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A form alism to evaluate the Sivers function, developed for calculations in con-—
stituent quark m odels, is applied to the IsgurK arlm odel. A non-vanishing
Sivers asymm etry, w ith opposite signs for the u and d avor, is found; the
Burkardt sum rule is ful lled up to 2% .Nuclear e ects in the extraction of
neutron single spin asymm etries in sem i-inclusive deep inelastic scattering o

SHe are also evaluated. In the kinem atics of JLab, it is found that the nuclear
e ects described by an Im pulse A pproxin ation approach are under control.
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1. The Sivers function in C onstituent Q uark M odels

T he partonic structure of transversely polarized nucleons is still an open
problem ! Sem iHnclusive deep inelastic scattering (SID IS) is one of the pro—
posed processes to access the parton distrbutions (PD s) of transversely po—
larized hadrons. SID IS of unpolarized electrons o a transversely polarized
target show s "single spin asym m etries" (SSA s); due to tw o physicalm ech—
anism s, whose contributions can be distinguished *'° ie. the Colling® and
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Fig.1l. The contributions to the Sivers function in the present approach.

the Sivers® m echanism s. T he form er isdue to parton nalstate interactions
(FSI) in the production of a hadron by a transversely polarized quark. T he
Sivers m echanism leads to a SSA which is the product of the unpolarized
fragm entation fiunction w ith the Sivers PD . T he latter describes the num —
ber density of unpolarized quarks in a transversely polarized target: it isa
tin ereversalodd, TransverseM om entum D ependent (TM D ) PD .From the
existence of Jead ing—tw ist F inal State Interactions (FSI), 8 a non-vanishing
Sivers function has been explained as generated by the gauge link in the
de nition of TM D s,°"*? whose contrbution does not vanish in the light-
cone gauge, as happens for the standard PD fiinctions. R ecently, the rst
data of SIDIS o transversely polarized targets have been published, for
the proton'! and the deuteron !? It has been fund that, while the Sivers
e ect is sizable for the proton, it becom es negligible for the deuteron, so
that apparently the neutron contribution cancels the proton one, show ing
a strong avor dependence of the m echanisn . D i erent param eterizations
of the available SID IS data have been published 3115 stillw ith large error
bars. Since a calculation from rst principles in Q CD is not yet possible,
several m odel evaliations have been perform ed, eg. In a quark-digquark
model; °*® in theM IT bagm odel]” in a Iight-conem odel;'® in a nuclear
fram ew ork, relevant to proton-proton collisions.’’ W e here describe a C on-
stituent Q uark M odel (CQM ) calculation of the Sivers finction 20 CQM

calculations of PD s are based on a two steps procedure?! First, the m a-
trix elam ent of the proper operator is evaluated using the wave functions
of the m odel; then, a low m om entum scale, %, is ascribed to the m odel
calculation and Q CD evolution is used to evolve the observable calculated
in this low energy scale to the scale of D IS experin ents. Such procedure
has proven successfill in describing the gross features of PD s°?and G PD s,2°
by using di erent CQM s, eg. the IsqurX arl (IK ) m odel?? Besides the fact
that it successfully reproduces the low -energy properties of the nuclon,
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the IK m odelcontains the oneglion-exchange (O G E ) m echanisn 2° In the
present calculation,w ith respect to calculationsof PD sand G PD s, the lead—
ing tw ist contrdbbution to the FST has to be taken into account. The m ain
approxin ations have been: i) only the valence quark sector is investigated;
1) the leading twist FSI are taken into account at leading, OGE, order,
which is natural In the IK m odel; iii) the resulting interaction has been
obtained through a non-relativistic (NR ) reduction of the relevant opera-
tor, according to the philosophy of constituent quark m odels,*® leading to a
potentialVy g . The Sivers function for a proton polarized along the y axis
and for the quark of avorQ , ffTQ (x;kr ), takes the form (cf. Fig.1 for the
labels of the m om enta and helicities):

£2 (xikr )
M 2 2 e
== i ks oo (3 xPT) K v KoM °

w here g is the strong coupling constant, M the proton m ass, and
X

M v@ = Y

sfs,-1 KemziKim ;P Ky Kygmog

mim{msm]
1 3(3)

> Vi r (K1 iK35q)

sts- 1 Kt amK o gmi; P K Kim, o: (2)

U sing the spin— avor wave function of the proton in m om entum space,
sf , corresponding to a given CQM , the Sivers function, Eq. (1), can be
evaluated. From Eqg. (2), one notices that the helicity conserving part of
the global Interaction does not contribute to the Sivers function. B esides,
in an extrem e NR I it, it tums out to be dentically zero: in our schem e,
it is precisely the interference of the small and large com ponents in the
fourspinors of the free quark states which leads to a non-vanishing Sivers
function. Thisholdseven from the com ponentw ith 1= 0 of the target wave
flnction. W hile, in other approaches,!” these nterference termm s arise due
to the wave function, they are produced here by the interaction.

T he abovedescribed form alisn is now applied to the IK model. The
detailed procedure and the nalexpressions of the Sivers function in this
m odelcan be found in R ef?° To evaluate num erically Eq. (1),g (ie. s(Q?))
hastobe xed.Theprescription?! isused to x 2,according to the am ount
ofm om entum carried by the valence quarks in the m odel. H ere, assum ing
that all the gluons and sea pairs in the proton are produced perturbatively



April21,2013 9:27 W SPC -Proceedings Trin Size: 9In x 6In  scopetta

0.04

o@wd
xfou 2 xf 17X

0.02

-0.02

==
o
|
1
!
\
/
§
\
\

\ |
)2 . 0.75
X X

| il L
0.25 0.5 0.75

-0.04

[ e e e e
Orrr T

Fig. 2. Left (right): the quantity £.,""¥ (x), Eq. (3). Dashed curve: K at 2.Full

curve: the evolved distribution at NLO .Patterned area:param eterization by'? (see text).

according to NLO evolution equations, in order to have ’ 55% of them o-
mentum carried by the valence quarksata scale of 0.34 G eV 2 one ndsthat
27 01Gev?if NLO 7 024Gev.Thisyields s( 5)=(4 )’ 0:13.*' The

0 QCD
results of the present approach for the rstm om ents of the Sivers function,
de ned as
Z 2
2?2 (1)Q 2 kT ?Q
£ )= dRe R ik ) 3)

are given by the dashed curves In Fig. 2. T hey are com pared w ith a param —
eterization ofthe HERM ES data, taken atQ? = 2:5G&v? :The pattemed
area representsthel  rangeofthebest tproposed in Ref.'* Them agni-
tude of the results is close to that of the data, although they havea di erent
shape: the maxinum (m inin um ) is predicted at larger values of x. A ctu—
ally 2 ismuch ower,Q? = 25GeV?.A proper com parison requires Q CD
evolution of TM D PD s, what is, to large extent, unknown.W e nevertheless
perform a NLO evolution of them odelresults assum ing, for fl?T(1 © (x), the
sam e anom alousdin ensions of the unpolarized PD Fs.From the nalresult
(full curve in Fig. 2), one can see that the agreem ent w ith data in proves
dram atically and the trend is reasonably reproduced at least forx  02.
A Yhough the perform ed evolution is not exact, the procedure highlights
the necessity of evolving the m odel results to the experin ent scale and it
suggests that the present results could be consistent w ith data, stilla ected
by large errors.

P roperties of the Sivers function can be inferred from generalprinciples.
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T he Burkardt Sum RPu]e (B SR )?® states that, fora proton polarized in the
o—uglks i= Owith
Z, 7 5

Q Ke c20
hk; i= dx  dKg M_fiT (x;kt ) ; (4)
0

positive y direction,

and m ust be satis ed at any scale.W ithin our schem e, at the scale of the
model, it is found hk%i = 1085 M eV, tkdi= 1125M eV and, in order
to have an estin ate of the quality of the agreem ent of our results w ith
the sum rule,wede ne the ratio r = tki+ hkliFEtkdi HkYijobtaining
r ' 002, so that we can say that our calculation fiil 1ls the BSR to a
precision of a faw percent. O ne should notice that the agreem ent which is
Hund is better than that found in otherm odel calculations,®’ especially
for what concems the ful Iln ent of the Burkardt Sum Rule.

2. The Sivers function from neutron (°H e) targets

A sexplained in the previous section, the experin ental scenario w hich arises
from the analysis of SID IS o transversely polarized proton and deuteron

targets''?? is puzzling. The data show an unexpected avor dependence
in the azim uthal distrbbution of the produced pions.W ith the ain at ex—
tracting the neutron inform ation to shed som e light on the problem , a
m easuram ent of SID IS 0 transversely polarized >H e hasbeen addressed /’

and tw o experin ents,ain ed atm easuring the azin uthalasym m etries in the
production of leading from transversely polarized *H e, are forth-com ing
atJLab ?® Here,a realisticanalysisof SID IS o transversely polarized *H e*’

is described . T he expressions of the C ollins and Sivers contributions to the
azin uthal Single Spin A symm etry (SSA ) for the production of leading pi-
ons have been derived, In in pulse approxin ation (1A ), ncliding the initial
transversem om entum of the struck quark.The naleguationsare involred
and they are not reported here. T hey can be found in ?° T he sam equantities
have been then evaluated in the kinem atics of the JLab experin ents. W ave
finctions®® obtained w ithin the AV 18 interaction®! have been used fora re-
alistic description of the nucleardynam ics,using overlap integralsevaluated
in Ref.’? and the nucleon structure has been described by param eteriza-—
tions of data orm odel calculations.'3~3 T he crucial issue of extracting the
neutron inform ation from °He data willbe now discussed.A s a m atter of
facts, a m odel independent procedure, based on the realistic evaluation of
the proton and neutron e ective polarizations in *He,** called respectively
Pr and p, In the follow ing, is widely used in D IS to take into account ef-
fectively them om entum and energy distrdbutions of the bound nucleons in
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3He. It is ound that the sam e extraction technique can be applied also in
the kinem atics of the proposed experin ents, although fragm entation func—
tions, not only parton distribbutions, are involred, as it can be seen in F Qgs.
1 and 2. In these gures, the free neutron asymm etry used as a m odel in
the calculation, given by a full line, is com pared w ith two other quantities.
One is:

Ai ’ iAexp;i . (5)

n dn 3 ’
where 1 stands for \Collins" or \Sivers", A?Xp;i is the result of the mll
calculation, sinulating data, and d, is the neutron dilution factor. The
latter quantity is de ned as follow s, or a neutron n (proton p) n *He:
e2tf)qm(p) (x)D qih (z)

dy ) (xjz)= P—1F : § 6)
n (p) N qeéfq'N (x)D 9 (z)

and, depending on the standard parton distributions, £9% (x), and frag—
m entation fiinctions, D 9% (z), is experin entally known (see®® for details).
Ali1 is given by the dotted curve in the gures.T he third curve, the dashed
one, is given by

AL pnldn AR 2ppdpA P (7)
ie.He is treated as a nucleus where the e ects of its spin structure, of
Ferm im otion and binding, can be taken care of by param eterizing p, and
Pn -0 neshould realize thatEq. (5) is the relation w hich should hold betw een
the *H e and the neutron SSA s if there were no nuclear e ects, ie. the *He
nucleus were a systam of free nucleons in a pure S wave. In fact, Eq. (5)
can be obtained from Eq. (7) by inposing p, = 1 and p, = 0. It is clear
from the gures that the di erence between the full and dotted curves,
show ing the am ount of nuclear e ects, is sizable, being around 10 -15 %

for any experin entally relevant x and z, while the di erence between the
dashed and full curves reduces drastically to a few percent, show ing that
the extraction schem e Eqg. (7) takes safely into account the spin structure of
3He, Fermm im otion and binding e ects. T his in portant result is due to the
kinem atics of the JLab experin ents, which helps in two ways. F irst of all,
to favor pions from current fragm entation, z has been chosen in the range
045 z 0:6, which m eans that only high-energy pions are observed.
Secondly, the pions are detected In a narrow cone around the direction of
the m om entum transfer. A s it is explained in?° this m akes nuclear e ects
in the fragm entation fuinctions rather sm all. The lading nuclear e ects
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Fig. 3. Left (right) The m odel neutron Collins (Sivers) asym m etry for production
(full) in JLab kinem atics, and the one extracted from the full calculation taking into
account the pp (dashed), or neglecting it (dotted). T he results are shown for z= 0.45 and
Q2= 22GeV?,typical values in the kinem atics of the JLab experim ents.

are then the ones a ecting the parton distrbutions, already found in D IS,
and can be taken into account in the usualway, ie., using Eq. (7) for the
extraction of the neutron inform ation.In the gures,one should nottake the
shape and size of the asym m etries seriously, being the obtained quantities
strongly dependent on the m odels chosen for the unknow n distrbutions >3
O ne should instead consider the di erence between the curves, a m odel
Independent feature which is the m ost relevant outcom e of the present
investigation. Eq. (7) is therefore a valuable tool ©r the experin ents?®
T he evaluation of nal state interactions e ects and the inclusion ofm ore
realistic m odels of the nucleon structure are in progress.
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