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Abstract

The COMPASS Collaboration at CERN has measured the trasesegin azimuthal asymmetry of
charged hadrons produced in semi-inclusive deep inelsstittering using a 160 Gei™ beam and

a transversely polarised NHarget. The Sivers asymmetry of the proton has been exttactthe
Bjorkenx range 0003 < x < 0.7. The new measurements have small statistical and systenmat
certainties of a few percent and confirm with considerablydseaccuracy the previous COMPASS
measurement. The Sivers asymmetry is found to be compatiltiezero for negative hadrons and
positive for positive hadrons, a clear indication of a spibit coupling of quarks in a transversely
polarised proton. As compared to measurements at loweggnarsmaller Sivers asymmetry for
positive hadrons is found in the regian> 0.03. The asymmetry is different from zero and positive
also in the lowx region, where sea—quarks dominate. The kinematic deperd#rthe asymmetry
has also been investigated and results are given for vainesrals of hadron and virtual photon
fractional energy. In contrast to the case of the Collingyasgtry, the results on the Sivers asymme-
try suggest a strong dependence on the four-momentum éraiasthe nucleon, in agreement with
the most recent calculations.

(to be submitted to Phys. Lett. B)
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In the late 60’s a simple and powerful description was proposed for thieow as a stream of partons
each carrying a fractionof the nucleon momentum in a frame where the nucleon momentum is infinitely
large. From the dependence of the deep inelastic lepton-nucleon scp{@t8) cross section on the
energy and momentum transfered to the nucleon it was possible to identifyechpartons with the
earlier postulated quarks, and assess the existence of gluons assarhialf of the proton momentum.

Since the 90's it is well known that in order to fully specify the quark streeetf the nucleon at twist-
two level in quantum chromodynamics (QCD) three types of parton distribfioctions (PDFs) are
required: the momentum distributiongx) (or f;(x)), the helicity distributiongdq(x) (or g{(x)) and the
transversity distributionArq(x) (or h‘f(x)), wherex is the Bjorken variable. For a given quark flavayr
q(x) is the number densityyq(x) is the difference between the number densities of quarks with helicity
equal or opposite to that of the nucleon for a nucleon polarised longitilidina. along its direction

of motion, and the transversity distributids-q(x) is the corresponding quantity for a transversely po-
larised nucleon. If the quarks are assumed to be collinear with the parelaton, i.e. neglecting the
intrinsic quark transverse momentu, or after integration ovekr, the three distributiong(x), Aq(x)
andArq(x) exhaust the information on the internal dynamics of the nucleon. On the ludinel; from
the measured azimuthal asymmetries of hadrons produced in unpolansethskisive deep inelastic
scattering (SIDIS) and Drell-Yan (DY) processes a sizeable trasswveomentum of quarks was derived.
Taking into account a finite intrinsic transverse momentymin total eight transverse momentum de-
pendent (TMD) distribution functions are required to fully describe thelean at leading twist [1].
Presently, PDFs that describe non—perturbative properties of iiaédre not yet calculable in QCD from
first principles, but they can already be computed in lattice QCD. In theSStibdss section they appear
convoluted with fragmentation functions (FFs) [2, 3], so that they carxtracted from the data.

A TMD PDF of particular interest is the Sivers functidg q (or flqu), which arises from a correlation
between the transverse momentimof an unpolarised quark in a transversely polarised nucleon and
the nucleon polarisation vector [4]. In SIDIS this dependence gives rise to the “Sivers asymmetry”
Asy Which is the amplitude of the stbs modulation in the distribution of the produced hadrons. Here
the azimuthal angl®s is defined asbs = @, — @ with @, and ¢ respectively the azimuthal angles of
hadron transverse momentum and nucleon spin vector, in a referesteensin which the z axis is the
virtual photon direction and the xz plane is the lepton scattering plane. Niegj¢lse hadron transverse
momentum with respect to the direction of the fragmenting quark, the Sivensnastry can be written

as

R (1)

where® indicates the convolutions over transverse momegyas the quark charge arﬂg describes
the fragmentation of a quarkinto a hadrorh.

In the very recent years, much attention has been devoted to the Sivetsh, which was originally
proposed to explain the large single-spin asymmetries observed in haddoon scattering. The Sivers
function is T-odd, namely it changes sign under naive time reversal, whidefined as usual time
reversal but without interchange of initial and final state. For a long timeSthers function and the
corresponding asymmetry were believed to vanish [5] due to T-invarengcenents. However Brodsky
et al. [6] showed by an explicit model calculation that final-state interactio8#DIS arising from gluon
exchange between the struck quark and the nucleon remnant (or init@alrsaY) produce a non-zero
asymmetry. One of the main theoretical achievements of the recent yeathavdscovery that the
Wilson-line structure of parton distributions, which is necessary to eafgeuge invariance of QCD,
provides the possibility for non-zero T-odd transverse momentum depefiiMD) PDFs. According
to factorisation the T-odd PDFs are not universal. The Sivers functonbe different from zero but
must have opposite sign in SIDIS and DY [7]. A lot of interest in the Sivengtion arises also from



its relation with orbital motion of quarks inside a transversely polarised nacléwo particular it was

shown [[6] that orbital angular momentum must exist if the Sivers functi@sad vanish. Even though
no exact relation between Sivers function and orbital angular momentwndevared yet, work is going
on, also because the importance of assessing the role of the orbital ramguteentum in the nucleon
spin sum rule has grown in time (see e.g. [8, 9, 10, 11]).

Presently, the measurement of the Sivers asymmetry in SIDIS is the onlywagdo assess the Sivers
function. It became an important part of the experimental programs of ERMES and COMPASS

experiments, and it will be an important part of future SIDIS experimenifalb12 [12]. Furthermore,

in the near future several experiments using the DY process will adtdtre&vers function, in particular

its sign, in order to establish the prediction of restricted universality [1B, 14

Using a 160 GeV longitudinally polarisgad™ beam COMPASS measured SIDIS on a transversely po-
larised deuteron®(iD) target in 2002, 2003 and 2004. In those data no sizeable Sivgnsnastry was
observed within the accuracy of the measurements [15, 16, 17], a féch v¢ understood in terms of a
cancellation between the contributions of u- and d-quarks. By scatteng tand € beams at HERA

off a transversely polarised proton target, HERMES measured in 2004-aero Sivers asymmetry for
positively charged hadrons [18]. A combined analysis of the COMPARSHERMES data allowed
for a first extraction of the Sivers function for u- and d-quarks [20,/21]. Still, as in the case of
the Collins asymmetry, measurements on protons at higher beam energieseeeed to disentangle
possible higher twist effects.

In 2007 COMPASS measured for the first time SIDIS on a transverselyigpedaproton (NH) target.

The results [22] on the Sivers asymmetry for positive hadrons wemedftw be different from zero and
turned out to be somewhat smaller than the final HERMES data [23]. HowleyeCOMPASS results
had larger statistical errors and a non-negligible overall scale uncertairnt-0.01. A more precise
measurement was thus mandatory and the entire 2010 data taking perioddicset] to this purpose.

In this Letter, the results of the 2010 run are presented. They confirmaeitsiderably smaller un-
certainties the observation of the 2007 measurements. The higher statistic$oalfost studies of the
kinematic dependence of the asymmetry in a domain larger than the usual CES/P¥S phase space.

The COMPASS spectrometer is in operation in the SPS North Area of CERHN 30@2. The principle

of the measurement and the data analysis were already described ifil¥f46, 17, 22, 24]. The
information on the 2010 run, the amount of data collected, the event itegotsn and selection, the
statistics of the final samples, are given in a parallel paper on the Collimnasyy [25] that was
measured using the same data. In order to ensure a DIS regime, only wi#nfshoton virtuality

Q? > 1 (GeVIcy, fractional energy of the virtual photon< y < 0.9, and mass of the hadronic final
state systenW > 5 GeV/c are considered. A charged hadron is required to have at least 0..cGeV
transverse momenturp?! with respect to the virtual-photon direction and a fraction of the available
energyz > 0.2. This is refered to as “standard sample” in the following.

The Collins and Sivers asymmetries are the amplitudes of 2 of the 8 azimuthalatiods, which are
theoretically expected to be present in the SIDIS cross section for asénaedy polarised target. They
are extracted simultaneously from the same data as explained in ref. [@8]m&asured amplitude of
the modulation in sifPs is €5 = fPrAgy, where f is the dilution factor of the Ngl material, andPr

the magnitude of the proton polarisation. In order to extagt, the measured amplitudes in each
period are divided by andPr. The dilution factor of the ammonia target is calculated for semi-inclusive
reactions|[26] and is evaluated in eaclhin; it increases withx from 0.14 to 0.17, and it is assumed
constant ire andp-hr. The proton target polarisatior-(0.8) was measured individually for each cell and
each period. The results fég, from all periods of data taking are found to be statistically compatible
and the final asymmetries are obtained by averaging the results from thedilible statistics. Extensive
studies were performed in order to assess the systematic uncertaintiesradbered asymmetries, and



it was found that the largest contribution is due to residual acceptamiedions within the data taking
periods. In order to quantify these effects, various types of falsmamtries are calculated from the final
data sample assuming wrong sign polarisation for the target cells. Mordbggrhysical asymmetries
are extracted splitting the events according to the detection of the scatteredmilbie spectrometer (top
vs bottom, left vs right). The differences between these physical asyimematrd the false asymmetries
are used to quantify the overall systematic point-to-point uncertainties hvere evaluated to be 0.5
times the statistical uncertainties. The only relevant systematic scale uncerdiitly arises from the
measurement of the target polarisation, is evaluated to be 3% of the talgesgkion.

Figure 1 shows the Sivers asymmetries for positive and negative haéxaracted from the 2010 proton
data as a function of, zandp!, where the other two variables are integrated over. For negative m&dro
the asymmetry is compatible with zero, while for positive hadrons it is definiteftige and stays
positive down tax ~ 103, in the region of the quark sea. There is good agreement with the published
results from the COMPASS 2007 run [22] but with a considerable reductionore than a factor of

two in the statistical and in the point-to-point systematic uncertainties. Also, yinenastry for positive
hadrons is clearly smaller than the corresponding one measured by HER2BE This fact persists
even when considering only events with> 0.032, in the sama range as the HERMES experiment.
The asymmetries in this restrictedange are shown as open points inffig. 2.

The correlation between the Collins and the Sivers azimuthal modulationsungddy the non-uniform
azimuthal acceptance of the apparatus as well as the correlations beheegimers asymmetries mea-
sured when binning the same data alternatively, imor p-r} were already given in ref. [25]. All correla-
tion coefficients are found to be smaller than 0.2 and are relevant onlyémof¢asmultaneous fits of the
various asymmetries.

In order to further investigate the kinematic dependence of the Siveranasyry and to understand
the reason of the difference with HERMES, the kinematic domain is enlargexhtniee the events
with smallery values (in the interval 05 < y < 0.1), which correspond to small€? andW values.
Additionally, the standard data sample is divided into two parts, corresppridif.l <y < 0.2 and
0.2 <y < 0.9. Since at smaly there are no lowk data, only events witlk > 0.032 are used. Figure 3

>
29 0.08-

beof ++++- I

I AAR I N AN |
:E.!’? 0.04- h: | + - | I— | | |
| TR TI T SN  ERPUE O S {
;e o ; ‘
-0.04- + + o + + T I F !
102 101 ] 05 21 05 1p$ N ei/ jc)

Fig. 1: Sivers asymmetry as a functionxoz and p! for positive (top) and negative (bottom) hadrons.
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Fig. 2: Sivers asymmetry as a functionzdndp!! for positive (top) and negative (bottom) hadrons. The

open points{, slightly shifted horizontally) are the values obtained in the ran88D< x < 0.70. The
closed pointsd) refer to the fullx range and are the same as in/fig. 1.
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Fig. 3: Sivers asymmetry as a function»gfz and pf} for positive (top) and negative (bottom) hadrons
for x > 0.032 in they bins Q05 < y < 0.1 (closed squares), 0.1 < y < 0.2 (open trianglesy, slightly
shifted horizontally) and @ < y < 0.9 (open squares)) .

shows the Sivers asymmetries measured in these three hresat function ok, z, andp? respectively.

No particular trend is observed in the case of the asymmetries for negativerts (bottom plots), which
stay compatible with zero as for the standard sample. A clear increase ofviits 8symmetry for
positive hadrons is visible for the loywdata. This strong effect can not be due to the slightly different
mean values ok, since the Sivers asymmetry does not exhibitxatkependence fox > 0.032. On
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Fig. 4: Left panel: mean value gfvsW. Middle panel: mean values @ vs x for the standard sample
0.1 <y < 0.9 (closed circlese) and for the samples.05 < y < 0.1 (closed squares), 0.1 <y < 0.2
(open trianglesy), and 02 < y < 0.9 (open squares;). Right panel: mean values @ vs x for the
standard sample D< y < 0.9 (closed circlese) and for the samples05 < y < 0.1 (closed squares),
0.1 <y < 0.2 (open trianglesy), and 02 < y < 0.9 (open squaresy).
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Fig. 5: Comparison between the measured and calculated Sivers asymrioetpesitive hadrons as a
function ofzfor 0.1 < y < 0.9. The closed points] refer to the fullx range and the open points) to
the Q032< x < 0.70 range. The curves are from ref. [29].

the contrary, it could be associated with the smaller value®?adind/or with the smaller values of the
invariant mass of the hadronic systékh A similar dependence of the asymmetriesyowas already
noticed in the published results from the 2007 data. As can be seen fros(figft panel), there is a
strong correlation between tlyeandW mean values: the mean values/fin the highx bins are about

3 GeV/c for the sample M5 < y < 0.1 and larger than 5 Ge\Ador the standard sampleD< y < 0.9
(middle panel of fig. 4). On the other hand, as can be seen in the right phfig.(4, bins at smaller

y have smaller values ofQ?). In particular, in eachx bin the Q> mean value decreases by about a
factor of 3 for the sample.05 < y < 0.1 with respect to the standard sample. Although the situation
might be different in the target fragmentation region [27], in the curreagrhentation region the Sivers
asymmetry is not expected to dependyqior onW), while someQ? dependence should exist due to the
Q? evolution of both the FFs and the TMD PDFs.

Very recently first attempts to estimate the impact of @feevolution of the Sivers function [28] led
to encouraging results. In ref. [29] the Sivers asymmetry was evaldatetie HERMES kinematic

region using the Sivers functions of ref. [30] and then evolved to thtMAES kinematic region. The
measuredz dependence of the Sivers asymmetries fdrQy < 0.9 is compared with the calculated
one in fig. 5, for the entire region and forx > 0.032. The linear trend of the data up za- 0.75 is
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Fig. 6: Sivers asymmetry as a functiono andp? for positive (top) and negative (bottom) hadrons for
0.032< x < 0.70 in 3 differentz bins: 01 < z< 0.2 (closed squares), 0.2 < z < 0.35 (open triangles,
v, slightly shifted horizontally when plottes wsand p?') and 035 < z < 1.0 (open squares)).

well reproduced, as well as the small increase of the slope for thextsgimple. A very recent fit [31]
of the HERMES asymmetries [23] and the COMPASS deuteron [17] andrp[88) results given here
was performed taking into account t evolution in allx bins. It reproduces all the data well and
provides strong support to the current TMD approach, which fegsestrong)’>~dependence of the
Sivers function.

We have also investigated the behaviour of the Sivers asymmetries at@uv standard hadron selection
requiresz > 0.2 to stay well separated from the target fragmentation region. In the @fhgez < 0.2

no effect onAgy is visible for negative hadrons, but one observes a clear decré#se asymmetry for
positive hadrons. In fig. 6 the data are plotted in 3 differmgions: 010 < z< 0.20, 020 < z < 0.35,
and 035 < z < 1.00. While the shape of the asymmetry as a functiow sfays the same, the size of
the asymmetry shows a clear proportionality wthin qualitative agreement with the expected linear
behaviour (see, e.g. [33]).

All the results given in this Letter are available on HEPDATA[34]. The asymegfor the standard
sample as functions of zand p-'} have also been combined with the already published results from the
2007 run[22] and are also available on HEPDATA.

In summary, COMPASS has obtained precise results on the Sivers asynm@iip|S using a polarised

proton target. A first investigation of its dependence on various kinematiablas shows significant
dependences onandy. By now, the Sivers asymmetry for positive hadrons is shown to be difter
from zero in a broad kinematic range and to exhibit strong kinematic depeade After two decades
of speculations, this is an important new insight into the partonic structuresaiubleon. In the light

of the most recent theoretical advances refined combined analysesltatevthe Sivers function and
its dependence on the SIDIS variables are required in order to unaiétsta role of the Sivers function
in the various transverse spin phenomena observed in hadron-haallisions and in future Drell-Yan

measurements.



REFERENCES 9

We acknowledge the support of the CERN management and staff, asswieél akills and efforts of the
technicians of the collaborating institutes.

References

[1] for a review of recent developments see e.g. V. Barone, F. Bradée and A. Martin, Prog. Part.
Nucl. Phys65(2010) 267.

[2] A. Kotzinian, Nucl. Phys. Bi41(1995) 234.
[3] A. Bacchetteet al., JHEPO702(2007) 093.
[4] D. W. Sivers, Phys. ReD41 (1990) 83.
[5] J. C. Collins, Nucl. Phys. B96(1993) 161.
[6] S.J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Let&3® (2002) 99.
[7] J. C. Callins, Phys. Lett. 536(2002) 43.
[8] M. Burkardt, Prog. Theor. Phys. Supi87(2011) 229.
[9] M. Wakamatsu, Phys. Rev. 83(2011) 014012.
[10] E. Leader, Phys. Rev. B3(2011) 096012.
[11] X. Ji, X. Xiong and F. Yuan, arXiv:1202.2843 [hep-ph].

[12] JLab experiment C12-11-111, Contalbrigo &flal. (2011); JLab experiment E12-11-006, Gao H.
etal. (2011).

[13] The COMPASS Collaboration. “COMPASS-II Proposal”, SPSQ2014/P-340, 17 May 2010.
[14] P. E. Reimer, Transversity 2011 proceedings, Nuovo Cimento C(2812) 225.

[15] V.. Alexakhinet al. [COMPASS Collaboration], Phys. Rev. Le® (2005) 202002.
[16] E. S. Ageeet al. [COMPASS Collaboration], Nucl. Phys. B55(2007) 31.

[17] M. Alekseevet al. [COMPASS Collaboration], Phys. Lett. &/3(2009) 127.

[18] A. Airapetianet al. [HERMES Collaboration], Phys. Rev. Leg4 (2005) 012002.
[19] W. Vogelsang and F. Yuan, Phys. Rev7R(2005) 054028.

[20] A. V. Efremov, K. Goeke and P. Schweitzer, Eur. Phys. J1672(2008) 1.

[21] M. Anselminoet al., Eur. Phys. J. /39 (2009) 89.

[22] M. G. Alekseewet al. [COMPASS Collaboration], Phys. Le®692 (2010) 240.

[23] A. Airapetianet al. [HERMES Collaboration], Phys. Rev. Left03(2009) 152002.
[24] P. Abbonet al. [COMPASS Collaboration], Nucl. Instrum. Meth.3v7(2007) 455.

[25] COMPASS Collaboration, “Experimental investigation of transversi@ ssymmetries inu—p
SIDIS processes: Collins asymmetriy”, submitted to Phys. Lett. B.

[26] M. G. Alekseewet al. [COMPASS Collaboration], Phys. Lett. &®0(2010) 466.



REFERENCES

[27] A. Kotzinian, M. Anselmino and V. Barone, Transversity 2011 pextings, Nuovo Cimento C 35/2
(2012) 85, arXiv:1110.5256 [hep-ph].

[28] S. M. Aybatet al., Phys. Rev. 85 (2012) 034043.

[29] S. M. Aybat, A. Prokudin and T. C. Rogers, arXiv:1112.4428ph].
[30] M. Anselminoet al., arXiv:1107.4446 [hep-ph].

[31] M. Anselmino, M. Boglione and S. Melis, arXiv:1204.1239 [hep-ph]

[32] F. Bradamante [COMPASS Collaboration], Transversity 2011gedmngs, Nuovo Cimento C 35/2
(2012) 107, arXiv:1111.0869 [hep-ex].

[33] M. Anselminoet al., Phys. Rev. (83(2011) 114019.

[34] The Durham HepData Project, http://hepdata.cedar.ac.uk/reaction



