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New results are presented on a high-statistics measurement of Collins and Sivers asymmetries of charged
hadrons produced in deep inelastic scattering of muons on a transversely polarized °LiD target. The data
were taken in 2022 with the COMPASS spectrometer using the 160 GeV muon beam at CERN, statistically
balancing the existing data on transversely polarized proton targets. The first results from about two-thirds
of the new data have total uncertainties smaller by up to a factor of three compared to the previous deuteron
measurements. Using all the COMPASS proton and deuteron results, both the transversity and the Sivers
distribution functions of the u and d quark, as well as the tensor charge in the measured x range are
extracted. In particular, the accuracy of the d quark results is significantly improved.
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Transverse spin effects observed several decades ago in
high-energy hadron-hadron interactions [1] originally con-
stituted a challenge to quantum chromodynamics (QCD)
[2]. Intense theoretical work [3—5] followed, and pioneer-
ing results were produced by the HERMES [6,7] and
COMPASS [8-10] Collaborations in semi-inclusive hadron
production measurements of deep inelastic lepton-nucleon
scattering (SIDIS) off transversely polarized proton and
deuteron targets. The current theoretical description [11]
involves both the longitudinal and intrinsic transverse
motion of partons inside a hadron, and the spin degrees
of freedom. In this scheme, the description of a polarized
nucleon within the leading-twist approximation of
perturbative QCD requires eight transverse-momentum-
dependent (TMD) parton distribution functions (PDFs),
which describe the distributions of longitudinal and trans-
verse momenta of partons and their correlations with
nucleon and quark spins. Of particular interest in this
3D description of the nucleon are two of these PDFs, the
transversity function ¢ and the Sivers function f4.

For a given quark flavor g, h{ is the analog of the helicity
distribution g in the case of transversely polarized nucle-
ons [3], i.e., the difference of the number of quarks with
spin parallel to the nucleon spin and the number of quarks
with spin opposite to the nucleon spin in transversely
polarized nucleons. Together with ¢? and the number
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FIG. 1. The SIDIS reference system defined according to
Ref. [22] and definition of the azimuthal angles. Here S; and
pr are the projections of the quark spin vector and of the hadron i
momentum vector, respectively, onto the plane transverse to the
direction of the virtual photon y*.

density f7, h? is the only TMD PDF that survives the
integration over transverse momentum. The transversity
functions of the valence u and d quarks allow access to the
nucleon tensor charge, a fundamental property of the
nucleon that can also be calculated in lattice QCD
[12,13]. The transversity PDF is chiral odd and thus not
directly observable in inclusive DIS. In 1993, Collins
suggested that it could be measured in SIDIS processes,
where it appears coupled with another chiral-odd function
[14], the so-called Collins fragmentation function H fqh. The

latter is the transverse-spin dependent fragmentation func-
tion (FF) that describes the correlation between the trans-
verse spin of the quark ¢ and the transverse momentum of
the unpolarized final-state hadron A. This correlation leads
to a left-right asymmetry in the distribution of hadrons
produced in the fragmentation of transversely polarized
quarks, which in SIDIS gives rise to a transverse-spin
asymmetry, the so-called Collins asymmetry AL . At
leading order in perturbative QCD, this asymmetry is
proportional to the convolution [11,15,16] of the trans-
versity function and the Collins fragmentation function
over transverse momenta. Independent essential informa-
tion on H1;' is obtained from measurements of the e*e~

annihilation process [17-21].

In SIDIS, the Collins effect produces a modulation
[1 4+ €con Sin pcgy| in the number of final state hadrons,
where ¢ = @), + ¢s — 7 is the Collins angle, and ¢, and
¢ are the azimuthal angles of the hadron and of the target
nucleon spin vector, respectively, in the reference system
illustrated in Fig. 1. The amplitude of this modulation is
€cott = DanfP ALy Where Dyy = (1= y)/(1 =y +y*/2)
is the transverse-spin transfer coefficient from target quark
to struck quark, y is the fractional energy of the virtual
photon, f is the dilution factor of the target material, and P,
is the transverse polarization of the target nucleon.

The Sivers TMD PDF flqu was introduced in 1990 [23]
to explain the large transverse spin effects observed in pp
collisions [24]. It describes the correlation of the intrinsic
transverse momentum kt of the unpolarized quarks with
the transverse spin of the nucleon. The final state inter-
actions of the struck quark with the nucleon remnants lead

to a modulation of the type [l + eg;, singyg;,] in the
distribution of the hadrons produced in SIDIS off trans-
versely polarized nucleons. Here ¢g;, = ¢, — ¢pg is the
Sivers angle, and the amplitude of the modulation can be
written as eg, = fPAL , with AL being the Sivers
asymmetry (note that the Collins and Sivers asymmetries

are denoted by AN 97 and by ATNATOS) in Ref. [25]
and by ASR?<! and ASR?S* in Ref. [26].) that is proportional
to the convolution of flLT" and the spin-averaged fragmen-
tation function D?q. Measuring azimuthal distributions of

hadrons produced in SIDIS off a transversely polarized
target allows the Collins and the Sivers effects to be
disentangled [27]. The Collins and Sivers asymmetries
are extracted from the same data, requiring measurements
with proton and deuteron (or neutron) targets to allow for
quark flavor separation.

The Collins and Sivers asymmetries were measured by
the HERMES Collaboration at DESY scattering 27.6 GeV
electrons on transversely polarized protons [6,7,28], by
COMPASS with 160 GeV muons on transversely polarized
deuterons (in the years 2002-2004) [8,9,29] and protons (in
2007 and 2010) [10,30,31], and by JLab with 5.9 GeV
electrons on transversely polarized 3He [32,33]. Clear
signals of nonzero asymmetries were observed on protons,
while the deuteron data and the °He data exhibited
asymmetries compatible with zero, although with rather
large statistical uncertainties. Extractions of Sivers and
transversity functions from HERMES and COMPASS data,
and e'e™ Belle data [18] to constrain the Collins FF, were
soon carried out by several groups [34—40], but the largely
unbalanced statistics of the proton and deuteron data
hampered an accurate extraction of the d-quark PDFs.
Consequently, more deuteron data were mandatory. In
2022, the COMPASS Collaboration took SIDIS data using
a transversely polarized °LiD target, with the primary goal
of measuring the Collins and Sivers asymmetries with
much higher precision. This dataset will remain unique
until complementary measurements with transversely
polarized nucleons are performed at JLab [41-43] and at
the Electron Ion Collider [44].

The principle of the measurements, the COMPASS
apparatus and the data analysis were already described
in Refs. [30,31] and are only briefly summarized here for
completeness. The spectrometer [45] was located in the
CERN SPS North Area at the M2 beamline. In various
configurations, COMPASS took data from 2002 to 2022. In
order to combine large geometrical acceptance and wide
kinematic coverage, the spectrometer consists of two
magnetic stages. It comprises a variety of tracking detec-
tors, a fast RICH, hadron and electromagnetic calorimeters,
and provides muon identification via filtering through thick
absorbers. The first stage uses a 1 Tm dipole magnet
with an acceptance of about £200 mrad in both vertical
and horizontal planes. The second stage uses a 4.4 Tm
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spectrometer magnet, located 18 m downstream from the
target, and the acceptance is £50 and 425 mrad in the
horizontal and vertical plane, respectively. The detector
components, the front-end electronics, the triggering sys-
tem, the data acquisition and the data storage were designed
to stand the associated rate of secondaries.

In 2022, the spectrometer configuration was very similar
to that used in 2007 and 2010 [45], when SIDIS off
transversely polarized protons was measured. In particular,
the 180 mrad angular acceptance was significantly larger as
compared to that of 70 mrad of the 2002-2004 measure-
ments with the deuteron target.

The data were collected using a ™ beam with a nominal
momentum of 160 GeV/c, as for all COMPASS measure-
ments to study transverse-spin effects. The muons origi-
nated from the decay of # and K mesons produced by the
400 GeV SPS proton beam on a primary beryllium target
and were naturally polarized by the weak decay mecha-
nism. The beam polarization was about —80% and the
momentum spread was Ap/p = £5%.

The target magnet can provide both a solenoid field up to
25 T and a dipole field up to 0.6 T. With such a
configuration, the target polarization can be oriented either
longitudinally or transversely to the beam direction. The
target was cooled by a He-*He dilution refrigerator,
reaching ~50 mK in the frozen-spin mode. As for the
previous measurement, LiD was used as a deuteron target,
since its favorable dilution factor (~0.4) and the high
polarization achievable (~0.5) are of utmost importance.
The target consisted of three cylindrical cells with a
diameter of 3 cm, mounted coaxially to the beam. The
central cell was 60 cm long, and the two outer ones were
30 cm long and 5 cm apart. Neighboring cells were
polarized in opposite vertical directions, so that data for

both spin directions were recorded at the same time. The
data taking was organized in periods, which were charac-
terized by stable spectrometer performances. In the middle
of each period, i.e., after three to six days, the spin
orientation in the target was reversed to further minimize
systematic effects.

In this Letter we present the analysis and the results from
seven out of ten periods (corresponding to about two-thirds
of the total statistics collected in 2022), for which data
processing and systematic studies are completed. Candidate
events are required to have reconstructed incoming and
outgoing muons and reconstructed charged hadrons stem-
ming from the muon interaction vertex. In order to ensure
the DIS regime, only events with photon virtuality
0% > 1 (GeV/c)?,0.1 <y < 0.9, and mass of the hadronic
final state system W > 5 GeV/c? are considered. The
hadrons are required to have a transverse momentum with
respect to the virtual photon direction of py > 0.1 GeV/c
and a fraction of the available energy of z > 0.2, leading to a
total of about 40 x 10° positive hadrons and about 32 x 10°
negative hadrons. Most of these hadrons are pions (about
70% for positive and 75% for negative hadrons), almost
independent of the Bjorken variable x, of z and of pr [46].

The asymmetries are measured separately for positive
and negative hadrons as a function of x, z, or pr. The
binning is the same as used for the deuteron results from the
2002-2004 data [9] and the proton results from the 2007
and 2010 data [10,30,31]. In every bin of x, z or pr, for
each period the asymmetries are extracted from the number
of hadrons produced in each cell for the two directions of
the target polarization. Using an extended unbinned maxi-
mum likelihood estimator [10], all the 8 azimuthal mod-
ulations expected in the transverse spin-dependent part of
the SIDIS cross section [11] are fitted simultaneously. In
order to extract the Collins and Sivers asymmetries, the

°2022 COMPASS °LiD data h* ©2022 COMPASS °LiD data h*
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FIG. 2. Results for the Collins (top) and Sivers (bottom) asymmetries for deuterons from 2022 data as a function of x, z and pt for
positive (red circles) and negative (black triangles) hadrons. The error bars are statistical only. The bands show the systematic point-to-

point uncertainties.
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Left: transversity functions for u-valence (red circles) and d-valence (black squares) quarks. The open points show the values

obtained using the previously published results for the proton and deuteron Collins asymmetries. The filled points show the values
obtained including the present deuteron results. The error bars show the statistical uncertainties. Right: the same for the first k&3 moments

of the Sivers functions.

measured amplitudes of the modulations in sin ¢c,; and
sin ¢bg;, are divided by the mean values of the factors
DynfP, and fP,, respectively. The dilution factor of the
SLiD material is calculated for semi-inclusive reactions as a
function of x and y [47]; its mean value increases with x
from 0.34 to 0.40, and it is ~0.38 for all z and pr bins. The
values of the deuteron target polarization (about 0.4) are
obtained from measurements, performed for each target cell
and each period before and after repolarization and taking
into account the relaxation time. The final asymmetries are
obtained by averaging the results from the seven periods,
after verifying their statistical compatibility.

As in the previous analyses [10,30], detailed studies
were performed in order to quantify the systematic uncer-
tainties. Various types of false asymmetries are measured
from different combinations of the data, assuming a wrong
direction of the target cell polarization. Differences
between asymmetries extracted by splitting the data accord-
ing to the reconstructed direction of the scattered muon in
the spectrometer are also taken into account. The overall
systematic point-to-point uncertainties are evaluated to be
less than half of the statistical uncertainties. Systematic
scale uncertainties are arising from the measurement of the
target polarization (3%) and from the evaluation of the
target dilution factor (2%).

Figure 2 shows A}, (top row) and A% (bottom row)
measured as a function of x, z, and pr for positive and
negative hadrons. The values are in good agreement with
our previous measurements [8,9,29], with an important
gain in precision: the statistical and the systematic uncer-
tainties are reduced by up to a factor of 3. The present
measurement of A%, indicates small negative (positive)
signals for positive (negative) hadrons at large x, i.e.,
asymmetries with the same sign as those measured with
the proton target. The Sivers asymmetries are again
compatible with zero, despite the much smaller uncertain-
ties. All numerical values are available on HEPData [48].

The present results are used together with the published
proton [30,31] and deuteron [9] results of COMPASS to
extract for u and d valence quarks the transversity distri-
butions and the first k% moments of the Sivers functions. The
latter are defined as f11"(x, 0%) = [ d%kr(k3/2M?) x

lqu (x,k3,0%), with M being the proton mass (see,
e.g., Ref. [40]).

The point-by-point extraction is performed by combin-
ing the proton and deuteron asymmetries in each x bin,
following the simple and direct procedure of Refs. [36,49]
and [40]. In each x bin the extraction is performed at the Q?
value of the asymmetry measurement. Across the x bins,
these values range from 1 to 50 (GeV/c)?, with mean
values between 1.3 and 23 (GeV/c)?. In line with several
phenomenological analyses, these extractions assume
TMD factorization, a topic recently discussed in particular
for unpolarized cross sections [50-52].

For the determination of the transversity distribution £,
the same Collins analysing power obtained from the Belle
data [18] and the same spin-averaged PDFs and FFs as in
Ref. [36] are used. The results for the u- and d-valence
quark are shown in the left panel of Fig. 3. The open points
are the values obtained using the previously published
results for A%, and are the same as in Ref. [36], while the
closed points are the values obtained using the weighted
mean of the published and the present deuteron results.
A considerable reduction of the uncertainties is observed in

particular for h’li”, reaching almost a factor of 4 in the last x
bins. The good statistical balance between the present
proton and deuteron data strongly reduces the statistical

correlation between the extracted functions h{" and h[lll' in
all x bins (correlation coefficient 0 < p < 0.1). Table I
shows that the new COMPASS measurement clearly
improves the knowledge about the truncated tensor charges
ou, &d and gr, as obtained by integrating /; over the range
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TABLE L

Truncated tensor charges du, dd, and g7 in the range 0.008 < x < 0.210 from numerical integration of

the £ values, obtained using for Aéoll the previously published results only (first line) and adding the present results

(second line).

Data Su = [0210 dxh' (x) 8d = [0210 dxh (x) gr = 6u—dd
Previous [9,30,31] 0.187 £ 0.030 —0.178 + 0.097 0.365 £ 0.078
Previous [9,30,31] and present 0.214 +0.020 —0.070 = 0.043 0.284 4+ 0.045

0.008 < x < 0.210 without correcting for the slow Q2
evolution of /; in the range 1.5 < Q? < 10.5 (GeV/c)>.
For the u quark, new and old values are consistent, with a
reduction of the statistical uncertainty by about 30% when
adding the present results. For the d quark, the new values
are a factor of about 2.5 smaller, with a reduction of the
statistical uncertainty by a factor of 2. The sign and
magnitude of éu and dd are in qualitative agreement with
the lattice QCD calculations, although the values of A{ are
smaller than those extracted in a recent phenomenological
analysis that included more data and recent lattice results in
the fit [53]. The isovector nucleon tensor charge gr is now
about 20% smaller, with the uncertainty reduced by almost
a factor of 2.

The newly extracted values show that the transversity for
the d quark is smaller in magnitude than that for the u
quark, while still appearing to be opposite in sign. This is
consistent with the case of the g7 helicity PDFs and with the
fact that in the non-relativistic limit helicity and transversity
are equal [54]. While /¢ looks similar to ¢, in the case of
the u quark the transversity PDF has smaller values and
goes to zero at larger values of x, suggesting possible
relativistic effects in the hadronic structure. Another rel-
evant feature is that the new numerical values of 4{ now lie
within the so-called Soffer positivity bound [55].

For the Sivers function, we follow the procedure of
Ref. [40] using the same spin-averaged PDFs and FFs and
assuming that all charged hadrons are pions. The right

panel of Fig. 3 shows the results for £11"* and f;"". The
open points are the values obtained from the previously
published A%~ results only, while the filled ones are
obtained adding the present deuteron results. For the d
quark, the statistical uncertainties are reduced by about a
factor of 2, and the values are now clearly negative in the

range 0.04 < x < 0.21. The values off]LT(Uu and fllT(Ud are
in satisfactory agreement with recent phenomenological
extractions (see, e.g., Ref. [56]) except for the region x ~

0.02 for the d quark, where fllT(])d is very close to zero in
our work.

In summary, this Letter presents the new high-statistics
COMPASS results for the Collins and the Sivers asymme-
tries of charged hadrons measured from part of the SIDIS
data collected in 2022 with a deuteron target. The asym-
metries are given as a function of x, z, or pr. They are

consistent with the previously published deuteron results,
and the overall precision is improved by up to a factor of
three. Combining the new deuteron data with all proton and
deuteron data from COMPASS, both the transversity
distribution and the first moments of the Sivers function
are extracted. By numerically integrating the transversity
distributions of the u# and d valence quarks the tensor
charge is evaluated in the range 0.008 < x < 0.21.
Altogether, the new COMPASS deuteron results are
expected to have strong impact on the knowledge of the
transverse-spin structure of the nucleon.
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