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NUCLEAR EFFECTS ON THE SPIN-DEPENDENTSTRUCTURE FUNCTIONSAleksander Sob
zykInstitute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Cra
ow, Polande-mail: asob
zyk�if.uj.edu.pland Jerzy SzwedyInstitute of Computer S
ien
e, Jagellonian UniversityReymonta 4, 30-059 Cra
ow, Polande-mail: szwed�if.uj.edu.pl, 
orresponding author(Re
eived August 3, 2001)We address the question how the spin-dependent nu
leon stru
turefun
tion g1(x;Q2) gets modi�ed when the nu
leon is bound inside a nu-
leus. We analyze the in�uen
e of nu
lear intera
tions using the � � �model, known to des
ribe well the unpolarized e�e
t, and the free polar-ized parton distributions. The results for the neutron in 3He and protonin 3H, 7Li and 19F are presented, showing signi�
ant 
hanges in the partonspin distributions and in their moments. S
attering pro
esses o� polarized7Li are suggested whi
h 
ould justify these theoreti
al 
al
ulations and shedmore light on both nu
lear spin stru
ture and short distan
e QCD.PACS numbers: 13.88.+e, 14.20.Dh, 13.60.Hb, 12.38�t1.The in�uen
e of nu
lear e�e
ts on the nu
leon stru
ture fun
tions re-
eived enormous interest after the measurement by the European MuonCollaboration [1℄ of the ratio of stru
ture fun
tions:R(x;Q2) = FN=Fe2 (x;Q2)FN=D2 (x;Q2) ; (1.1)y Work supported by the Polish State Committee for S
ienti�
 Resear
h (KBN) grantno. 2 P03B 061 16. (2947)



2948 A. Sob
zyk, J. Szwedfollowed by a series of experiments [2℄ 
on�rming the nontrivial 
hangesof the parton densities due to the nu
lear environment. Many theoreti
almodels have des
ribed 
orre
tly the Bjorken x and A-dependen
e [3℄ startingsometimes from quite di�erent assumptions. It is therefore not easy to tellwhat is the underlying dynami
s of the �EMC e�e
t�. In the sear
h for newtests a polarized version of the e�e
t was proposed some time ago [4℄. Inthis paper we take into a

ount theoreti
al and experimental progress in theknowledge of the nu
leon spin.We will study 
orre
tions to the spin-dependent stru
ture fun
tiongN1 (x;Q2) (where N denotes proton or neutron) by 
al
ulating deviationfrom unity of the ratio: RA" (x;Q2) = gN=A1 (x;Q2)gN1 (x;Q2) : (1.2)Su
h quantity has be
ome important due to the use of light nu
lei (2D; 3He)in the extra
tion of the neutron stru
ture fun
tion gn1 (x;Q2) (SMC [5℄,E143 [6℄, E154 [7℄, HERMES [8℄). The de�nition of gN=A1 (x;Q2) requiressome attention. It is the stru
ture fun
tion of a single, polarized nu
leoninside the nu
leus. One should keep in mind that polarizing the nu
leus,in general, results in a 
ompli
ated spin 
ombinations of nu
leons and it isthus not easy to extra
t gN=A1 (x;Q2). Only in sele
ted 
ases and to 
ertainapproximation the polarization of the nu
leus is equivalent to the polar-ization of the nu
leon in the same dire
tion. The nu
lei we have 
hosen(3He, 3H and 7Li, 19F) are good examples of su
h situation.2.The model whi
h des
ribes 
orre
tly the x and A-dependen
e of theunpolarized EMC e�e
t was proposed in Ref. [9℄. Here we extend it to thepolarized 
ase.We re
all 
onventional pi
ture of nu
leus as a system of nu
leons andnon-nu
leoni
 obje
ts: � isobars [10℄ and ex
ess pions [11℄ and assume thatpolarized deep-inelasti
 s
attering may o

ur either from 
onstituents ofthe nu
leons or from 
onstituents of the � isobars. Ex
ess pions are spin-less and do not 
ontribute dire
tly to polarized s
attering. The momentumdistributions of non-nu
leoni
 obje
ts 
ome from standard nu
lear physi
s
al
ulations [12, 13℄ and are in this sense independent of the model. Su
h
onstru
tion of the model has an important advantage: we do not have toworry what the proposed me
hanism does to low energy nu
lear physi
s.
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lear E�e
ts on the Spin-Dependent dots 2949Another important assumption is that nu
leons, � isobars and pions
ontribute in
oherently to the stru
ture fun
tion of the nu
leus. Thanks tothat we 
an write the �e�e
tive nu
leon� stru
ture fun
tion in the nu
leus asa sum of 
onvolutions of isolated hadron stru
ture fun
tions with momentumdistributions taken from nu
lear physi
sgN=A1 (x;Q2) = AZx dzz fN (z)gN1 �xz ;Q2�+ AZx dzz f�(z)g�1 �xz ;Q2� ; (2.1)where Q2 is the negative momentum transfer squared andz = Ak�+kA+ ; � = N; �; � (2.2)denotes light-
one �k+ = k0 + kk� momentum fra
tion per nu
leon of theintera
ting nu
leon, � isobar or pion. The distribution fun
tions f�(z)satisfy the following sum rules:AZ0 dz fN(z) = 1� hn�i ; (2.3)AZ0 dz f�(z) = hn�i ; (2.4)AZ0 dz f�(z) = hn�i ; (2.5)as well as the momentum 
onservation lawX� AZ0 dz zf�(z) =X� hz�i = 1 : (2.6)Eqs. (2.3), (2.4) represent baryon number 
onservation law, with hn�i andhn�i de�ned as average numbers of � isobars and ex
ess pions in nu
leus,respe
tively.Let us pre
isely dis
uss ea
h 
ontribution entering Eq. (2.1).2.1.In the parton model our fundamental quantity of interest, the spin-dependent nu
leon stru
ture fun
tion gN1 , 
an be expressed in terms ofdi�eren
es between the number densities of quarks with spin parallel andanti-parallel to the longitudinally polarized parent nu
leon:



2950 A. Sob
zyk, J. SzwedgN1 (x) = 12 NfXq=1 e2q ��qN (x) +�qN (x)	 ; (2.7)where �qN (x) = qN" � qN# ; �qN (x) = qN" � qN# : (2.8)In the Leading-Order (LO) QCD above fun
tions be
ome Q2-dependent.In the Next-to-Leading Order (NLO) gN1 
an be written as:gN1 (x;Q2) = 12 NfXq=1 e2q(�qN (x;Q2) +�qN (x;Q2) + �s �Q2�2����Cq 
��qN+�qN�+ 1Nf�Cg 
�g� (x;Q2)� ; (2.9)where �g is polarized gluon density (�g = g"�g#), �s �Q2� is QCD running
oupling 
onstant and Nf denotes the number of a
tive �avors. The spin-dependent Wilson 
oe�
ients �Cq and �Cg in the MS s
heme 
an be foundin Ref. [14℄. The 
onvolution 
 is de�ned as usual by(f 
 g) (x) � 1Zx dzz f(z)g �xz � : (2.10)In 3He with the wave fun
tion entirely in S state, two protons have oppo-site spins and all the spin is 
arried by neutron. But in realisti
 3He nu
leushigher partial waves (S0 and D) in the ground state wave fun
tion lead tothe spin depolarization. E�e
tive polarization of neutron in 3He is estimatedin [15℄ to de
rease to Pn = (86�2)%, whereas e�e
tive polarization of singleproton is Pp = (�2:8� 0:4)%. Thanks to these quantities one 
an write thespin-dependent stru
ture fun
tion gN1 (x;Q2) from Eq. (2.1) asgN1 (x;Q2) = Pngn1 (x;Q2) + 2Ppgp1(x;Q2) (2.11)for neutron in 3He and asgN1 (x;Q2) = Pngp1(x;Q2) + 2Ppgn1 (x;Q2) (2.12)for proton in 3H. In the 
ase of 7Li we assumed that it 
onsists of 4He, wheretwo protons and two neutrons have opposite spins, and of 3H, in whi
h wetreat the spin depolarization like in Eq. (2.12).
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lear E�e
ts on the Spin-Dependent dots 29512.2.For nu
lei with A > 6 we use an approximate formula [11℄ reprodu
ingthe e�e
t of Fermi motion:fN(z) = 34 �mNkF �3 "� kFmN �2 � (z � 1)2# ; (2.13)for � kFmN � z � 1 � kFmN ; (2.14)and fN (z) = 0 otherwise. The possible 
orre
tions to this distribution turnout to be of little importan
e in our problem. The Fermi momenta kF forvarious nu
lei 
an be found in Ref. [16℄. Here mN is the nu
leon mass.The distribution fN (z) for 3He has been extra
ted from Ref. [13℄ andassumed to des
ribe also 3H. It is worth to note that one 
an 
al
ulate fN (z)from nu
leon momentum distribution �N (~k) (easily a

essible in terms of
onventional nu
lear theory) using approximate relationship [17℄:fN(z) = Z d3~k �N (~k) Æ0�z � kk +q~k2 +m2NmN 1A : (2.15)
2.3.Even though the pions are spinless and do not dire
tly enter Eq. (2.1),their in�uen
e 
omes through the sum rule (2.6) sin
e baryons share themomentum with pions. E�e
tively, this requires repla
ement (in Eq. (2.13)and next) of z� 1 by z� 1+ hz�i, where hz�i is average momentum 
arriedby pions (all distributions are then peaked at 1� hz�i).2.4.The � isobar stru
ture fun
tion g�1 (x;Q2), required in Eq. (2.1), isnot known from experiment. A phenomenologi
al 
onstru
tion has beenpresented in Ref. [10℄ and 
an be extended to the spin-dependent 
ase ina straightforward way. We start from writing the valen
e part of proton andneutron polarized stru
ture fun
tions as:
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gp1v(x;Q2) = 12 �49�uv(x;Q2) + 19�dv(x;Q2)�= 12 �49A0(x;Q2) + 29A1(x;Q2)� ; (2.16)gn1v(x;Q2) = 12 �19�uv(x;Q2) + 49�dv(x;Q2)�= 12 �19A0(x;Q2) + 13A1(x;Q2)� ; (2.17)where AI , I = 0; 1 denotes the 
ontribution in whi
h the valen
e quark isstru
k by the virtual photon and the remaining (spe
tator) valen
e quarksare in spin and isospin I 
on�guration. The AI(x;Q2) 
an be expressed bythe valen
e quark distributions in the proton:A0(x;Q2) = �uv(x;Q2)� 12�dv(x;Q2) ; (2.18)A1(x;Q2) = 32�dv(x;Q2) : (2.19)The � stru
ture fun
tion is 
onstru
ted assuming the universality ofthe fun
tions AI(x;Q2) in ground state baryons. Noting that the spe
tatorvalen
e quarks in the � isobar are always in spin-isospin 1 state, one writes:g�++1v (x;Q2) = 49A1(x;Q2) = 23�dv(x;Q2) ; (2.20)g�+1v (x;Q2) = 13A1(x;Q2) = 12�dv(x;Q2) ; (2.21)g�01v (x;Q2) = 29A1(x;Q2) = 13�dv(x;Q2) ; (2.22)g��1v (x;Q2) = 19A1(x;Q2) = 16�dv(x;Q2) : (2.23)In addition we assume that the sea quarks and gluons remain in the sameshape in any of the � isobars and negle
t Fermi motion e�e
ts for the� isobars in our analysis. Hen
e f�(z) has the form:f�(z) = hn�i Æ (z � 1 + hz�i) : (2.24)



Nu
lear E�e
ts on the Spin-Dependent dots 29533.To demonstrate nu
lear e�e
ts on the spin-dependent stru
ture fun
-tions gp1 and gn1 , we have 
hosen three re
ent parametrizations of free po-larized parton distributions in the nu
leon at the next-to-leading order inthe MS s
heme: AAC [18℄ (
alled AAC-NLO-2), LSS [19℄ and TBK [20℄.For 
ompleteness, we also give predi
tions of our model using leading-orderparametrization [18℄ (
alled AAC-LO). Nu
lear parameters required in the
al
ulation are extra
ted from Ref. [12℄. For 3He and 3H they take the val-ues: hn�i = 0:02, hn�i = 0:05, hz�i = 0:038, whereas for 7Li: hn�i = 0:04,hn�i = 0:09, hz�i = 0:069. The Fermi momentum kF for 7Li is 0:86 fm�1.In Eq. (2.1) g�1 stands for averaged over isospin spin-dependent � isobarstru
ture fun
tion.The results are presented at Q20 = 1 GeV2. The �rst moment of thespin-dependent stru
ture fun
tion g�1 (x;Q2) (where � = p; p=A ; n ; n=A) isde�ned as � �1 �Q2� = 1Z0 dx g�1 (x;Q2); (3.1)and its values for free proton, free neutron and for proton and neutron invarious nu
lei are presented in all 
onsidered parametrizations in Table I.TABLE IFirst moments � �1 �Q20 = 1 GeV2�.AAC (NLO) AAC (LO) LSS (NLO) TBK (NLO)� p1 0.129 0.144 0.129 0.113� p=3H1 0.110 0.123 0.109 0.095� p=7Li1 0.101 0.113 0.103 0.090�n1 -0.054 -0.067 -0.050 -0.062�n=3He1 -0.057 -0.069 -0.053 -0.064We expe
t our model to work for 0:1 � x � 1, sin
e at smaller x possibleshadowing e�e
ts, not in
luded in our 
al
ulations, may 
ontribute signif-i
antly [21℄. The question how the �rst moment of g1 is modi�ed 
an beanswered only partially be
ause of this limit of appli
ability of the model.



2954 A. Sob
zyk, J. SzwedDe�ning � �1; y �Q2� = 1Zy dx g�1 (x;Q2); (3.2)in Table II we present quantities analogi
al to those of Table I, but integratedin the region 0:1 � x � 1. TABLE IIFirst moments � �1; 0:1 �Q20 = 1 GeV2�.AAC (NLO) AAC (LO) LSS (NLO) TBK (NLO)� p1; 0:1 0.081 0.097 0.099 0.091� p=3H1; 0:1 0.067 0.080 0.082 0.075� p=7Li1; 0:1 0.063 0.076 0.078 0.071�n1; 0:1 -0.024 -0.022 -0.021 -0.020�n=3He1; 0:1 -0.026 -0.025 -0.024 -0.0234.We start the dis
ussion from 3He nu
leus, sin
e it is an ideal targetto extra
t the neutron stru
ture fun
tion gn1 (x;Q2). We plotted the spin-dependent stru
ture fun
tions of neutron in 3He and free neutron in threedi�erent NLO parametrizations in Fig. 1. From Table I and Table II onereads: � n1� n=3He1 � � 0:960:89 for 0 � x � 1:0 ;0:1 � x � 1:0 ; (4.1)what means 11% de
rease of the �rst moment of the spin-dependent stru
-ture fun
tion of neutron in 3He due to nu
lear e�e
ts in the range where ourmodel gives predi
tions.One should remember that in the experimental analyzes (like [7,8℄) a 
or-re
tion for the spin depolarization des
ribed by Eq. (2.11) is often in
luded.That is why it is interesting to see what are the 
orre
tions predi
ted by ourmodel not only to the free neutron stru
ture fun
tion gn1 (x;Q2), but also tothe fun
tion Pngn1 (x;Q2) + 2Ppgp1(x;Q2). Therefore, in Fig. 2 we presentedtwo ratios: P 3He" (x;Q2) = gn=3He1 (x;Q2)Pngn1 (x;Q2) + 2Ppgp1(x;Q2) (4.2)R3He" (x;Q2) = gn=3He1 (x;Q2)gn1 (x;Q2) (4.3)
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Fig. 1. The NLO neutron stru
ture fun
tions xgn1 (x), xgn=3He1 (x) at Q20 = 1GeV2in various parametrizations.
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lear E�e
ts on the Spin-Dependent dots 2957in various NLO parametrizations. The ratio P 3He" (x;Q2) measures the in-�uen
e only of the � isobars, ex
ess pions and Fermi motion on the spin-dependent stru
ture fun
tion of neutron in 3He. If these e�e
ts were notimportant, P 3He" (x;Q2) would be equal to unity. The ratio R3He" (x;Q2) de-s
ribes all nu
lear e�e
ts, in
luding the spin depolarization in 3He. We donot present P 3He" (x;Q2) and R3He" (x;Q2) in the whole x region be
ause theneutron stru
ture fun
tion 
rosses zero.The 
orre
tions to the proton stru
ture fun
tion gp1(x;Q2) are studied in3H and 7Li (we also mention results for 19F). The 7Li nu
leus is our bestexample not only for the e�e
t whi
h is very pronoun
ed, but also be
ausethis nu
leus seems to be a realisti
 polarized target. The 3H is 
al
ulated to
he
k the Bjorken sum rule [22℄ for system with A = 3. The spin-dependentstru
ture fun
tions for free proton, proton in 3H and proton in 7Li are shownin Fig. 3 in NLO AAC parametrization. We do not plot them in the remain-ing parametrizations, sin
e there is a very small parametrization-dependen
ein our predi
tions for gp=A1 .
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tions xgp1(x), xgp=3H1 (x) and xgp=7Li1 (x) atQ20 = 1 GeV2 in AAC parametrization.In Fig. 4 ratios: R3H" (x;Q2) = gp=3H1 (x;Q2)gp1(x;Q2) (4.4)and R7Li" (x;Q2) = gp=7Li1 (x;Q2)gp1(x;Q2) (4.5)



2958 A. Sob
zyk, J. Szwed

0,0 0,2 0,4 0,6 0,8 1,0

0,5

0,6

0,7

0,8

0,9

1,0

1,1
AAC

 R
↑

3 H
(x)  (NLO)  R

↑

3 H
(x)  (LO)

 R
↑

7 Li
(x)  (NLO)  R

↑

7 Li
(x)  (LO)

xFig. 4. The ratios R3H" (x) and R7Li" 
al
ulated using NLO and LO AAC para-metrization at Q20 = 1 GeV2.are shown in both NLO and LO AAC parametrization. As 
ompared to3He ri
her 
ontent of non-nu
leoni
 obje
ts makes the nu
lear e�e
t deeperfor 7Li. The resulting 
orre
tions to the �rst moments presented in Table Iand Table II are also 
onsiderably larger� p=7Li1� p1 � � 0:790:78 for 0 � x � 10:1 � x � 1 : (4.6)Having 
al
ulated the nu
lear e�e
ts for both proton in 3H and neutronin 3He we are able to 
he
k the Bjorken sum rule for system with A = 3.The numbers presented in Table I and Table II show that� p=3H1 � � n=3He1� p1 � � n1 � � 0:910:88 for 0 � x � 10:1 � x � 1 ; (4.7)what means 12% redu
tion in the region where our model is appli
able.The results for proton in 19F are very similar to those of 7Li due to thesaturation of nu
lear parameters hn�i, hn�i and hz�i. This nu
leus, lessrealisti
 as a polarized target, is interesting be
ause of possible appli
ationin the hunt for neutralino as a dark matter 
andidate [23℄.One 
an 
ertainly improve the model presented above. It would be in-teresting to in
lude shadowing e�e
ts and extend the model to low x region(x < 0:1). Another improvement would be the in
lusion of interferen
e
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lear E�e
ts on the Spin-Dependent dots 2959terms resulting from N�� transitions. Although it is possible to 
onstru
tthe N�� spin dependent stru
ture fun
tion in analogy to the �, we are un-able to extra
t the density fN��(z) in the nu
leus from the nu
lear matter
al
ulation, we are basing on [12℄. Approa
h whi
h attributes all nu
lear ef-fe
ts (ex
ept depolarization Eqs. (2.11), (2.12)) to the interferen
e term [24℄is 
on
eptually di�erent from ours: the absolute normalization of this termis there a free parameter.To summarize, we re
all the idea how the nu
leon spin-dependent stru
-ture fun
tions get modi�ed due to nu
lear environment. The model wehave used to present the e�e
t has not been 
hosen by a

ident. Amongother advantages it 
an be extended from unpolarized to polarized versionwithout new, fundamental assumptions. Whereas the 
ase of 3He servesonly as a warning what size of 
orre
tions should one expe
t when extra
t-ing the neutron stru
ture fun
tion from polarized 3He target experiments(our predi
tions for neutron in 3He are within experimental error bars), the7Li nu
leus seems to be more promising. With present experimental te
h-niques one may seriously think of deep inelasti
 polarized lepton-polarized7Li s
attering or polarized hadron-polarized 7Li s
attering with dire
t pho-ton or muon pair produ
tion. In all 
ases the modi�
ation due to nu
leare�e
ts should be measurable. The expe
ted results are interesting for boththe nu
lear stru
ture and QCD studies. One should keep in mind that whatis usually measured in deep inelasti
 s
attering is the asymmetry:A1(x;Q2) ' g1(x;Q2)F1(x;Q2) ; (4.8)where F1 is the unpolarized stru
ture fun
tion. Sin
e the nu
lear e�e
t issimilar on both the numerator and denominator, one may be misled by thefa
t that the asymmetry itself shows no signi�
ant 
hange as 
ompared tothe free nu
leon 
ase.The authors would like to thank Bogusªaw Kamys, John Millener andLarry Trueman for dis
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