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ABSTRACT

The COMPASS Collaboration at CERN has measured the transverse spin azimuthal asymmetry of
charged hadrons produced in semi-inclusive deep inelastic scattering using a 160 GeV u* beam and a
transversely polarised NH3 target. The Sivers asymmetry of the proton has been extracted in the Bjorken
x range 0.003 < x < 0.7. The new measurements have small statistical and systematic uncertainties of
a few percent and confirm with considerably better accuracy the previous COMPASS measurement. The
Sivers asymmetry is found to be compatible with zero for negative hadrons and positive for positive
hadrons, a clear indication of a spin-orbit coupling of quarks in a transversely polarised proton. As
compared to measurements at lower energy, a smaller Sivers asymmetry for positive hadrons is found
in the region x > 0.03. The asymmetry is different from zero and positive also in the low x region,
where sea-quarks dominate. The kinematic dependence of the asymmetry has also been investigated and
results are given for various intervals of hadron and virtual photon fractional energy. In contrast to the
case of the Collins asymmetry, the results on the Sivers asymmetry suggest a strong dependence on the
four-momentum transfer to the nucleon, in agreement with the most recent calculations.

© 2012 Elsevier B.V. Open access under CC BY license

* Corresponding authors.
E-mail addresses: Andrea.Bressan@cern.ch (A. Bressan), Fabienne.Kunne@cern.ch

(F. Kunne), Anna.Martin@cern.ch (A. Martin).

1 Also at IST, Universidade Técnica de Lisboa, Lisbon, Portugal.

2 Supported by the DFG Research Training Group Programme 1102 “Physics at
Hadron Accelerators”.

3 Also at Chubu University, Kasugai, Aichi, 487-8501, Japan
Also at KEK, 1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan.
On leave of absence from JINR, Dubna.
Present address: National Science Foundation, 4201 Wilson Boulevard, Arling-
ton, VA 22230, United States.

7 Present address: RWTH Aachen University, Ill. Physikalisches Institut, 52056
Aachen, Germany.

8 Also at GSI mbH, Planckstr. 1, 64291 Darmstadt, Germany.

9 Supported by the German Bundesministerium fiir Bildung und Forschung.

10 Supported by Czech Republic MEYS Grants ME492 and LA242.

11 Supported by SAIL (CSR), Govt. of India.

12 Supported by CERN-RFBR Grants 08-02-91009.

13 Supported by the Portuguese FCT - Fundagio para a Ciéncia e Tecnolo-
gia, COMPETE and QREN, Grants CERN/FP/109323/2009, CERN/FP/116376/2010 and
CERN/FP/123600/2011.

14 Supported by the MEXT and the JSPS under the Grants Nos. 18002006,
20540299 and 18540281; Daiko Foundation and Yamada Foundation.

15 Supported by the DFG cluster of excellence ‘Origin and Structure of the Uni-
verse’ (www.universe-cluster.de).

16 supported by the Israel Science Foundation, founded by the Israel Academy of
Sciences and Humanities.

17" Supported by the Polish NCN Grant DEC-2011/01/M/ST2/02350.

18 Deceased.

4
5
6

In the late 60’s a simple and powerful description was proposed
for the nucleon as a stream of partons each carrying a fraction x
of the nucleon momentum in a frame where the nucleon momen-
tum is infinitely large. From the dependence of the deep inelastic
lepton-nucleon scattering (DIS) cross section on the energy and
momentum transferred to the nucleon it was possible to identify
charged partons with the earlier postulated quarks, and assess the
existence of gluons as carriers of half of the proton momentum.

Since the 90’s it is well known that in order to specify the
quark structure of the nucleon at twist-two level in collinear quan-
tum chromodynamics (QCD) three types of parton distribution
functions (PDFs) are required: the momentum distributions q(x)
(or flq (x) in the “Amsterdam” notation [1]), the helicity distribu-
tions Aq(x) (or g‘{ (x)) and the transversity distributions Arq(x) (or
h‘lJ (x)), where x is the Bjorken variable. For a given quark flavour
g, q(x) is the number density, Aq(x) is the difference between the
number densities of quarks with helicity equal or opposite to that
of the nucleon for a nucleon polarised longitudinally, i.e. along its
direction of motion, and the transversity distribution Arq(x) is the
corresponding quantity for a transversely polarised nucleon. If the
quarks are assumed to be collinear with the parent nucleon, i.e.
neglecting the intrinsic quark transverse momentum kr, or after
integration over kr, the three distributions q(x), Aq(x) and Arq(x)
exhaust the information on the internal dynamics of the nucleon.
On the other hand, from the measured azimuthal asymmetries
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of hadrons produced in unpolarised semi-inclusive deep inelastic
scattering (SIDIS) and Drell-Yan (DY) processes a sizeable trans-
verse momentum of quarks was derived. Taking into account a
finite intrinsic transverse momentum kr, in total eight transverse
momentum dependent (TMD) distribution functions are required
to fully describe the nucleon at leading twist [2]. Presently, PDFs
that describe non-perturbative properties of hadrons are not yet
calculable in QCD from first principles, but they can already be
computed in lattice QCD. In the SIDIS cross section they appear
convoluted with fragmentation functions (FFs) [3,4], so that they
can be extracted from the data.

A TMD PDF of particular interest is the Sivers function qu (or

L . . .
fi7), which arises from a correlation between the transverse mo-

mentum kr of an unpolarised quark in a transversely polarised
nucleon and the nucleon polarisation vector [6]. In SIDIS this kr
dependence gives rise to the “Sivers asymmetry” Asy which is
the amplitude of the sin @s modulation in the distribution of the
produced hadrons. Here the azimuthal angle &5 is defined as
D5 = ¢y — ¢s With ¢ and ¢s respectively the azimuthal angles of
hadron transverse momentum and nucleon spin vector, in a refer-
ence system in which the z axis is the virtual photon direction and
the xz plane is the lepton scattering plane, in agreement with [5].
The Sivers asymmetry can be written as

Yqeq Aga® Dj

> ei-q® D]

where the sum is over all (anti)quark flavors, ® indicates the con-
volutions over transverse momenta, eq is the quark charge and Dg
describes the fragmentation of a quark g into a hadron h.

In the very recent years, much attention has been devoted to
the Sivers function, which was originally proposed to explain the
large single-spin asymmetries observed in hadron-hadron scatter-
ing. The Sivers function is naive-T-odd, namely it changes sign
under naive time reversal, which is defined as usual time rever-
sal but without interchange of initial and final state. For a long
time the Sivers function and the corresponding asymmetry were
believed to vanish [7] due to T-invariance arguments. However
Brodsky et al. [8] showed by an explicit model calculation that
final state interactions in SIDIS arising from gluon exchange be-
tween the struck quark and the nucleon remnant (or initial state
in DY) produce a non-zero asymmetry. One of the main theo-
retical achievements of the recent years was the discovery that
the Wilson-line structure of parton distributions, which is neces-
sary to enforce gauge invariance of QCD, provides the possibility
for non-zero T-odd transverse momentum dependent (TMD) PDFs.
According to factorisation the T-odd PDFs are not universal. The
Sivers function can be different from zero but must have opposite
sign in SIDIS and DY [9]. A lot of interest in the Sivers function
arises also from its relation with orbital motion of quarks inside a
transversely polarised nucleon. In particular it was shown [8] that
orbital angular momentum must exist if the Sivers function does-
n’t vanish. Even though no exact relation between Sivers function
and orbital angular momentum was derived yet, work is going on,
also because the importance of assessing the role of the orbital an-
gular momentum in the nucleon spin sum rule has grown in time
(see e.g. [10-13]).

Presently, the measurement of the Sivers asymmetry in SIDIS
is the only direct way to assess the Sivers function. It became an
important part of the experimental programs of the HERMES and
COMPASS experiments, and it will be an important part of future
SIDIS experiments at JLab12 [14]. Furthermore, in the near future
several experiments using the DY process will address the Sivers
function, in particular its sign, in order to establish the prediction
of restricted universality [15,16].

, (1)

Asiy =

By scattering the e~ and et beams at HERA off a transversely
polarised proton target in 2002 and 2003, HERMES measured for
the first time the Sivers asymmetry finding non-zero values for
positively charged pions [17]. Using a 160 GeV longitudinally po-
larised ™ beam COMPASS measured SIDIS on a transversely po-
larised deuteron (®LiD) target in 2002, 2003 and 2004. In those
data no sizeable Sivers asymmetry was observed within the ac-
curacy of the measurements [18-20], a fact which is understood
in terms of a cancellation between the contributions of u- and d-
quarks. Very recently the Siver asymmetry on neutron (3He) was
measured at Jefferson Lab Hall A [21]. A combined analysis of the
COMPASS and HERMES data allowed for a first extraction of the
Sivers function for u- and d-quarks [22-24]. Still, as in the case of
the Collins asymmetry, measurements on protons at higher beam
energies were needed to disentangle possible higher twist effects.

COMPASS measured SIDIS on a transversely polarised proton
(NH3) target for the first time in 2007. The results [25] on the
Sivers asymmetry for positive hadrons were found to be differ-
ent from zero and turned out to be somewhat smaller than the
one measured by HERMES for for positive pions [26]. However the
COMPASS results had larger statistical errors and a non-negligible
overall scale uncertainty of +0.01. A more precise measurement
was thus mandatory and the entire 2010 data taking period was
dedicated to this purpose.

In this Letter, the results of the 2010 run are presented. They
confirm with considerably smaller uncertainties the observation of
the 2007 measurements. The higher statistics allow for first studies
of the kinematic dependence of the asymmetry in a domain larger
than the usual COMPASS DIS phase space.

The COMPASS spectrometer is in operation in the SPS North
Area of CERN since 2002. The principle of the measurement and
the data analysis were already described in Refs. [27,18-20,25].
The information on the 2010 run, the amount of data collected,
the event reconstruction and selection, the statistics of the final
samples, are given in a parallel paper on the Collins asymme-
try [28] that was measured using the same data. In order to
ensure a DIS regime, only events with photon virtuality Q2 > 1
(GeV/c)?, fractional energy of the virtual photon 0.1 < y < 0.9, and
mass of the hadronic final state system W > 5 GeV/c? are con-
sidered. A charged hadron is required to have at least 0.1 GeV/c
transverse momentum p’; with respect to the virtual-photon di-
rection and a fraction of the available energy z > 0.2. This is
referred to as “standard sample” in the following and consists
mainly of pions (about 70% for positive hadrons, 75% for negative
hadrons).

The Collins and Sivers asymmetries are the amplitudes of 2 of
the 8 azimuthal modulations, which are theoretically expected to
be present in the SIDIS cross section for a transversely polarised
target. All eight are extracted simultaneously from the same data
as explained in Ref. [28]. The measured amplitude of the modula-
tion in sin &g is €s = f P1Asjy, where f is the dilution factor of the
NH3; material, and Pt the magnitude of the proton polarisation. In
order to extract Asj,, the measured amplitudes €5 in each period
are divided by f and Pr. The dilution factor of the ammonia target
is calculated for semi-inclusive reactions [30] and is evaluated in
each x bin; it increases with x from 0.14 to 0.17, and it is assumed
constant in z and p’}. The proton target polarisation (~ 0.8) was
measured individually for each cell and each period. The results
for Ag;, from all periods of data taking are found to be statistically
compatible and the final asymmetries are obtained by averaging
the results from the full available statistics. Extensive studies were
performed in order to assess the systematic uncertainties of the
measured asymmetries [19,29], and it was found that the largest
contribution is due to residual acceptance variations within the
data taking periods. In order to quantify these effects, various types
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Fig. 1. Sivers asymmetry as a function of x, z and p}} for positive (top) and negative (bottom) hadrons.
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Fig. 2. Sivers asymmetry as a function of z and p’} for positive (top) and negative (bottom) hadrons. The open points (o, slightly shifted horizontally) are the values obtained
in the range 0.032 < x < 0.70. The closed points (e) refer to the full x range and are the same as in Fig. 1.

of false asymmetries are calculated from the final data sample
assuming wrong sign polarisation for the target cells. Moreover,
the physical asymmetries are extracted splitting the events accord-
ing to the detection of the scattered muon in the spectrometer
(top vs bottom, left vs right). The differences between these phys-
ical asymmetries and the false asymmetries are used to quantify
the overall systematic point-to-point uncertainties, which are eval-
uated to be 0.5 times the statistical uncertainties. The only relevant
systematic scale uncertainty, which arises from the measurement
of the target polarisation, is evaluated to be 3% of the target polar-
isation, and includes the uncertainty in the evaluation of the target
dilution factor.

Fig. 1 shows the Sivers asymmetries for positive and negative
hadrons extracted from the 2010 proton data as a function of x,
z and p*}, where the other two variables are integrated over. For
negative hadrons the asymmetry is compatible with zero, while for
positive hadrons it is definitely positive and stays positive down
to x ~ 1073, in the region of the quark sea. There is good agree-
ment with the published results from the COMPASS 2007 run [25]
but with a considerable reduction of more than a factor of two
in the statistical and in the point-to-point systematic uncertain-

ties. Also, the asymmetry for positive hadrons is clearly smaller
than the corresponding one for positive pions measured by HER-
MES [26]. This fact persists even when considering only events
with x > 0.032, in the same x range as the HERMES experiment.
The asymmetries in this restricted x range are shown as open
points in Fig. 2.

The correlation between the Collins and the Sivers azimuthal
modulations introduced by the non-uniform azimuthal acceptance
of the apparatus as well as the correlations between the Sivers
asymmetries measured when binning the same data alternatively
in x, z or p’} were already given in Ref. [28]. All correlation coef-
ficients are found to be smaller than 0.2 and are relevant only in
case of simultaneous fits of the various asymmetries.

In order to further investigate the kinematic dependence of
the Sivers asymmetry and to understand the reason of the differ-
ence with HERMES, the kinematic domain is enlarged to examine
the events with smaller y values (in the interval 0.05 <y < 0.1),
which correspond to smaller Q% and W values. Additionally, the
standard data sample is divided into two parts, corresponding to
0.1 <y <02 and 0.2 <y <0.9. Since at small y there are no
low-x data, only events with x > 0.032 are used. Fig. 3 shows the
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Fig. 4. Left panel: mean value of y vs W for the standard sample 0.1 < y < 0.9 (closed circles, o) and for the sample 0.05 <y < 0.1 (closed squares, ). Middle panel: mean
values of W vs x for the standard sample 0.1 < y < 0.9 (closed circles, o) and for the samples 0.05 < y < 0.1 (closed squares, W), 0.1 < y < 0.2 (open triangles, V), and
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0.08

P
Siv

0.06—

0.04—

0.02—

0.5 1
Z

Fig. 5. Comparison between the measured and calculated Sivers asymmetries for
positive hadrons as a function of z for 0.1 < y < 0.9. The closed points (e) refer to
the full x range and the open points (o) to the 0.032 < x < 0.70 range. The curves
are from Refs. [33,35].

Sivers asymmetries measured in these three bins of y as a function
of x, z, and p’; respectively. No particular trend is observed in
the case of the asymmetries for negative hadrons (bottom plots),
which stay compatible with zero as for the standard sample.
A clear increase of the Sivers asymmetry for positive hadrons is
visible for the low-y data. This effect cannot be due to the slightly
different mean values of x, since the Sivers asymmetry does not
exhibit a strong x dependence for x > 0.032. On the contrary, it
could be associated with the smaller values of Q2 and/or with the

smaller values of the invariant mass of the hadronic system W.
A similar dependence of the asymmetries on y was already no-
ticed in the published results from the 2007 data. As can be seen
from Fig. 4 (left panel), there is a strong correlation between the
y and W mean values: the mean values of W in the high x bins
are about 3 GeV/c? for the sample 0.05 < y < 0.1 and larger than
5 GeV/c? for the standard sample 0.1 < y < 0.9 (middle panel of
Fig. 4). On the other hand, as can be seen in the right panel of
Fig. 4, bins at smaller y have smaller values of (Q?). In particular,
in each x bin the Q2 mean value decreases by about a factor of 3
for the sample 0.05 < y < 0.1 with respect to the standard sample.
Although the situation might be different in the target fragmen-
tation region [31], in the current fragmentation region the Sivers
asymmetry is not expected to depend on y (or on W), while some
Q2 dependence should exist due to the Q2 evolution of both the
FFs and the TMD PDFs.

Very recently first attempts to estimate the impact of the Q2
evolution of the Sivers function [32] led to encouraging results.
In Ref. [33] the Sivers asymmetry was evaluated for the HERMES
kinematic region using the Sivers functions of Ref. [34] and then
evolved to the COMPASS kinematic region. The measured z depen-
dence of the Sivers asymmetries for 0.1 <y < 0.9 is compared
with the calculated one in Fig. 5, for the entire x region (dotted
line [33]) and for x > 0.032 (full line [35]). The linear trend of the
data up to z~~ 0.8 is well reproduced, as well as the small increase
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Fig. 6. Sivers asymmetry as a function of x, z and p'} for positive (top) and negative (bottom) hadrons for 0.032 < x < 0.70 in 3 different z bins: 0.1 < z < 0.2 (closed
squares, W), 0.2 < z < 0.35 (open triangles, Vv, slightly shifted horizontally when plotted vs x and p’}) and 0.35 < z < 1.0 (open squares, (J).

of the slope for the high x sample. A very recent fit [36] of the
HERMES asymmetries [26] and the COMPASS deuteron [20] and
proton [37] results given here was performed taking into account
the Q2 evolution in all x bins. It reproduces all the data well and
provides strong support to the current TMD approach, which fore-
sees a stronger Q 2-dependence of the Sivers function compared to
the unpolarized PDFs.

We have also investigated the behaviour of the Sivers asym-
metries at low z. Our standard hadron selection requires z > 0.2
to stay well separated from the target fragmentation region. In
the range 0.1 < z < 0.2 no effect on Asj, is visible for negative
hadrons, but one observes a clear decrease of the asymmetry for
positive hadrons. In Fig. 6 the data are plotted in 3 different z re-
gions: 0.10 < z < 0.20, 0.20 < z < 0.35, and 0.35 < z < 1.00. While
the shape of the asymmetry as a function of x stays the same,
the size of the asymmetry shows a clear proportionality with z, in
qualitative agreement with the expected linear behaviour (see, e.g.
[38]). The observed z dependence cannot explain the dependence
on y described above, since the mean values of z for the samples
0.05<y<0.1,01<y<02and 0.2 <y<0.9 are very close:
0.41, 0.38 and 0.36 respectively.

All the results given in this Letter are available on HEP-
DATA [39]. The asymmetries for the standard sample as functions
of x, z and p’} have also been combined with the already published
results from the 2007 run [25] and are also available on HEPDATA.
The two sets of data have been combined using the standard least
squares method with all the statistical and the systematic point-to-
point and scale (relevant for the 2007 results for positive hadrons
only) uncertainties.

In summary, COMPASS has obtained precise results on the
Sivers asymmetry in SIDIS using a polarised proton target. A first
investigation of its dependence on various kinematic variables
shows significant dependences on z and y. By now, the Sivers
asymmetry for positive hadrons is shown to be different from
zero in a broad kinematic range and to exhibit strong kinematic
dependences. After two decades of speculations, this is an im-
portant new insight into the partonic structure of the nucleon.
In the light of the most recent theoretical advances refined com-
bined analyses to evaluate the Sivers function and its dependence
on the SIDIS variables are required in order to understand the
role of the Sivers function in the various transverse spin phenom-
ena observed in hadron-hadron collisions and in future Drell-Yan
measurements.
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