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A form alism to evaluate the Siversfunction,developed forcalculationsin con-

stituent quark m odels,is applied to the Isgur-K arlm odel. A non-vanishing

Sivers asym m etry, with opposite signs for the u and d avor, is found; the

Burkardt sum rule is ful�lled up to 2% .N uclear e�ects in the extraction of

neutron single spin asym m etries in sem i-inclusive deep inelastic scattering o�
3H e are also evaluated.In the kinem atics ofJLab,itisfound thatthe nuclear

e�ects described by an Im pulse A pproxim ation approach are under control.

K eywords:D IS,transversity,neutron structure.

1. T he Sivers function in C onstituent Q uark M odels

The partonic structure oftransversely polarized nucleons is stillan open

problem .1 Sem i-inclusivedeep inelasticscattering(SIDIS)isoneofthepro-

posed processestoaccesstheparton distributions(PDs)oftransverselypo-

larized hadrons.SIDIS ofunpolarized electronso� a transversely polarized

targetshows"singlespin asym m etries" (SSAs),2 dueto two physicalm ech-

anism s,whose contributionscan be distinguished,3{5 i.e.the Collins2 and
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Fig.1. The contributions to the Sivers function in the presentapproach.

theSivers6 m echanism s.Theform erisduetoparton �nalstateinteractions

(FSI)in theproduction ofa hadron by a transversely polarized quark.The

Siversm echanism leadsto a SSA which isthe productofthe unpolarized

fragm entation function with the SiversPD.The latterdescribesthe num -

berdensity ofunpolarized quarksin a transversely polarized target:itisa

tim e-reversalodd,TransverseM om entum Dependent(TM D)PD.From the

existenceofleading-twistFinalStateInteractions(FSI),7,8 a non-vanishing

Sivers function has been explained as generated by the gauge link in the

de�nition ofTM Ds,9,10 whose contribution does not vanish in the light-

cone gauge,ashappensforthe standard PD functions.Recently,the �rst

data ofSIDIS o� transversely polarized targets have been published,for

the proton11 and the deuteron.12 Ithasbeen found that,while the Sivers

e�ect is sizable for the proton,it becom es negligible for the deuteron,so

thatapparently the neutron contribution cancelsthe proton one,showing

a strong avordependence ofthe m echanism .Di�erentparam eterizations

ofthe availableSIDIS data havebeen published,13{15 stillwith largeerror

bars.Since a calculation from �rst principles in Q CD is notyet possible,

severalm odelevaluations have been perform ed,e.g.in a quark-diquark

m odel;7,9,16 in the M IT bag m odel;17 in a light-conem odel;18 in a nuclear

fram ework,relevantto proton-proton collisions.19 W eheredescribea Con-

stituent Q uark M odel(CQ M ) calculation ofthe Sivers function.20 CQ M

calculations ofPDs are based on a two steps procedure.21 First,the m a-

trix elem entofthe properoperatoris evaluated using the wave functions

ofthe m odel;then,a low m om entum scale,�20,is ascribed to the m odel

calculation and Q CD evolution isused to evolvethe observablecalculated

in this low energy scale to the scale ofDIS experim ents.Such procedure

hasproven successfulin describing thegrossfeaturesofPDs22and G PDs,23

by using di�erentCQ M s,e.g.theIsgur-K arl(IK )m odel.24 Besidesthefact

that it successfully reproduces the low-energy properties ofthe nucleon,
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theIK m odelcontainstheone-gluon-exchange(O G E)m echanism .25 In the

presentcalculation,with respecttocalculationsofPDsand G PDs,thelead-

ing twistcontribution to the FSIhasto be taken into account.The m ain

approxim ationshavebeen:i)only thevalencequark sectorisinvestigated;

ii) the leading twist FSI are taken into account at leading,O G E,order,

which is naturalin the IK m odel;iii) the resulting interaction has been

obtained through a non-relativistic (NR) reduction ofthe relevantopera-

tor,accordingtothephilosophy ofconstituentquark m odels,25 leadingtoa

potentialVN R .The Siversfunction fora proton polarized along the y axis

and forthequark ofavorQ ,f? Q
1T

(x;kT ),takestheform (cf.Fig.1 forthe

labelsofthe m om enta and helicities):

f
? Q
1T

(x;kT )

= =

�

� ig
2M

2

kx

Z

d~k1d
~k3

d2~qT

(2�)2
�(k+3 � xP

+ )�(~k3T + ~qT � ~kT )M
Q

�

(1)

whereg isthe strong coupling constant,M the proton m ass,and

M
u(d) =

X

m 1;m
0

1
;m 3;m

0

3

�
y

sf;Sz= 1

�

~k3;m 3;~k1;m 1;~P � ~k3 �
~k1;m n

�

�
1� �3(3)

2
VN R (~k1;~k3;~q)

� �sf;Sz= � 1

�

~k3 + ~q;m
0
3;
~k1 � ~q;m

0
1;

~P � ~k3 �
~k1;m n

�

: (2)

Using the spin-avorwave function ofthe proton in m om entum space,

�sf,corresponding to a given CQ M ,the Sivers function,Eq.(1),can be

evaluated.From Eq.(2),one notices that the helicity conserving part of

the globalinteraction doesnotcontribute to the Siversfunction.Besides,

in an extrem e NR lim it,itturnsoutto be identically zero:in ourschem e,

it is precisely the interference ofthe sm alland large com ponents in the

four-spinorsofthe free quark stateswhich leadsto a non-vanishing Sivers

function.Thisholdseven from thecom ponentwith l= 0ofthetargetwave

function.W hile,in otherapproaches,17 these interference term sarise due

to the wavefunction,they areproduced hereby the interaction.

The above-described form alism is now applied to the IK m odel.The

detailed procedure and the �nalexpressionsofthe Siversfunction in this

m odelcanbefound in Ref.20 Toevaluatenum ericallyEq.(1),g(i.e.�s(Q
2))

hastobe�xed.Theprescription21 isused to�x�20,accordingtotheam ount

ofm om entum carried by the valence quarksin the m odel.Here,assum ing

thatallthegluonsand sea pairsin theproton areproduced perturbatively
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Fig.2. Left (right):the quantity f
? (1)u(d)

1T
(x),Eq.(3).D ashed curve:IK at �2

0
.Full

curve:theevolved distribution atN LO .Patterned area:param eterization by14 (seetext).

according to NLO evolution equations,in orderto have’ 55% ofthe m o-

m entum carried by thevalencequarksatascaleof0.34G eV 2 one�ndsthat

�20 ’ 0:1G eV 2 if�N L O
Q C D ’ 0:24G eV.Thisyields�s(�

2
0)=(4�)’ 0:13.21 The

resultsofthepresentapproach forthe�rstm om entsoftheSiversfunction,

de�ned as

f
? (1)Q

1T
(x)=

Z

d
2~kT

k2T

2M 2
f
? Q

1T
(x;kT ); (3)

aregiven by thedashed curvesin Fig.2.They arecom pared with a param -

eterization oftheHERM ES data,taken atQ 2 = 2:5 G eV 2 :Thepatterned

arearepresentsthe1� �rangeofthebest�tproposed in Ref.14 Them agni-

tudeoftheresultsisclosetothatofthedata,although they haveadi�erent

shape:the m axim um (m inim um ) is predicted atlargervalues ofx.Actu-

ally �20 ism uch lower,Q
2 = 2:5 G eV 2.A propercom parison requiresQ CD

evolution ofTM DPDs,whatis,to largeextent,unknown.W enevertheless

perform a NLO evolution ofthem odelresultsassum ing,forf
? (1)Q

1T
(x),the

sam eanom alousdim ensionsoftheunpolarized PDFs.From the�nalresult

(fullcurve in Fig.2),one can see thatthe agreem entwith data im proves

dram atically and the trend is reasonably reproduced atleastforx � 0:2.

Although the perform ed evolution is not exact,the procedure highlights

the necessity ofevolving the m odelresultsto the experim entscale and it

suggeststhatthepresentresultscould beconsistentwith data,stilla�ected

by largeerrors.

PropertiesoftheSiversfunction can beinferred from generalprinciples.
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TheBurkardtSum Rule(BSR)26 statesthat,fora proton polarized in the

positivey direction,
P

Q = u;d
hkQx i= 0 with

hk
Q
x i= �

Z 1

0

dx

Z

d~kT
k2x

M
f
? Q

1T
(x;kT ); (4)

and m ustbe satis�ed atany scale.W ithin ourschem e,atthe scale ofthe

m odel,it is found hkuxi = 10:85 M eV,hkdxi = � 11:25 M eV and,in order

to have an estim ate ofthe quality ofthe agreem ent ofour results with

the sum rule,we de�ne the ratio r = jhkdxi+ hkuxij=jhk
d
xi� hkuxijobtaining

r ’ 0:02,so that we can say that our calculation ful�lls the BSR to a

precision ofa few percent.O ne should notice thatthe agreem entwhich is

found isbetterthan thatfound in otherm odelcalculations,16,17 especially

forwhatconcernsthe ful�llm entofthe BurkardtSum Rule.

2. T he Sivers function from neutron (3H e) targets

Asexplained in theprevioussection,theexperim entalscenariowhich arises

from the analysisofSIDIS o� transversely polarized proton and deuteron

targets11,12 is puzzling.The data show an unexpected avor dependence

in the azim uthaldistribution ofthe produced pions.W ith the aim atex-

tracting the neutron inform ation to shed som e light on the problem ,a

m easurem entofSIDIS o� transversely polarized 3Hehasbeen addressed,27

and twoexperim ents,aim ed atm easuringtheazim uthalasym m etriesin the

production ofleading�� from transversely polarized 3He,areforth-com ing

atJLab.28 Here,arealisticanalysisofSIDIS o�transverselypolarized 3He29

isdescribed.TheexpressionsoftheCollinsand Siverscontributionsto the

azim uthalSingle Spin Asym m etry (SSA)forthe production ofleading pi-

onshavebeen derived,in im pulseapproxim ation (IA),including theinitial

transversem om entum ofthestruck quark.The�nalequationsareinvolved

and theyarenotreportedhere.Theycan befound in.29 Thesam equantities

havebeen then evaluated in thekinem aticsoftheJLab experim ents.W ave

functions30 obtained within theAV18interaction31 havebeen used forare-

alisticdescription ofthenucleardynam ics,usingoverlapintegralsevaluated

in Ref.,32 and the nucleon structure has been described by param eteriza-

tionsofdata orm odelcalculations.13,33 Thecrucialissueofextracting the

neutron inform ation from 3He data willbe now discussed.Asa m atterof

facts,a m odelindependentprocedure,based on the realistic evaluation of

theproton and neutron e�ectivepolarizationsin 3He,34 called respectively

pp and pn in the following,iswidely used in DIS to take into accountef-

fectively them om entum and energy distributionsofthebound nucleonsin
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3He.Itisfound thatthe sam e extraction technique can be applied also in

the kinem aticsofthe proposed experim ents,although fragm entation func-

tions,notonly parton distributions,areinvolved,asitcan beseen in Figs.

1 and 2.In these �gures,the free neutron asym m etry used asa m odelin

thecalculation,given by a fullline,iscom pared with two otherquantities.

O neis:

�A i
n ’

1

dn
A
exp;i

3
; (5)

where i stands for \Collins" or \Sivers",A
exp;i

3 is the result of the full

calculation,sim ulating data,and dn is the neutron dilution factor.The

latterquantity isde�ned asfollows,fora neutron n (proton p)in 3He:

dn(p)(x;z)=

P

q
e2qf

q;n(p)(x)D q;h (z)
P

N = p;n

P

q
e2qf

q;N (x)D q;h (z)
(6)

and,depending on the standard parton distributions,fq;N (x),and frag-

m entation functions,D q;h (z),isexperim entally known (see29 fordetails).
�A i
n isgiven by thedotted curvein the�gures.Thethird curve,thedashed

one,isgiven by

A
i
n ’

1

pndn

�

A
exp;i

3 � 2ppdpA
exp;i
p

�

; (7)

i.e.3He is treated as a nucleus where the e�ects ofits spin structure,of

Ferm im otion and binding,can be taken careofby param eterizing pp and

pn.O neshould realizethatEq.(5)istherelationwhich should hold between

the 3Heand theneutron SSAsiftherewereno nucleare�ects,i.e.the 3He

nucleus were a system offree nucleons in a pure S wave.In fact,Eq.(5)

can be obtained from Eq.(7) by im posing pn = 1 and pp = 0.Itis clear

from the �gures that the di�erence between the fulland dotted curves,

showing the am ountofnucleare�ects,is sizable,being around 10 -15 %

forany experim entally relevantx and z,while the di�erence between the

dashed and fullcurvesreduces drastically to a few percent,showing that

theextraction schem eEq.(7)takessafely intoaccountthespin structureof
3He,Ferm im otion and binding e�ects.Thisim portantresultisdueto the

kinem aticsofthe JLab experim ents,which helpsin two ways.Firstofall,

to favorpionsfrom currentfragm entation,z hasbeen chosen in the range

0:45 � z � 0:6,which m eans that only high-energy pions are observed.

Secondly,the pionsare detected in a narrow cone around the direction of

the m om entum transfer.Asitisexplained in,29 thism akesnucleare�ects

in the fragm entation functions rather sm all.The leading nuclear e�ects
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Fig.3. Left (right) The m odelneutron Collins (Sivers) asym m etry for �� production

(full) in JLab kinem atics,and the one extracted from the fullcalculation taking into

accountthe pp (dashed),orneglecting it(dotted).The resultsare shown forz= 0.45 and

Q 2 = 2:2 G eV 2,typicalvalues in the kinem atics ofthe JLab experim ents.

arethen the onesa�ecting the parton distributions,already found in DIS,

and can be taken into accountin the usualway,i.e.,using Eq.(7)forthe

extractionoftheneutron inform ation.In the�gures,oneshould nottakethe

shape and size ofthe asym m etriesseriously,being the obtained quantities

strongly dependenton the m odelschosen forthe unknown distributions.33

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 toolfor the experim ents.28

The evaluation of�nalstate interactionse�ectsand the inclusion ofm ore

realisticm odelsofthe nucleon structurearein progress.
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