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The COMPASS experiment at CERN, as part of its programme addresses the exploration of the
transverse spin structure of the nucleon by measuring spin (in)dependent azimuthal asymmetries
in semi-inclusive DIS and, recently, also in Drell-Yan processes. Between 2002 and 2010 COM-
PASS performed a series of SIDIS measurements, using a longitudinally polarized muon beam
impinging on transversely polarized °LiD or NHj targets. Drell-Yan measurements with a 7~
beam interacting with a transversely polarized NH3 target started with the 2015 run and will be
continued in 2018. In this Letter the first measurement of transverse-spin-dependent azimuthal
asymmetries in the pion-induced Drell-Yan process is reported. Measured asymmetries giving
access to different transverse-momentum-dependent (TMD) parton distribution functions (PDFs)
are extracted using dimuon events with invariant mass between 4.3 GeV/c? and 8.5 GeV/c>. A
recent COMPASS SIDIS measurement was obtained at a hard scale comparable to that of these
DY results. This provides a unique possibility to test predicted in QCD sign change of the Sivers
TMD PDF and other (pseudo-)universal features of transvers momentum dependent parton distri-

bution functions.
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1. Introduction

Within Leading Order (LO) QCD parton model approach the polarized nucleon is described
by six time reversal even and two time reversal odd twist-2 quark transverse momentum dependent
(TMD) parton distribution functions (PDFs). The TMD PDFs are universal, process-independent
functions! [1] describing longitudinal and transverse momenta distributions of partons and their
correlations with nucleon and quark spins. Such correlations induce azimuthal modulations (asym-
metries) in the cross sections of SIDIS (/N — ¢’ hX, semi-inclusive hadron production in deep-
inelastic lepton-nucleon scattering) and of Drell-Yan process (AN — ¢/X, massive lepton-pair
production in hadron-nucleon collisions). Applying the TMD factorization theorems [1] allows
one to express the asymmetries raising in DY and SIDIS cross sections in terms of convolutions of
perturbatively calculable hard-scattering parton cross sections, hard-scale dependent TMD PDFs
and (for SIDIS) parton fragmentation functions (FFs). The hard scale Q in SIDIS is given by the
square root of the virtuality of the photon exchanged in the DIS process and in DY by the invariant
mass of the produced lepton pair.

Measurements and following study of the spin (in)dependent azimuthal effects in SIDIS and
Drell-Yan is a powerful method to access TMD distribution functions of the nucleon, which in past
decades became a priority direction in experimental and theoretical high-energy physics, for recent
reviews see e.g. Refs. [2, 3]. The ultimate goal is to measure experimentally with high precision
all possible spin-effects with both SIDIS and Drell-Yan reactions at different energies and per-
form global multi-differential analysis of obtained results to extract all spin-dependent distribution
functions.

When the polarizations of the produced leptons are summed over, the general expression for
the cross section of pion induced DY lepton-pair production off a transversely polarized nucleon
comprises one polar asymmetry, two unpolarized and five target transverse-spin-dependent az-
imuthal asymmetries (TSAs). Adopting general notations and conventions of Refs. [4, 5], the
model-independent differential cross section can be written as follows:
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5 COS ¢ cos 2,
dgaq =% { I+ Dsinoges Ay cos@es +Digag gAy - c0s2¢cs (1.1)

+S7 [D[l+c052 Gcs]A?n % sin Ps

TD(gin2 gy (Asrin(wcs_%) sin(2qcs — @s)+A7" 5 sin (2¢cs + (Ps))
+Disin264) (Asrin((pCF%) sin(¢cs — (PS)+ASTin((pCS+(PS) sin (@cs + (Ps)> } }7

Here, ¢ is the four-momentum of the exchanged virtual photon, F!, Fl% are the polarization and

azimuth-independent structure functions and 6y = (F + F3) (1+ Acos?6¢s), with A being the
polar angle asymmetry, given as A = (F} —F3) / (F} + F3). The subscript (U)T denotes target
transverse polarization (in)dependence. In analogy to SIDIS, the virtual-photon depolarization
factors are defined as D(y(g ) = f (6cs)/ (1 + Acos? ch) with f(6cs) being equal either to sin26¢s,
or sin” B¢, or to 1+ cos? O¢s. The angles @cs, Ocs and €, the solid angle of the lepton, are defined
in the Collins-Soper frame following the considerations of Refs. [4, 5], and ¢y is the azimuthal
angle of the direction of the nucleon polarization in the target rest frame, see Fig. 1.

'QCD generalized universality: time-reversal modified process-independence of TMD PDFs
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The asymmetries A in Eq. 1.1 are defined as am-

divided by the spin and azimuth-independent part of the "

DY cross section and the corresponding depolarization

factor. One spin-independent asymmetry and three out of

five TSAs enter at leading order of perturbative QCD and
can be described by contributions from only twist-2 TMD
PDFs. In DY lepton-pair production with a transversely -/,

polarized nucleon in the initial state, the Aw* > asymme- e

try is related to the convolution of nucleon and pion Boer-

Mulders TMD PDFs, (i and hj ,, /
TSA ASTin(PS is related to the nucleon Sivers TMD PDFs
(fi) convoluted with the unpolarized pion TMD PDFs

(f1,7). Here, following similar SIDIS conventions, twist-3

correspondingly). The

Figure 1: The target rest (top) and

the Collins-Soper frames (bottom).
contribution to the Sivers TSA is neglected”. Analogously,

within the twist-2 approximation of LO pQCD, Fg =0and
therefore A = 1. The other two twist-2 TSAs, ASTm(Z(pCS ~95) and ASTin(Z(PCSHpS), are related to convolu-
tions of the Boer-Mulders TMD PDFs (hllﬁ) of the pion with the nucleon TMD PDFs transversity
(1) and pretzelosity (hllT),‘ respectively [4, 6]. Remaining three azimuthal asymmetries, namely
AL s A?n(%r(ps) and AsTm(wcsHps)
LO.

All three aforementioned twist-2 nucleon TMD PDFs related to LO DY TSAs induce analo-
gous twist-2 TSAs in the general expression for the cross section of unpolarized-hadron produc-

are subleading-twist structures and are expected to vanish at

tion in SIDIS of leptons off transversely polarized nucleons [4, 6, 7]. The Afjr}(¢h —9s) (Sivers) and
Ai}";wﬁ% ) (Collins) SIDIS TSAs are the most studied ones. Corresponding structure functions are
given as convolutions of Sivers PDF with ordinary fragmentation function (D;) and transversity
PDF with Collins FF (H{"), respectively. The A?}“T(w”_‘ps) SIDIS asymmetry is related to pretzelos-
ity PDF convoluted with Collins FF. These TSAs were studied by the HERMES and COMPASS
experiments, see Refs. [8, 9, 10, 11, 12].

The Sivers function [13] plays an important role among the TMD PDFs. It describes the left-
right asymmetry in the distribution of unpolarized partons in the nucleon with respect to the plane
spanned by the momentum and spin vectors of the nucleon. One of the recent significant theoretical
advances in the TMD framework of QCD is the prediction that the two naively time-reversal odd
TMD PDFs, i.e. the quark Sivers functions fi7 and Boer-Mulders functions /i, have opposite
sign when measured in SIDIS on the one hand, and in DY or W/Z-boson production on the other.
[14]. The experimental test of this fundamental prediction, which is a direct consequence of QCD
gauge invariance, is a major challenge in hadron physics. In contrast to the Sivers and Boer-Mulders
functions, transversity and pretzelosity TMD PDFs are predicted to be genuinely universal, i.e. they
do not change sign between SIDIS and DY [1], which is yet another fundamental QCD prediction
to be explored.

Non-zero quark Sivers TMD PDFs have been extracted from SIDIS single-differential results

2the F[%T structure function is assumed to be zero [5]
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of HERMES [10], COMPASS [8] and JLab [15] using both collinear and TMD evolution ap-
proaches [16, 17, 18]. The first measurement of the Sivers effect in W and Z-boson production in
collisions of transversely polarized protons at RHIC was reported by the STAR collaboration [19];
the hard scales of these measurements is Q ~ 80 GeV/c and 90 GeV/c. It is quite different from
the one explored in fixed-target experiments where Q ranges approximately between 1 GeV/c and
9 GeV/c. Hence it is not excluded that TMD evolution effects may be sizable when describing the
STAR results using Sivers TMD PDFs extracted from fixed-target SIDIS results.
The COMPASS experiment at CERN [5] has the unique

capability to explore the transverse-spin structure of the nu- o h'  16<QP/(Gevicy<sl

. . . . . . . A h- XO0=0238
cleon in a similar kinematic region by two alternative experi- i@ 0)
mental approaches, i.e. SIDIS and DY, using mostly the same AuT( ' ) e

. . e . SN@* @5~ TY

setup. This offers the opportunity of minimizing uncertain- ut e ™
ties of TMD evolution in the comparison of the Sivers TMD Af,:(&p“_ * e
PDFs when extracted from these two measurements to test the -0.05 0 0.%; i

opposite-sign prediction by QCD.

Recently, COMPASS published the first multi-differential =~ Figure 2: COMPASS results for
results of the TSAs, which were extracted from SIDIS data  proton SIDIS TSAs in the range
at four different hard scales [11]. The three aforementioned 4 GeV/c < O < 9 GeV/e.

TSAs that are extracted from COMPASS SIDIS data for the

range 4 GeV/c < Q < 9 GeV/c, are shown in Fig. 2 after averaging over all other kinematic de-
pendences. This hard scale range is very similar to the one used in this Letter to analyze the DY
process. The Sivers asymmetry for positive hadrons was found to be above zero by 3.2 standard
deviations of the total experimental accuracy. The Collins asymmetry is determined with even bet-
ter statistical precision. The amplitude has opposite sign for positive and negative hadrons which
is attributed to the peculiarities of Collins FF [9]. The pretzelosity asymmetry in SIDIS is found
to be compatible with zero, which can be related to kinematic suppression-factors entering in the
corresponding structure function [6, 12].

COMPASS results for three twist-2 Drell-Yan TSAs were published in Ref. [20]. In this Letter
COMPASS results for all five proton transverse-spin-dependent asymmetries in the pion-induced
Drell-Yan process are presented for the first time. Obtained results are given in various kinematic
representations in order to provide more detailed input for relevant studies of involved TMD PDFs.

2. Data analysis

The analysis presented in this Letter is based on Drell-Yan data collected by COMPASS in
the year 2015 using essentially the same spectrometer as it was used during SIDIS data taking in
previous years [5]. For this measurement, the 190 GeV/c m~ beam with an average intensity of
0.6 x 10® s~! from the CERN SPS - M2 beamline was scattered off the COMPASS transversely
polarized NHj3 target. The polarized target, placed in a 0.6 T dipole magnet, consisted of two
longitudinally aligned cylindrical cells of 55 cm length and 4 cm in diameter, separated by a 20 cm
gap. A 240 cm long structure made mostly of alumina with a tungsten core, placed downstream
of the target, acted as hadron absorber and beam dump. In addition, a 7cm long aluminum plug
dedicated to the unpolarized DY-measurements was installed inside the absorber upstream of the
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tungsten beam plug. Approximately 60% of the beam did not interact in the polarized target and

was dumped into the tungsten plug. The distribution of dimuon production vertices in the target

region is shown in Fig. 3 with indicated target cell, aluminum plug and tungsten core positions.
The average uncertainty in the reconstructed vertex

position along the beam line is about 10 cm, which leads to x10°
[~ COMPASS 2015 data
[ 43<M,/(Gev/c?) <85

w

a marginal (below 1%) migration of reconstructed events
from one target cell to the other. The two cells were po-
larized vertically in opposite directions, so that data with

counts/1.25 (cm)
N
T

both spin orientations were recorded simultaneously. In

[
T

order to compensate for acceptance effects, the polariza-

. . . 7\ 1 S { T W o dy n
tion was reversed every two weeks. The entire data-taking 300 200 <100 0 (o

time of 18 weeks was divided into nine periods, each con-
sisting of two consecutive weeks with opposite target po- Figure 3: Distribution of dimuon

larizations. The proton polarization had a relaxation time production vertices in the target re-

of about 1000 hours, which was measured for each target gion.
cell in each data taking period. Average proton polariza-

tion was measured to be around (Pr) ~ 0.73. The dilution factor, f, accounting for the fraction
of polarizable nucleons in the target and the migration of reconstructed events from one target cell
to the other or from unpolarized medium into the cells, is estimated to be (f) ~ 0.18. Kinematic
dependence of the dilution factor is shown in Fig. 4.

Outgoing charged particles were detected by a sys-

tem of tracking detectors in the two-stage spectrometer COMPASS 2015 data | 4.3<My, /(GeV/c?)<8.5
and their momenta are determined by means of two large- 02f

aperture dipole magnets. In each stage, muon identifica- g ’ ® coereees
tion was accomplished by a system of muon filters. The 0.15f

trigger required the hit pattern of several hodoscope planes 101 1

X X

to be consistent with at least two muon candidates origi-
nating from the target region. For any pair of candidates Figure 4: Average dilution factor in
either both have to be detected in the first stage of the spec- bins of xy and x.

trometer (25 < 6, < 160 mrad), or one in the first and the

other in the second stage (8 < 6, < 45 mrad).

In the data analysis, the selection of events requires a production vertex located within the
polarized-target volume, with one incoming pion beam track and at least two oppositely charged
outgoing particles that are consistent with the muon hypothesis, ensured by the requirement of 30
radiation lengths to be crossed along the spectrometer. The quality and timing information for the
tracks is also verified. The dimuon transverse momentum gy is required to be above 0.4 GeV/c in
order to obtain sufficient resolution in angular variables.

For various Drell-Yan studies carried out at COMPASS, it is convenient to disentangle four
M, dimuon invariant mass-ranges [5]:

i) 1GeV/c? < My, <2 GeV/c? : "low mass" range, many background processes contribute;
ii) 2 GeV/c? < My, < 2.5 GeV/c? : "intermediate mass" range;
iii) 2.5 GeV/c? < My, <43 GeV/c? : "charmonium (J/yand y’) mass range";
iv) 4.3 GeV/c? < My, <85 GeV/c? : "high mass" range, background processes are suppressed.



Measurement of LSAs in SIDIS at COMPASS experiment Bakur Parsamyan

In Fig. 5 the two-dimensional (xy,Q?) distributions for dimuons produced in polarized target
are shown for the entire (xy,Q?) range (upper left insert) and separately for each Q? range. In each
cell, the distribution is normalized to have a maximum value equal to one.
Range iv) is particularly suited to study the predicted sign
change of the Sivers TMD PDF when comparing SIDIS
and DY results. First, this range best fulfils the require-
ment of TMD factorisation that the transverse momentum
of the hadron in SIDIS or of the muon pair in DY has to be 10
much smaller than Q. Secondly, both SIDIS and DY cross 7
sections for a proton target are dominated by the contribu-
tion of u-quark nucleon TMD PDFs in the valence region,
where the extracted Sivers TMD PDF reaches its maxi-
mum [16]. In this Letter only results obtained for range

3 COMPASS 2015 data
1  Drel-YanNH;

Q%(GeV/cy
3

Figure 5: the two-dimensional

(xy,Q?) distribution.
iv) are presented.

The reconstructed mass spectrum of events pass-
ing all analysis requirements is shown in black in Fig. 6. The combinatorial back-
ground originating from the decays of pions and kaons produced in the target is
evaluated using like-sign dimuon events from real data and shown in grey (dotted).
Further contributions to the dimuon spectrum are evaluated with a Monte-Carlo (MC) simulation,
and their relative weights are obtained by a fit to the data. The Drell-Yan contribution is shown
in blue (long dashed). The background contributions originate from charmonia, shown in red
(dashed) and magenta (dot-dashed), and semi-muonic open-charm decays shown in green (double
dot dashed). The sum of all contributions, shown in violet, describes the experimental data well.
The J/y peak is clearly visible with a shoulder from the y(2S) resonance. The mass range iv) used
in this analysis is defined by the requirement 4.3 GeV/c? < My, <85 GeV/c?, where the upper
limit avoids the contribution of Y-resonances. In this range, the overall background contribution is
estimated to be below 4%.

The two-dimensional distribution of the Bjorken scal-

—— COMPASS 2015 NH, data
Comb. background
"""" Jy (MC)
B A (o]
- Open-charm (MC)
--- Drell-Yan (MC)
— Total MC + Comb. background

ing variables of pion and nucleon, x; and xy, for this mass
range is presented in Fig. 7 (left panel). The figure shows
that the kinematic phase space explored by the COMPASS
spectrometer matches the valence region in x; and xy. In

H
<
T

H
)
T

counts/ (0.04 GeV/c?)
= =
53 QU

this region, the DY cross section for a proton target is dom-

=
o
T

SN oy
inated by the contribution of nucleon u-quark and pion i- g YR : G FRE—T
quark TMD PDFs. M (GeV/Ic)

The distributions of the dimuon Feynman variable xg Figure 6: The M, distribution.
and the dimuon transverse momentum gr are presented in
Fig. 7 (central and right panels). The corresponding mean
values of the kinematic variables are: (xy) = 0.17, (xz) = 0.50, (xp) = 0.33, (g7) = 1.2 GeV/c
and (M) = 5.3 GeV/c?.

After all selection criteria about 35 x 10° dimuons remain for the analysis. The three TSAs
presented in this Letter are extracted period by period from the number of dimuons produced in

each cell for the two directions of the target polarization. The double-cell target configuration in
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conjunction with the periodic polarization reversal allows for the simultaneous measurement of
azimuthal asymmetries for both target spin orientations. Using an extended Unbinned Maximum

o

L
0 05 1 0 1 2 3 4 5
Xg a, (GeV/c)

Z 1 Compass 2015 N data '8 x10° o
F 43<M,/(Gevic) <85 097 g [ COMPASS2015NH,data | © COMPASS 2015 NH, data
08 ™ e ’ 0.8 ﬁ oS [ 43<M,/(GeVic) <85 3 5 43<M,,/(Gevic?) <85
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L L~ Q r pt 4 £
06 . 5 r N E
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Figure 7: The two-dimensional (xz,xy) distribution of the selected high mass dimuons (left). The
xp distribution (center) and g distribution (right) of the selected high mass dimuons.

Likelihood estimator, all five TSAs are fitted simultaneously together with their correlation matri-
ces. In this approach, flux and acceptance-dependent systematic uncertainties are minimized [11].
The final asymmetries are obtained by averaging the results of the nine periods. The asymmetries
are evaluated in kinematic bins of xy, Xz, XxF or gr, while always integrating over all the other vari-
ables.

The dilution factor f and the depolarization factors enter-

ing the definition of TSAs are calculated on an event-by- O o aaa o Lo o ors * s
event basis and used to weight the asymmetries. For the T p Remsssen b g ssssmes
. .. o oot Soeee
magnitude of the target polarization Py, an average value 8 ost * i ‘e
is used for each data taking period in order to avoid possi- ko e s
. . . A . Of---29%ecee00- |- --- o o cetess o |
ble systematic bias. In the evaluation of the depolarization = 1
factors, the approximation A = 1 is used. Known devi- * %o

ations from this assumption with A ranging between 0.5 Figure 8: Kinematic dependence of
and 1 [21] decrease the normalization factor by at most
5%, see Fig. 8.

The TSAs resulting from different periods are
checked for possible systematic effects. The largest systematic uncertainty is due to possible resid-
ual variations of experimental conditions within a given period. They are quantified by evaluating
various types of false asymmetries in a similar way as described in Refs. [8, 9]. The systematic
point-to-point uncertainties are found to be about 0.7 times the statistical uncertainties and are indi-
cated in the plots by color bands. The normalization uncertainties originating from the uncertainties
on target polarization (5%) and dilution factor (8%) are not included in the quoted systematic un-
certainties.

the depolarization factors and im-
pact of different values of A.

3. Results and Discussion

All five Drell-Yan TSAs (twist-2 TSAs, ASTin ¥, AsTi“(Z(pCS ~%) and AsTin(Z(PCS %) and subleading-
twist TSAs, AsTin((pCS =9 and ASTin((pCS+(pS)) are shown in Fig. 9 (left panel) as a function of the vari-
ables xy, xz, xp, g7 and My,. Due to relatively large statistical uncertainties, no clear trend is
observed for any of the TSAs. The full set of numerical values for all TSAs from this measurement
(including corresponding correlation coefficients) is available on HepData [22].
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The right panel in Fig. 9 shows the results for the five extracted TSAs integrated over the en-

tire kinematic range. The average Sivers asymmetry ASTin % = 0.06040.057(star.) 0.040(sys.) is

0.5 COMPASS 2015 datal 4.3<M,,,/(GeV/c?)<85

@ {
Sso0 f——{——{ fffffffffffffffff - T,},,,i 777777 Um{ 77777777 4,} ,,,,,,,,,,,,

COMPASS 2015 data
43<M,,/(Gevic?) <85

A M
-02 -01 O 01 02 A

10 10 -020 02040608 1 2 3
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78
M,y (GeV/c?)

4 5

Figure 9: Left panel: Extracted Drell-Yan TSAs. Right panel: Mean Drell-Yan TSAs.

found to be above zero at about one standard deviation of the total uncertainty.

In Fig. 10, it is compared with recent theoretical pre-
dictions from Refs. [16, 17, 18] that are based on stan-
dard DGLAP and two different TMD evolution ap-
proaches. Note that the kinematic constraints used in
Refs. [16, 17, 18] differ from one another and also
from those used in our analysis. The positive sign of
these theoretical predictions for the DY Sivers asym-
metry was obtained by using the sign-change hypothe-
sis for the Sivers TMD PDFs, and the numerical val-
ues are based on a fit of SIDIS data for the Sivers
TSA [10, 8]. The figure shows that this first measure-
ment of the DY Sivers asymmetry is consistent with the
predicted change of sign for the Sivers function.

The average value for the TSA A%~ %) g
measured to be below zero with a significance of about
two standard deviations. The obtained magnitude of
the asymmetry is in agreement with the model calcula-

« COMPASS 2015 data
== DGLAP
[ e== TMD-1
O0lpe=tvp2|
- '
-m<»— ob
-01f
-0.5 0 0.5

Figure 10: The measured mean Sivers
asymmetry and the theoretical predic-
tions from Refs. [16] (DGLAP), [17]
(TMDI1) and [18] (TMD2). The
dark-shaded (light-shaded) predictions
are evaluated with (without) the sign-
change hypothesis

tions of Ref. [23] and can be used to study the universality of the nucleon transversity function. The
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TSA ASTin(Z(pCSHPS ), which is related to the nucleon pretzelosity TMD PDFs, is measured to be above
zero with a significance of about one standard deviation. Since both ASTin(Z(pcsf(pS ) and ASTin(mCS +0s)
are related to the pion Boer-Mulders PDFs, the obtained results may be used to study this func-
tion further and to possibly determine its sign. They may also be used to test the sign change of
the nucleon Boer-Mulders TMD PDFs between SIDIS and DY as predicted by QCD [14], when
combined with other past and future SIDIS and DY data related to target-spin-independent Boer-
Mulders asymmetries [21, 24, 25].

The remaining two asymmetries are the ASTm((pCS ~%) and ASTin((PCSHpS)) subleading-twist TSAs.
Both amplitudes are found to be compatible with zero (see Fig. 9), which can be attributed to the
subleading nature of the effects and corresponding dynamic suppressions.

Presented results are the first and the only currently available data on the transverse-spin-
dependent azimuthal asymmetries in the Drell-Yan process. In 2018, COMPASS will continue the
measurements of the polarized Drell-Yan process for another data-taking year. This will consider-
ably improve the statistical precision of the Sivers and other azimuthal DY TSAs presented in this
Letter. Combined with available SIDIS data, COMPASS DY results serve as a crucial input for
study of universality of TMD PDFs and for general understanding of the transverse spin structure
of the nucleon.
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