully described by a
Breit-Wigner function provides confirmation that the form of the
combinatorial background in region Il and its normalisation is eval-
uated correctly.

The fraction f; of p° mesons in region II is calculated by di-
viding the number of p° mesons by the total number of hTh~
pairs in the same region. The contamination from the decay of fg
mesons, estimated to be about 4%, is neglected. Also, since the p°
distribution is described by a width fixed to the PDG value, possi-
ble interference effects with the w(782) decays are neglected. The
total number of 0° mesons is estimated to be 2.6 x 10% and the
average signal fraction is (fs) =0.18.

This procedure is applied to all x, z and Pt bins, and the values
of fs are shown in Fig. 5. We find fs to be almost constant and
about 0.18 as a function of x and it increases with Pt and z. The
high value (about 0.38) in the last z bin can be understood in
terms of the string fragmentation model, where heavier resonances
are produced mostly with large fractional energies [26].

As consistency check we compared the counts of p° mesons
obtained by summing separately over the x, z and Pt bins, which
results in similar values that differ by less than 2% with respect
to the integrated value. As a further check, the measured p° dis-
tribution is compared for each kinematic bin to that expected by
using a Breit-Wigner function with mass peak and width fixed to
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Fig. 6. Collins asymmetry for h*h~ pairs as a function of the kinematic variables x, z, Pr and the invariant mass My, (columns from left to right). The different rows
correspond to the invariant mass regions defined in Sec. 4. Only the statistical uncertainties are shown.

the PDG values and the normalisation fitted to the measured p°
distribution in the p° region. The largest differences on the p°
counts are found to be less than 7.5% and located in the first two
z bins. These differences are taken into account in the evaluation
of the systematic uncertainty of the final asymmetries. Moreover,
it is checked that nearly the same background in the p° region can
be obtained with an alternative method that combines the invari-
ant mass distributions simulated with the PYTHIA8 event gener-
ator [27] for the different background components (resonant and
non-resonant contributions) and Breit-Wigner functions with PDG
parameters for the p°, fo and f, resonances to fit the total h*h~
distribution up to My, = 1.4GeV/c2. The differences between the
two methods are small and are taken into account in the system-
atic uncertainty of the measured asymmetries for p° mesons.

6. Results for Collins and Sivers asymmetries

The Collins asymmetry a’®" for all selected h*h~ pairs is
shown in Fig. 6 as a function of x, z, Pt and M. The asymme-
tries are evaluated in each of the twelve periods of data taking
and the final result is obtained as the weighted average. Each row
corresponds to a different invariant mass region. Starting from the
top, the second row shows the asymmetry in the p° region, which
has mostly positive values, in particular around z ~ 0.5 and for
Pt < 0.5GeV/c. This is at variance with the asymmetries in the
side band regions, shown in the first and third rows, which tend
to be negative. Also, these asymmetries in the side band regions
are found to be compatible. No strong kinematic dependence with
the invariant mass is found. This is demonstrated by the invariant-
mass dependence in the rightmost column. No significant effect is
observed at large invariant mass, as can be seen from the bottom
row.
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Fig. 7. The background contribution to the Collins asymmetry in the p° region (top
panel) and the final Collins asymmetry for p° mesons (bottom panel) as a function
of x, z and Pr. Only the statistical uncertainties are shown. The systematic uncer-
tainty on the Collins asymmetry for p® mesons is estimated to be about 0.6 the
statistical one.

The background asymmetry is evaluated taking the average of
the asymmetries in regions I and III. According to Eq. (6), the back-
ground asymmetry is first rescaled by the factor 1 — fs; and then
subtracted from the Collins asymmetry in the p° region. The con-
tribution of the background asymmetry in the p° region is shown
in the top panel of Fig. 7 as a function of x, z and Pr. It has mostly
negative values, as expected from Fig. 6, although the uncertainties
are large. The final Collins asymmetry for p° mesons is shown in
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Table 2

Physics Letters B 843 (2023) 137950

The measured values of the Collins and Sivers asymmetries for o° mesons as a function of x, z and Pt. Shown are also the definitions of the x, z and Pt bins, as well as the
average values (x), (y), (z), (Pt) and (Q?2) for each kinematic bin. Only the statistical uncertainties of the asymmetries are given. The systematic uncertainty is estimated to
be about 0.6 the statistical one.

x-bin ) v) ) (Pr) (Q?) Ao Ao
[0.003, 0.013) 0.009 0.55 0.47 0.60GeV/c 1.44 (GeV/c)? 0.037 £ 0.084 0.050 = 0.062
[0.013, 0.020) 0.016 0.37 0.48 0.58GeV/c 1.81(GeV/c)? 0.062 £ 0.075 0.072 £ 0.066
[0.020, 0.032) 0.026 0.28 0.48 0.56GeV/c 2.16 (GeV/c)? 0.134 4 0.063 0.076 4 0.058
[0.032, 0.050) 0.040 0.24 0.48 0.54GeV/c 2.89(GeV/c)? 0.058 & 0.065 0.051 = 0.062
[0.050, 0.130) 0.078 0.22 0.48 0.54GeV/c 5.49 (GeV/c)? 0.100 = 0.057 0.056 = 0.054
[0.130, 0.700] 0.205 0.21 0.48 0.56GeV/c 14.84(GeV/c)? —0.018 +£0.097 —0.030 £ 0.092
z-bin ) ) ) (Pr) Q2 AGpoen AR
[0.30, 0.35) 0.046 0.33 0.32 0.53GeV/c 3.84 (GeV/c)? 0.097 4 0.090 0.031 4 0.079
[0.35, 0.40) 0.048 0.32 0.37 0.54GeV/c 3.85 (GeV/c)? 0.061 & 0.082 0.096 & 0.073
[0.40, 0.50) 0.050 0.31 0.45 0.56GeV/c 3.86 (GeV/c)? 0.146 £ 0.058 0.104 £ 0.052
[0.50, 0.65) 0.052 0.30 0.57 0.58GeV/c 3.83 (GeV/c)? 0.079 £ 0.054 0.037 £ 0.049
[0.65, 0.80) 0.052 0.29 0.71 0.59GeV/c 3.70 (GeV/c)? 0.001 % 0.072 —0.055 =+ 0.066
[0.80, 0.95] 0.038 0.34 0.85 0.54GeV/c 3.33 (GeV/c)? —0.029 £ 0.073 0.025 £ 0.065
Pr-bin (&) x) W) @) (P1) Q% Agpre A
[0.10, 0.30) 0.050 0.30 0.47 0.21GeV/c 3.58 (GeV/c)? 0.260 £ 0.085 0.109 £ 0.078
[0.30, 0.45) 0.050 0.30 0.48 0.37GeV/c 3.65 (GeV/c)? 0.153 £ 0.068 0.075 =+ 0.061
[0.45, 0.55) 0.050 0.30 0.48 0.50GeV/c 3.73 (GeV/c)? 0.055 = 0.076 0.056 == 0.069
[0.55, 0.75) 0.050 0.31 0.48 0.64GeV/c 3.84(GeV/c)? —0.092 + 0.057 0.034 £ 0.051
[0.75, 1.00) 0.049 0.33 0.49 0.86GeV/c 4.04(GeV/c)? 0.028 £ 0.067 0.065 = 0.059
[1.00, 4.00] 0.047 0.38 0.50 1.27GeV/c 4.49 (GeV/c)? 0.077 +0.078 —0.048 4 0.067
L(Q2> =3.84 (GeV/cP, (x)=0.048 The same procedure is repeated for the Sivers asymmetry. The
asymmetry ajj7?" is shown as a function of x, z, Py and My in
Asin(¢hh+ 9~ . Fig. 9 for the different invariant mass regions. The Sivers asym-

uT

A;i‘;(‘f’hf 9

0 005 0.1 0.15

(A)

Fig. 8. Average values of the Collins and Sivers asymmetries for p° mesons. The
grey bands represent the evaluated systematic uncertainty. The open point shows
the average Collins asymmetry from simulations.

the bottom panel of Fig. 7 and the corresponding values are given
in Table 2. Given the large uncertainties, no clear trend can be
seen as a function of x and z. As a function of Pt the asymmetry
increases for Pt < 0.5GeV/c, as suggested by the simulations car-
ried out with the recursive string+> Py model in Ref. [21], using the
scenario where the production of vector mesons with longitudinal
polarization in the GNS is favoured.

The systematic uncertainty on the extracted transverse single
spin asymmetries for p® mesons is estimated to be about 0.6 times
the statistical one. As described above, this estimate accounts for
the systematic uncertainty on the evaluation of the background
distribution in the p° region. In addition it takes into account
other sources of systematic uncertainties, such as the period by
period compatibility of the asymmetries and variations on the p°
asymmetries induced by changing the invariant mass interval cor-
responding to the region IL

The average value of the Collins asymmetry for p° mesons is
shown in Fig. 8. The asymmetry is positive with a significance of
2.3 standard deviations, evaluated taking into account both statis-
tical and systematic uncertainties, and is in agreement with the
model predictions [20]. Comparing the average value of the mea-
sured p0 Collins asymmetry with that of the simulated one [21],
shown as the open point in Fig. 8, consistency is found within
about one standard deviation.

metry in the p° region exhibits positive values and a clear trend
with x. Contrary to the case of the Collins asymmetry, the Sivers
asymmetry is positive and significant also in the side-bands. This
indicates that the contribution of the background to the asymme-
try is large in the p° region, as shown in the top panel of Fig. 10.
The background-subtracted final Sivers asymmetry for p° mesons
is shown in the bottom panel in Fig. 10 and the corresponding
values are given in Table 2. The shown uncertainties are the statis-
tical ones. As for the Collins asymmetry, the systematic uncertainty
is evaluated to be 0.6 times the statistical one. The average value
of the asymmetry is shown in Fig. 8. It is found to be positive
with a significance of 1.8 standard deviations. A positive Sivers
asymmetry for p° mesons is expected because, by momentum
conservation in the hard scattering, the Sivers function induces
a modulation on the direction of the struck quark which propa-
gates to all the hadrons produced in the fragmentation process.
The Sivers asymmetry for p° mesons is thus naively expected to be
similar to the average value of the Sivers asymmetries for positive
and negative pions, which is positive [8]. Given the large uncer-
tainties, no clear trends as a function of the kinematic variables
can be seen for the p° asymmetry.

7. Conclusions

The COMPASS Collaboration has performed the first measure-
ment of the Collins and Sivers transverse single spin asymmetries
for p° mesons produced in DIS off transversely polarized protons.
The full data set of SIDIS events collected by COMPASS in 2010 was
analysed. An indication for a positive Collins asymmetry is found.
The result is in agreement with the expectation from the recursive
string+3 Py model of the polarized quark fragmentation process.
Also an indication for a positive Sivers asymmetry is found, in
agreement with the parton model. These measurements are com-
plementary to the single hadron asymmetries, since they give new
input to studying and understanding of the hadronisation process.
This work shows that the measurement of TSAs for inclusive vec-
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Fig. 9. Sivers asymmetry for h*h~ pairs as a function of the kinematic variables x, z, Pt and the invariant mass Mpy (columns from left to right). The different rows
correspond to the invariant mass regions defined in Sec. 4. Only the statistical uncertainties are shown.
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Fig. 10. The background contribution to the Sivers asymmetry in the p° region (top
panel) and the final Sivers asymmetry for p® mesons (bottom panel) as a function
of x, z and Pr. Only the statistical uncertainties are shown. The systematic uncer-
tainty on the Sivers asymmetry for p® mesons is estimated to be about 0.6 the
statistical one.

tor meson production in DIS is feasible and could be done with
higher precision at future facilities.

Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

The authors are unable or have chosen not to specify which
data has been used.

Acknowledgements

This work was made possible thanks to the financial support
of our funding agencies. We also acknowledge the support of the
CERN management and staff, as well as the skills and efforts of the
technicians of the collaborating institutes.

References

[1] PJ. Mulders, R.D. Tangerman, The complete tree level result up to order
1/Q for polarized deep inelastic leptoproduction, Nucl. Phys. B 461 (1996)
197-237, https://doi.org/10.1016/0550-3213(95)00632-X; Erratum: Nucl. Phys.
B 484 (1997) 538-540, arXiv:hep-ph/9510301.

[2] J.C. Collins, Fragmentation of transversely polarized quarks probed in trans-
verse momentum distributions, Nucl. Phys. B 396 (1993) 161-182, https://
doi.org/10.1016/0550-3213(93)90262-N.

[3] R.L. Jaffe, X.-D. Ji, Chiral odd parton distributions and polarized Drell-Yan, Phys.
Rev. Lett. 67 (1991) 552-555, https://doi.org/10.1103/PhysRevLett.67.552.

[4] D.W. Sivers, Single spin production asymmetries from the hard scattering of
point-like constituents, Phys. Rev. D 41 (1990) 83, https://doi.org/10.1103/
PhysRevD.41.83.

[5] A. Airapetian, et al., Azimuthal single- and double-spin asymmetries in semi-
inclusive deep-inelastic lepton scattering by transversely polarized protons, J.
High Energy Phys. 12 (2020) 010, https://doi.org/10.1007/JHEP12(2020)010.

[6] C. Adolph, et al., Experimental investigation of transverse spin asymmetries
in muon-p SIDIS processes: Collins asymmetries, Phys. Lett. B 717 (2012)
376-382, https://doi.org/10.1016/j.physletb.2012.09.055.

[7] C. Adolph, et al., Il - experimental investigation of transverse spin asymmetries
in p -p SIDIS processes: Sivers asymmetries, Phys. Lett. B 717 (2012) 383-389,
https://doi.org/10.1016/j.physletb.2012.09.056.

[8] C. Adolph, et al., Collins and Sivers asymmetries in muonproduction of pions
and kaons off transversely polarised protons, Phys. Lett. B 744 (2015) 250-259,
https://doi.org/10.1016/j.physletb.2015.03.056.


https://doi.org/10.1016/0550-3213(95)00632-X
https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1103/PhysRevLett.67.552
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1007/JHEP12(2020)010
https://doi.org/10.1016/j.physletb.2012.09.055
https://doi.org/10.1016/j.physletb.2012.09.056
https://doi.org/10.1016/j.physletb.2015.03.056

The COMPASS Collaboration

[9] X. Qian, et al., Single spin asymmetries in charged pion production from semi-
inclusive deep inelastic scattering on a transversely polarized 3He target, Phys.
Rev. Lett. 107 (2011) 072003, https://doi.org/10.1103/PhysRevLett.107.072003.

[10] A. Vossen, et al., Observation of transverse polarization asymmetries of charged
pion pairs in ete~ annihilation near /s = 10.58 GeV, Phys. Rev. Lett. 107
(2011) 072004, https://doi.org/10.1103/PhysRevLett.107.072004.

[11] M. Ablikim, et al., Measurement of azimuthal asymmetries in inclusive charged
dipion production in e*e~ annihilations at /s = 3.65 GeV, Phys. Rev. Lett.
116 (4) (2016) 042001, https://doi.org/10.1103/PhysRevLett.116.042001.

[12] J.P. Lees, et al., Measurement of Collins asymmetries in inclusive production of
charged pion pairs in eTe~ annihilation at BABAR, Phys. Rev. D 90 (5) (2014)
052003, https://doi.org/10.1103/PhysRevD.90.052003.

[13] M. Anselmino, M. Boglione, U. D’Alesio, ].0. Gonzalez Hernandez, S. Melis, F.
Murgia, A. Prokudin, Collins functions for pions from SIDIS and new e*e™~ data:
a first glance at their transverse momentum dependence, Phys. Rev. D 92 (11)
(2015) 114023, https://doi.org/10.1103/PhysRevD.92.114023.

[14] A. Martin, F. Bradamante, V. Barone, Extracting the transversity distributions
from single-hadron and dihadron production, Phys. Rev. D 91 (1) (2015)
014034, https://doi.org/10.1103/PhysRevD.91.014034.

[15] M. Anselmino, M. Boglione, S. Melis, A strategy towards the extraction of the
Sivers function with TMD evolution, Phys. Rev. D 86 (2012) 014028, https://
doi.org/10.1103/PhysRevD.86.014028.

[16] A. Martin, F. Bradamante, V. Barone, Direct extraction of the Sivers distributions
from spin asymmetries in pion and kaon leptoproduction, Phys. Rev. D 95 (9)
(2017) 094024, https://doi.org/10.1103/PhysRevD.95.094024.

[17] M.G. Alexeev, et al., Measurement of Pr-weighted Sivers asymmetries in lepto-
production of hadrons, Nucl. Phys. B 940 (2019) 34-53, https://doi.org/10.1016/
j.nuclphysb.2018.12.024.

The COMPASS Collaboration

Physics Letters B 843 (2023) 137950

[18] M. Anselmino, A. Mukherjee, A. Vossen, Transverse spin effects in hard semi-
inclusive collisions, Prog. Part. Nucl. Phys. 114 (2020) 103806, https://doi.org/
10.1016/j.ppnp.2020.103806, arXiv:2001.05415.

[19] A. Bacchetta, PJ. Mulders, Deep inelastic leptoproduction of spin-one hadrons,
Phys. Rev. D 62 (2000) 114004, https://doi.org/10.1103/PhysRevD.62.114004.

[20] J. Czyzewski, Single spin asymmetry of vector meson production in the string
model, Acta Phys. Pol. 27 (1996) 1759-1766, arXiv:hep-ph/9606390.

[21] A. Kerbizi, X. Artru, A. Martin, Production of vector mesons in the string+> P
model of polarized quark fragmentation, Phys. Rev. D 104 (11) (2021) 114038,
https://doi.org/10.1103/PhysRevD.104.114038.

[22] C. Adolph, et al., A high-statistics measurement of transverse spin effects in
dihadron production from muon-proton semi-inclusive deep-inelastic scatter-
ing, Phys. Lett. B 736 (2014) 124-131, https://doi.org/10.1016/j.physletb.2014.
06.080.

[23] A. Bacchetta, U. D’'Alesio, M. Diehl, C.A. Miller, Single-spin asymmetries: the
Trento conventions, Phys. Rev. D 70 (2004) 117504, https://doi.org/10.1103/
PhysRevD.70.117504.

[24] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, PJ. Mulders, M. Schlegel, Semi-
inclusive deep inelastic scattering at small transverse momentum, J. High En-
ergy Phys. 02 (2007) 093, https://doi.org/10.1088/1126-6708/2007/02/093.

[25] P. Abbon, et al., The COMPASS experiment at CERN, Nucl. Instrum. Methods A
577 (2007) 455-518, https://doi.org/10.1016/j.nima.2007.03.026.

[26] B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Parton fragmentation and
string dynamics, Phys. Rep. 97 (1983) 31-145, https://doi.org/10.1016/0370-
1573(83)90080-7.

[27] T. Sjostrand, S. Mrenna, P.Z. Skands, A brief introduction to PYTHIA 8.1, JHEP
05 (2006) 026, Comput. Phys. Commun. 178 (2008) 852-867, https://doi.org/
10.1016/j.cpc.2008.01.036.

G.D. Alexeev 2%, M.G. Alexeev2%-19-% . Alice20-19-" A, Amoroso2°-1%-" V. Andrieux 33",
V. Anosov 2>, K. Augsten®", W. Augustyniak *#, C.D.R. Azevedo?”-", B. Badelek >, . Barth® ",

R. Beck®, Y. Bedfer ®*, J. Bernhard ''-*"-"”, M. Bodlak?, F. Bradamante '”-

, A. Bressan !8:17:

V.E. Burtsev 3?, W.-C. Chang >, C. Chatterjee '”"""?, M. Chiosso?%'%* A.G. Chumakov """,
S.-U. Chung %K1 A Cicuttin '7-'6-*, PM.M. Correia -, M.L. Crespo !7-16-*“, D. D’Ago 1817,

S. Dalla Torre 7", S.S. Dasgupta '*

. S. Dasgupta 7€, F. Del Carro?%'°>"” 1. Denisenko %

0.Yu. Denisov ', S.V. Donskov 3%, N. Doshita?>**, Ch. Dreisbach ', W. Diinnweber *-4-41,
R.R. Dusaev>%", D. Ecker 1>, A. Efremov 2%, C. Elia '®17-*, D. Eremeev 3", P. Faccioli %

M. Faessler ¢:41, M. Finger°-", M. Finger jr.>*", H. Fischer !>, K. Fl6thner &, W. Florian '7-16-*,
J.M. Friedrich '>", V. Frolov?:*"-"¥| L.G. Garcia Ordoifiez !7-1" F. Gautheron’-*?,

30,12,

0.P. Gavrichtchouk 2™, S. Gerassimov

,J. Giarra'®

, D. Giordano 212" M. Gorzellik '%-*¢,

A. Grasso %19 A. Gridin2*"", M. Grosse Perdekamp >, B. Grube ', M. Griiner® ", A. Guskov2>-",
D. von Harrach'!, M. Hoffmann -2, N. Horikawa 2%, N. d’Hose ®, C.-Y. Hsieh 32!, S. Huber '?,

S. Ishimoto 2>-“+J, A. Ivanov2?, T. Iwata 2>

F. Kaspar '*

J.H. Koivuniemi 7->>*, V.N. Kolosov """, K. Kondo Horikawa ?>*"”, I. Konorov

, M. Jandek?, V. Jary*", R. Joosten®"™, E. Kabu '""",
, A. Kerbizi !7-*+*, B. Ketzer®", A. Khatun®", G.V. Khaustov>%", F. Klein?,

30,12,

V.E. Konstantinov>%T, A.M. Korzenev 2%, A.M. Kotzinian 1%, 0.M. Kouznetsov 2%, A. Koval %%,
Z. Kral>", F. Krinner '?, F. Kunne ®, K. Kurek ", R.P. Kurjata?>", A. Kveton>", K. Lavickova® ",
S. Levorato >1-17-" | y.-S. Lian32-""™ |. Lichtenstadt 1>, P-J. Lin %", R. Longo>>'",

V.E. Lyubovitskij **

I A. Maggiora ', A. Magnon '+, N. Makins >3, N. Makke '7-*, G.K. Mallot >!-1°-

A. Maltsev?®", S.AA. Mamon °°, A. Martin '®17-" | J. Marzec?>", J. MatouSek >, T. Matsuda 2!,

G. Mattson>>", C. Menezes Pires?®>", F. Metzger ®
M. Mikhasenko '-*-¢, E. Mitrofanov 2, D. Miura 2>

. M. Meyer 5% W. Meyer’, YuV. Mikhailov **,
. Y. Miyachi**™, R. Molina '7-1°

A. Moretti '%17-" ' A. Nagaytsev2®", C. Naim %", D. Neyret®", J. Novy ", W.-D. Nowak '-**,


https://doi.org/10.1103/PhysRevLett.107.072003
https://doi.org/10.1103/PhysRevLett.107.072004
https://doi.org/10.1103/PhysRevLett.116.042001
https://doi.org/10.1103/PhysRevD.90.052003
https://doi.org/10.1103/PhysRevD.92.114023
https://doi.org/10.1103/PhysRevD.91.014034
https://doi.org/10.1103/PhysRevD.86.014028
https://doi.org/10.1103/PhysRevD.86.014028
https://doi.org/10.1103/PhysRevD.95.094024
https://doi.org/10.1016/j.nuclphysb.2018.12.024
https://doi.org/10.1016/j.nuclphysb.2018.12.024
https://doi.org/10.1016/j.ppnp.2020.103806
https://doi.org/10.1016/j.ppnp.2020.103806
https://doi.org/10.1103/PhysRevD.62.114004
http://refhub.elsevier.com/S0370-2693(23)00284-8/bib2C6FDE1C82676081FA4B4BEC4BA8EF37s1
http://refhub.elsevier.com/S0370-2693(23)00284-8/bib2C6FDE1C82676081FA4B4BEC4BA8EF37s1
https://doi.org/10.1103/PhysRevD.104.114038
https://doi.org/10.1016/j.physletb.2014.06.080
https://doi.org/10.1016/j.physletb.2014.06.080
https://doi.org/10.1103/PhysRevD.70.117504
https://doi.org/10.1103/PhysRevD.70.117504
https://doi.org/10.1088/1126-6708/2007/02/093
https://doi.org/10.1016/j.nima.2007.03.026
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://orcid.org/0009-0007-0196-8178
http://orcid.org/0000-0002-7306-8255
http://orcid.org/0000-0001-6297-9857
http://orcid.org/0000-0002-3095-8610
http://orcid.org/0000-0001-9957-9910
http://orcid.org/0009-0003-3595-9561
http://orcid.org/0000-0001-8324-0576
http://orcid.org/0000-0002-0012-9918
http://orcid.org/0000-0002-4082-1466
http://orcid.org/0009-0003-0891-9935
http://orcid.org/0000-0002-5198-1852
http://orcid.org/0000-0001-9256-971X
http://orcid.org/0000-0001-6136-376X
http://orcid.org/0000-0002-3718-6377
http://orcid.org/0000-0002-1695-7830
http://orcid.org/0000-0001-7784-3792
http://orcid.org/0000-0001-6994-8551
http://orcid.org/0000-0002-6012-2435
http://orcid.org/0000-0002-3645-9791
http://orcid.org/0000-0001-7292-7735
http://orcid.org/0000-0002-5483-3388
http://orcid.org/0000-0002-1837-6351
http://orcid.org/0000-0002-5552-9732
http://orcid.org/0000-0003-4319-3394
http://orcid.org/0000-0001-7636-5493
http://orcid.org/0000-0002-4408-1565
http://orcid.org/0000-0002-1057-058X
http://orcid.org/0000-0002-3988-7687
http://orcid.org/0000-0002-2129-2511
http://orcid.org/0009-0001-5565-4314
http://orcid.org/0009-0007-5598-0332
http://orcid.org/0000-0002-6147-8038
http://orcid.org/0000-0003-2982-2713
http://orcid.org/0009-0007-8063-0369
http://orcid.org/0000-0003-1849-6692
http://orcid.org/0000-0002-7828-9970
http://orcid.org/0000-0003-3155-2484
http://orcid.org/0000-0002-9342-7665
http://orcid.org/0000-0002-4052-6838
http://orcid.org/0000-0002-2951-3059
http://orcid.org/0000-0001-9298-7882
http://orcid.org/0009-0005-1884-0264
http://orcid.org/0000-0003-0712-413X
http://orcid.org/0000-0002-8383-9631
http://orcid.org/0000-0001-7780-8735
http://orcid.org/0009-0005-6976-5604
http://orcid.org/0000-0003-0228-9226
http://orcid.org/0009-0000-1423-5896
http://orcid.org/0000-0002-9581-8600
http://orcid.org/0000-0002-2711-5217
http://orcid.org/0000-0001-8473-0454
http://orcid.org/0009-0004-6317-9527
http://orcid.org/0000-0001-8532-1900
http://orcid.org/0009-0007-0847-2730
http://orcid.org/0009-0007-8104-9365
http://orcid.org/0009-0002-3968-1985
http://orcid.org/0009-0009-2079-2328
http://orcid.org/0000-0001-8601-1322
http://orcid.org/0000-0003-4718-4444
http://orcid.org/0009-0005-9046-0119
http://orcid.org/0000-0002-1371-6361
http://orcid.org/0009-0008-5996-0264
http://orcid.org/0000-0002-6396-8735
http://orcid.org/0000-0002-3493-3891
http://orcid.org/0000-0002-2724-668X
http://orcid.org/0009-0008-6704-3167
http://orcid.org/0000-0002-6817-5267
http://orcid.org/0009-0005-5994-6372
http://orcid.org/0009-0004-9692-2057
http://orcid.org/0000-0002-9013-5456
http://orcid.org/0000-0003-2107-4415
http://orcid.org/0000-0001-8326-3284
http://orcid.org/0000-0002-1821-1477
http://orcid.org/0000-0003-1042-7588
http://orcid.org/0000-0002-1298-2078
http://orcid.org/0000-0001-8547-910X
http://orcid.org/0000-0001-8197-1914
http://orcid.org/0000-0001-7703-2316
http://orcid.org/0000-0001-8067-5355
http://orcid.org/0000-0001-6222-4454
http://orcid.org/0000-0001-9595-5173
http://orcid.org/0000-0001-7073-6839
http://orcid.org/0000-0003-3984-6452
http://orcid.org/0000-0001-7467-572X
http://orcid.org/0000-0002-6450-1037
http://orcid.org/0000-0001-5780-4067
http://orcid.org/0000-0001-7666-5365
http://orcid.org/0000-0002-8745-3920
http://orcid.org/0000-0002-1333-0143
http://orcid.org/0000-0001-7437-584X
http://orcid.org/0000-0002-2174-5517
http://orcid.org/0000-0003-4673-570X
http://orcid.org/0009-0000-2941-0562
http://orcid.org/0000-0003-4270-0008
http://orcid.org/0000-0003-0020-5535
http://orcid.org/0000-0003-2230-6310
http://orcid.org/0000-0002-6969-2063
http://orcid.org/0000-0002-8926-0743
http://orcid.org/0000-0002-8502-3177
http://orcid.org/0000-0001-7688-6248
http://orcid.org/0000-0002-5038-0609
http://orcid.org/0000-0003-1465-8674
http://orcid.org/0000-0001-5586-9027
http://orcid.org/0000-0003-4865-6677
http://orcid.org/0000-0002-5904-3334
http://orcid.org/0000-0001-8533-8788

The COMPASS Collaboration

Physics Letters B 843 (2023) 137950

G. Nukazuka?>", A.G. Olshevsky 2>, M. Ostrick """, D. Panzieri '%-""-"-" B. Parsamyan '-19-""-**,

S. Paul '>", H. Pekeler® ", J.-C. Peng >>", M. Pesek >, D.V. Peshekhonov??", M. Peskova> ",

S. Platchkov ®", J. Pochodzalla """, V.A. Polyakov 3", M. Quaresma %", C. Quintans %%,

G. Reicherz -, C. Riedl >, T. Rudnicki ®, D.I. Ryabchikov>%'%" A. Rychter 2>, A. Rymbekova *°,
V.D. Samoylenko *?", A. Sandacz?*", S. Sarkar "4, L.A. Savin?>", G. Sbrizzai !>, H. Schmieden ?,
A. Selyunin?®", K. Sharko ", L. Sinha '4, M. Slunecka *°>*"*, F. Sozzi """, D. Spiilbeck ®",

A. Srnka 2™, M. Stolarski 23", 0. Subrt >+ M. Sulc>"", H. Suzuki?>-"“"!, S. Tessaro

F. Tessarotto >!-17-*- A Thiel>", J. Tomsa>", F. Tosello >, A. Townsend **>"", T. Triloki """,
V. Tskhay %", B. Valinoti -6, B.M. Veit ', J.EC.A. Veloso?’-", B. Ventura ®, M. Virius*",

M. Wagner®", S. Wallner '>", K. Zaremba?>*", M. Zavertyaev>?"", M. Zemko >»*
E. Zemlyanichkina ?®*, M. Ziembicki >

1 AL Alikhanyan National Science Laboratory, 2 Alikhanyan Br. Street, 0036, Yerevan, Armenia
2 Institute of Scientific Instruments of the CAS, 61264 Brno, Czech Republic *

3 Technical University in Liberec, 46117 Liberec, Czech Republic®

4 Czech Technical University in Prague, 16636 Prague, Czech Republic

5 Charles University, Faculty of Mathematics and Physics, 12116 Prague, Czech Republic

6 IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

7 Universitdt Bochum, Institut fiir Experimentalphysik, 44780 Bochum, Germany ®

8 Universitdt Bonn, Helmholtz-Institut fiir Strahlen- und Kernphysik, 53115 Bonn, Germany ®
9 Universitdt Bonn, Physikalisches Institut, 53115 Bonn, Germany ®

10 Universitdt Freiburg, Physikalisches Institut, 79104 Freiburg, Germany ®

1 Universitdt Mainz, Institut fiir Kernphysik, 55099 Mainz, Germany ®

12 Technische Universitit Miinchen, Physik Dept., 85748 Garching, Germany ®

13 Ludwig-Maximilians-Universitdt, 80539 Miinchen, Germany

14 Matrivani Institute of Experimental Research & Education, Calcutta-700 030, India ©

15 Tel Aviv University, School of Physics and Astronomy, 69978 Tel Aviv, Israel

16 Abdus Salam ICTP, 34151 Trieste, Italy

17 Trieste Section of INFN, 34127 Trieste, Italy

18 University of Trieste, Dept. of Physics, 34127 Trieste, Italy

19 Torino Section of INFN, 10125 Torino, Italy

20 University of Torino, Dept. of Physics, 10125 Torino, Italy

21 University of Miyazaki, Miyazaki 889-2192, Japan

22 Nagoya University, 464 Nagoya, Japan ©

23 Yamagata University, Yamagata 992-8510, Japan ©

24 National Centre for Nuclear Research, 02-093 Warsaw, Poland

25 Warsaw University of Technology, Institute of Radioelectronics, 00-665 Warsaw, Poland
26 University of Warsaw, Faculty of Physics, 02-093 Warsaw, Poland

27 University of Aveiro, I3N, Dept. of Physics, 3810-193 Aveiro, Portugal ©

28 1P, 1649-003 Lisbon, Portugal ©

29 Affiliated with an international laboratory covered by a cooperation agreement with CERN
30 Affiliated with an institute covered by a cooperation agreement with CERN

31 CERN, 1211 Geneva 23, Switzerland

32 Academia Sinica, Institute of Physics, Taipei 11529, Taiwan !

33 University of Illinois at Urbana-Champaign, Dept. of Physics, Urbana, IL 61801-3080, USA'

* Corresponding author at: Trieste Section of INFN, 34127 Trieste, Italy.

** Corresponding author at: A.l Alikhanyan National Science Laboratory, 2 Alikhanyan Br. Street, 0036, Yerevan, Armenia and Torino Section of INFN, 10125 Torino, Italy.

*** Corresponding author at: Trieste Section of INFN, 34127 Trieste, Italy.
E-mail addresses: albikerbizi@ts.infn.it (A. Kerbizi), Bakur.Parsamyan@cern.ch (B. Parsamyan), fulvio.tessarotto@ts.infn.it (F. Tessarotto).

Supported by ANR, France with P210 LabEx (ANR-10-LABX-0038) in the framework “Investissements d’Avenir” (ANR-11-IDEX-0003-01).
Supported by the DFG Research Training Group Programmes 1102 and 2044 (Germany).

2 n T o

Retired from Ludwig-Maximilians-Universitdt, 80539 Miinchen, Germany.

Supported by the DFG cluster of excellence ‘Origin and Structure of the Universe’ (www.universe-cluster.de) (Germany).
Also at ORIGINS Excellence Cluster, 85748 Garching, Germany.

Also at Institut fiir Theoretische Physik, Universitdt Tiibingen, 72076 Tiibingen, Germany.
Present address: NISER, Centre for Medical and Radiation Physics, Bubaneswar, India.

Also at University of Eastern Piedmont, 15100 Alessandria, Italy.

Supported by the Funds for Research 2019-22 of the University of Eastern Piedmont.

Also at Chubu University, Kasugai, Aichi 487-8501, Japan.

Also at KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan.

Also at Dept. of Physics, Pusan National University, Busan 609-735, Republic of Korea.

K1 Also at Physics Dept., Brookhaven National Laboratory, Upton, NY 11973, USA.

Also at Dept. of Physics, National Central University, 300 Jhongda Road, Jhongli 32001, Taiwan.
Also at Dept. of Physics, National Kaohsiung Normal University, Kaohsiung County 824, Taiwan.
Deceased.

d1

E S IS

h1

—

Supported by the European Union’s Horizon 2020 research and innovation programme under grant agreement STRONG-2020 - No 824093.


http://orcid.org/0000-0002-4327-9676
http://orcid.org/0000-0002-8902-1793
http://orcid.org/0000-0002-3748-0242
http://orcid.org/0009-0007-4938-6097
http://orcid.org/0000-0003-1501-1768
http://orcid.org/0000-0002-8813-0437
http://orcid.org/0009-0000-9951-7023
http://orcid.org/0000-0003-4198-9030
http://orcid.org/0000-0002-5289-3854
http://orcid.org/0009-0008-9018-5884
http://orcid.org/0000-0003-0538-2514
http://orcid.org/0000-0003-2406-5602
http://orcid.org/0000-0001-7466-8829
http://orcid.org/0000-0001-5989-0990
http://orcid.org/0000-0002-6930-4120
http://orcid.org/0000-0002-9345-716X
http://orcid.org/0009-0006-1798-5004
http://orcid.org/0000-0002-7480-1826
http://orcid.org/0000-0001-7155-982X
http://orcid.org/0000-0002-9666-5394
http://orcid.org/0000-0002-2960-0355
http://orcid.org/0000-0002-0623-6642
http://orcid.org/0000-0002-8564-0079
http://orcid.org/0009-0004-8309-9241
http://orcid.org/0009-0004-4175-7314
http://orcid.org/0000-0001-8359-3742
http://orcid.org/0000-0002-7614-5236
http://orcid.org/0000-0003-4596-8149
http://orcid.org/0009-0002-4687-4849
http://orcid.org/0009-0005-3662-1946
http://orcid.org/0000-0002-2917-849X
http://orcid.org/0000-0003-0276-8059
http://orcid.org/0000-0002-7773-2782
http://orcid.org/0000-0001-9640-7216
http://orcid.org/0009-0000-7863-4554
http://orcid.org/0000-0002-6736-2036
http://orcid.org/0000-0003-1327-1670
http://orcid.org/0000-0003-0753-696X
http://orcid.org/0009-0001-2861-4544
http://orcid.org/0000-0003-4602-1985
http://orcid.org/0000-0001-9581-0054
http://orcid.org/0000-0003-4373-2810
http://orcid.org/0000-0001-7372-7137
http://orcid.org/0000-0002-3063-005X
http://orcid.org/0009-0005-5225-4154
http://orcid.org/0000-0002-7107-7203
http://orcid.org/0000-0003-3591-2133
http://orcid.org/0009-0008-9874-4265
http://orcid.org/0000-0002-9105-1625
http://orcid.org/0000-0002-4036-6459
http://orcid.org/0000-0002-4655-715X
http://orcid.org/0000-0002-0390-9418
http://orcid.org/0009-0005-7675-3126
http://orcid.org/0000-0002-0165-8926
mailto:albi.kerbizi@ts.infn.it
mailto:Bakur.Parsamyan@cern.ch
mailto:fulvio.tessarotto@ts.infn.it
http://www.universe-cluster.de

The COMPASS Collaboration

T O m m U n = >

Supported by MEYS, Grants LM2015058, LM2018104 and LTT17018 and Charles University Grant PRIMUS/22/SCI/017 (Czech Republic).

Supported by BMBF - Bundesministerium fiir Bildung und Forschung (Germany).

Supported by B. Sen fund (India).

Supported by the Israel Academy of Sciences and Humanities (Israel).

Supported by MEXT and JSPS, Grants 18002006, 20540299, 18540281 and 26247032, the Daiko and Yamada Foundations (Japan).
Supported by NCN, Grant 2020/37/B/ST2/01547 (Poland).

Supported by FCT, Grants CERN/FIS-PAR/0022/2019 and CERN/FIS-PAR/0016/2021 (Portugal).

Supported by the Ministry of Science and Technology, Taiwan.

Supported by the National Science Foundation, Grant no. PHY-1506416 (USA).

10

Physics Letters B 843 (2023) 137950



	Collins and Sivers transverse-spin asymmetries in inclusive muoproduction of ρ0 mesons
	1 Introduction
	2 Theoretical formalism
	3 Experimental apparatus and data sample
	4 Method for the extraction of the transverse single spin asymmetries
	5 Estimation of the ρ0 signal
	6 Results for Collins and Sivers asymmetries
	7 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References
	The COMPASS Collaboration


