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DEPENDENCE OF ASYMMETRIES ON SPINSTRUCTURE FUNCTION g2 INELECTRON�DEUTERON SCATTERINGJ. Kra±kiewi
zInstitute of Physi
s, Maria Curie-Skªodowska UniversityRadziszewskiego 10, 20-031 Lublin, Poland(Re
eived July 7, 2000; revised version re
eived April 12, 2001)We analyse in
lusive s
attering of the polarised ele
tron on the polariseddeuteron in the Plain Wave Impulse Approximation (PWIA). Assuming twokinds of fun
tions for g2(x), e.g. g2 = 0 and g2 = gWW2 , the longitudinaland transverse asymmetries are 
al
ulated versus the ele
tron energy lossfor the di�erent initial ele
tron energy and the s
attering angle.PACS numbers: 25.30.Fj, 24.70.+s1. Introdu
tionThis paper is the 
ontinuation of the previous one [1℄, where I des
ribedonly the quasi-elasti
 s
attering of polarised ele
trons from the polariseddeuteron in the Plain Wave Impulse Approximation (PWIA). There I 
al-
ulated the di�erential 
ross se
tions and asymmetries.The elasti
 and inelasti
 ele
tron s
attering from nu
lei is a powerful andfruitful method to investigate the nu
lear stru
ture. Current experiments ofthis kind are so pre
ise that we 
an observe phenomena 
onne
ted with spinsof ele
trons and nu
lei. The spin stru
ture of nu
leons is now examined veryintensively. There exists a broad experimental program of ele
tron�deuterons
attering studies at Je�erson Lab and SLAC with the polarised lepton beamand the deuteron target.Let us 
onsider in
lusive s
attering in one photon ex
hange approxima-tion. Now we must take into a

ount not only the elasti
 but also inelasti

hannel in the elementary ele
tron 
ollision with quasi-free nu
leons in thenu
leus.The PWIA method used in this paper to 
al
ulate the di�erential 
rossse
tion (d.
.s.) in the in
lusive s
attering of polarised ele
trons from po-larised deuterons is based on the assumption that an ingoing lepton inter-a
ts with only a single, quasi-free nu
leon in the nu
leus and eje
ts it. The(2207)
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znu
leon leaves the nu
leus with a su�
iently high energy that the pro
ess
an be treated approximately as having o

urred without strong e�e
ts from�nal-state intera
tions.I would like to mention that there exist more re�ned approa
hes whi
htake into a

ount �nal-state intera
tions [2℄ or relativisti
 e�e
ts [3�6℄ butsu
h 
orre
tions are now smaller than experimental un
ertainties in mea-surements of asymmetries. So I use the de Forest's re
ipe for o�-shell mod-i�
ations to simulate to some extent the negle
ted intera
tion e�e
ts.As was shown by de Forest [7℄, the problem of the lepton-nu
leus in-tera
tion within the above assumptions is redu
ed to the more fundamentallepton�nu
leon s
attering and to the 
al
ulation of the nu
leus spe
tral fun
-tion.The stru
ture of nu
leons in that elementary pro
ess is des
ribed bythe F p1 (q2), F p2 (q2), F n1 (q2), F n2 (q2) elasti
 stru
ture fun
tions, W p1 (x; q2),W p2 (x; q2), W n1 (x; q2), W n2 (x; q2) inelasti
 stru
ture fun
tions and gp1(x;Q2),gp2(x;Q2), gn1 (x;Q2), gn2 (x;Q2) polarised inelasti
 ones.The elasti
 and inelasti
 stru
ture fun
tions are quite well known ex-perimentally but a lot of e�ort is now being put into extra
ting polarisedstru
ture fun
tions from deep inelasti
 e�p or e�d 
ross-se
tions asymme-try measurements. The PWIA expressions involve independently all protonand neutron stru
ture fun
tions but the polarised stru
ture fun
tions enteras a 
ombination gp1+gn1 and gp2+gn2 . So we have substituted 2gd1;2(1�1:5!D)for gp1;2+gn1;2 in the numeri
al 
al
ulations (!D = 0:0577 is a probability thata deuteron is in a D-state [4℄). From the basi
 point of view we should useindependently known gp1;2 and gn1;2 but this substitution is done only be
auseof little experimental knowledge of neutron polarised stru
ture fun
tions andthat they are mostly dedu
ed from the deuteron stru
ture fun
tions.The fun
tion g2(x;Q2) is known experimentally and theoreti
ally withless a

ura
y than g1(x;Q2) one. In this paper I 
al
ulate the asymmetriesfor two theoreti
ally possible forms of g2(x;Q2): one, assuming g2(x;Q2) = 0and the other for the form predi
ted by QCD [12℄g2(x;Q2) � gWW2 = �g1(x;Q2) + 1Zx g1(y;Q2)y dy : (1)In E143 experiments [8℄ both 
ases g2 = 0 and g2 = gWW2 were 
onsistentwith their data.In this paper I show that there is a big di�eren
e between the 
al
ulatedtransverse asymmetries A? with g2 = 0 and g2 = gWW2 for the s
atteringangle greater than 10Æ.
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e of Asymmetries on Spin Stru
ture Fun
tion g2 in : : : 2209Transverse asymmetries A? are very sensitive to the 
hange of the shapeof g2(x) and to the s
attering angle � so experiments in the kinemati
alregion where � > 10Æ 
an determine the values of g2(x) with more pre
ision.The 
al
ulations of asymmetries were performed for su
h kinemati
alregions where di�erential 
ross se
tion is greater than 0.1 pb/GeV/sr.The stru
ture of nu
leus is des
ribed by the nu
leon spe
tral fun
tionP (~p; ").De Forest proposed the method to des
ribe the s
attering of an ele
tronby an o�-shell nu
leon. The nu
leon is represented by a plane wave. Theenergy transfer ~! to that bounded nu
leon is less than ele
tron energy loss! for two reasons. One is the binding energy of the nu
leon. The otheris the re
oil of the remaining nu
leus (in our 
ase the remaining nu
leon).Consequently the stru
k nu
leon in the initial state has an energy diminishedby the kineti
 energy of the re
oiling nu
leon and its momentum is oppositeto the remaining nu
leon be
ause the deuteron is in the rest. These tworeasons are the 
ause that the stru
k nu
leon is o�-shell.The framework of my 
al
ulations of the d.
.s. is based on the paper[13,14℄ by Benhar et al. with the generalisation on the polarised parti
les.In Se
. 2 I present the 
al
ulations of the di�erential 
ross-se
tion ofthe 
onsidered pro
ess within PWIA using relativisti
 dynami
s. In Se
. 3I de�ne the longitudinal and transverse asymmetries measured in the ex-periments. In Se
. 4 the 
al
ulated transverse asymmetries for two 
ases,g2 = 0 and g2 = gWW2 , are presented and 
ompared with the experimentalones in the Fig. 4 for the di�erent ingoing ele
tron energy and s
atteringangle versus transfer ele
tron energy.The asymmetries for a given energy of an ingoing ele
tron and di�erents
attering angle versus energy loss ! and for 
ases, g2 = 0 and g2 = gWW2 ,are provided in Figs 5,6.The total di�erential 
ross-se
tions in the same kinemati
al region arepresented in Fig. 7.2. Ele
tron-nu
leus s
attering within PWIAThe di�erential 
ross-se
tion for the in
lusive rea
tione+A! e0 + anything (2)is given by d2�2d
dE0 = �2q4 E0E L��WA��(q) ; (3)where q is the 4-momentum transfer, E;E0 � the energies of the ingoingand outgoing ele
tron, � = 1137 , L�� and WA�� are respe
tively the leptonand nu
lear tensors.
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zThe nu
lear tensorWA�� des
ribes the stru
ture of a nu
leus and in PWIAis given by [7℄WA��(q) = Z d3pd"P (~p; ")[Z ~W p��(~p; "; q) +N ~W n��(~p; "; q)℄ ; (4)where the nu
leon spe
tral fun
tion P (~p; ") represents the probability distri-bution of removing a parti
le of momentum ~p from the nu
leus ground stateleaving the residual system with an ex
itation energy equal to " (in
ludingthe re
oil energy).The o�-shell proton and neutron tensors ~W p�� , ~W n�� des
ribe the inter-a
tion of a virtual photon with an individual, bound nu
leon in the nu
leusand are related to the stru
ture fun
tions of the free nu
leons.In PWIA the two 
hannels 
ontribute to the in
lusive rea
tion (2):� elasti
 ele
tron-nu
leon s
attering (Fig. 1)� inelasti
 ele
tron-nu
leon s
attering (Fig. 2).
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e of Asymmetries on Spin Stru
ture Fun
tion g2 in : : : 2211Sin
e the s
attering pro
ess involves a bound nu
leon, a fra
tion of theenergy transferred by the virtual photon goes into the ex
itation energy andre
oil of the residual (A � 1) nu
leus. In Ref. [7℄ de Forest proposed forthe quasi-elasti
 s
attering to relate ~W p�� , ~W n�� , to the free nu
leon stru
turefun
tions F1(Q2); F2(Q2) and to the free nu
leon spinors u(p) but taking theenergy transfer ~! to the stru
k nu
leon of momentum ~p as:~! =p(~p+ ~q)2 +M2 �p~p 2 +M2 = ! �Ed � (p~p 2 +M2 �M) ; (5)where ~q, ! are respe
tively ele
tron momentum transfer and energy loss, Edis the deuteron binding energy and M is the nu
leon mass.The o�-shell 
urrent for the elasti
 photon�nu
leon intera
tion is takenin the form j� = �u(p0) �
�F1(q2)� i��� ~q�F2(q2)2M �u(p) ; (6)where ~q = (~!; ~q).Whenever one applies the one-body ele
tromagneti
 
urrent operator notto a free nu
leon, but to a nu
leon bound in the nu
leus, one needs to intro-du
e an o�-shell pres
ription. Currently, there exists no unique and obviousmi
ros
opi
 des
ription of this o�-shell behaviour. There are only ad ho
pres
riptions whi
h lead to di�ering between themselves results (espe
iallyin the 
ross se
tions) for 
ertain kinemati
s. Fortunately, this un
ertaintiesare less for the ratio of the 
ross se
tions as it happens for the asymmetries.The dis
ussion of these pro
edures 
an be found in [6,7℄.The d.
.s. for the s
attering of a polarised ele
tron on a polariseddeuteron based on the above assumptions is given by [15℄d2�d
dE0 = Z d3pd"P (~p; ") h�elep + �elen + �inelep + �inelen i ; (7)where �el(inel)ep(n) (~q; ~p; ~!; s; S) = �2q4 E0E MEpL�� ~W p(n)�� (8)is the o�-shell, elementary elasti
 (inelasti
) ele
tron�nu
leon d.
.s. for themoving nu
leon with energy Ep � p0 = (p~p 2 +M2), s is the spin of ingoingele
tron and partial polarisation 4-ve
tor S of nu
leon is de�ned asS� � ��3 j~pjM ;�1;�2;�3 p0M� ; (9)
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zwith the properties [16℄j� j2 � (�1)2 + (�2)2 + (�3)2 � 1 ;S�p� = 0 ;S�S� = �p(�1)2 + (�2)2) + (�3)2 : (10)In the parti
le rest frame p = (M; 0), S� = (0; ~�S), where ~�S is a unit3-ve
tor pointing in the dire
tion of the parti
le spin. The �ve
tor� � is
alled the polarisation ve
tor of the beam.The deuteron spe
tral fun
tion P (~p; ") 
an be expressed in terms of themomentum distribution nd(~p) of the nu
leons in the deuteron [17℄P (~p; ") = nd(j~pj)Æ(" �Ed �p~p 2 +M2 +M) : (11)The deuteron momentum distribution is normalised as follows4� 1Z0 p2nd(p)dp = 1 : (12)The nu
leon polarisation in the deuteron is equal to the double value ofthe spin expe
tation value h�N i of the nu
leon in a deuteron and is givenby the P (S) and P (D) probabilities of the two-nu
leon bound state wavefun
tion a

ording to [4℄j� j = P (S)� 12P (D) = 1� 1:5P (D) = 0:9135 : (13)In turn we 
onsider the elementary inelasti
 s
attering of polarised ele
-trons on polarised nu
leons. We denote by m the ele
tron mass, by k and k0the initial and �nal lepton four-momentum. Lepton tensor L�� is given byL��(k; s; k0) = 2L(S)�� (k; k0) + 2iL(A)�� (k; s; k0) ;L(S)�� = k�k0� + k0�k� � g��(k � k0 �m2) ;L(A)�� = m�����s�(k � k0)� : (14)The hadron tensorW�� for a free nu
leon is de�ned in terms of four stru
turefun
tions as W��(q; p; S) = W (S)�� (q; p) + iW (A)�� (q; p; S) ; (15)
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ture Fun
tion g2 in : : : 2213with12MW (S)�� (q; p) = ��g�� + q�q�q2 � W1(p � q; q2)+ ��p� � p � qq2 q���p� � p � qq2 q���W2(p � q; q2)M2 ;W (A)�� (q; p; S) = 2Mp � q "����q��S�g1(x;Q2)+�S�� (S � q)p�(p � q) � g2(x;Q2)� ;(16)where Q2 = �q2 and x = Q2=(2p � q): In the 
ase of the o�-shell nu
leon wesubstitute ~q = (~!; q) for q = (!; q) in the hadroni
 tensor W�� .Within the above pres
ription we impose the requirement of gauge in-varian
e Q�W ��(~q; p; s) = W��(~q; p; s)Q� = 0 (17)from whi
h one 
an eliminate the dependen
e of the o�-shell nu
leon tensorupon the longitudinal 
urrent.The symmetri
 part of the �ineleN , whi
h depends on W (S)�� , was 
al
u-lated from the analyti
 expression given in [13℄. The elasti
 d.
.s. �eleNand antisymmetri
 part of �ineleN was 
al
ulated with the use of (16) imposednumeri
ally. 3. AsymmetriesHere I de�ne the longitudinal and transverse asymmetries to be 
al
u-lated and 
ompared with the experiment. The detail dis
ussion about thepossible polarisations of parti
les involved in the ele
tron�nu
leus s
atteringis presented in [18,19℄. I give the main points.Be
ause of the small mass of an ele
tron only longitudinally polarisedele
trons are of pra
ti
al interest in nu
lear physi
s experiments. If we 
on-sider experiments where only in
ident parti
le polarisation are measured,then the 
ross se
tion 
an be written in the general form� d�d
�h = � � h� ; (18)where h is the heli
ity of an ele
tron (h = s3 = �1).The term � gives the 
ontribution to the unpolarised 
ross se
tion �when in
ident ele
tron heli
ity is measured.
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zThe quantity � and � 
an be 
al
ulated from the 
ross se
tions asfollows: � = 12 (� d�d
��1 +� d�d
�+1) = � d�d
�unpol ;� = 12 (� d�d
��1 �� d�d
�+1) : (19)To 
ompare the theoreti
al predi
tions of the asymmetries with the experi-mental data I have slightly 
hanged the de�nition of � (
hange of the sign)with respe
t to my previous paper [1℄.The target polarisation dire
tion is spe
i�ed with respe
t to the s
atter-ing plane as follows:L � along the dire
tion of the ele
tron beam,N � normal to the s
attering planeS � in the s
attering plane, normal to the ele
tron beam.The longitudinal Ak and transverse A? asymmetries are formed as follows:Ak = ����L ; A? = ����S (20)The (�=�)N ratio is identi
ally zero in our 
ase [18℄.4. Results and 
on
lusionThe asymmetries in quasi-elasti
 s
attering of polarised ele
trons fromthe polarised deuteron were 
al
ulated in my previous paper [1℄ and elemen-tary 
ross se
tions for polarised, elasti
 ele
tron�nu
leon s
attering 
an befound in [20℄.For in
lusive ele
tron�deuteron s
attering we must add a 
ontributionfrom inelasti
 ele
tron�nu
leon s
attering. The sum of these two 
hannelsgives the in
lusive ele
tron�deuteron di�erential 
ross se
tion.I use the dipole formula for the elasti
 stru
ture fun
tions GE, GM ofa nu
leon. The inelasti
 stru
ture fun
tions WN1 , WN2 were parameterisedto �t the data and are given in [21℄.The inelasti
 polarised stru
ture fun
tions gp1(x;Q2), gn1 (x;Q2) enter all
onsidered formulas as a 
ombination gp1 + gn1 whi
h expresses itself by theone deuteron form fa
tor gd1 asgp1 + gn1 = 2gd1(1� 1; 5!D) ; (21)where !D is a probability that the deuteron will be in a D-state and is equal!D = 0.05 [8℄.
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e of Asymmetries on Spin Stru
ture Fun
tion g2 in : : : 2215I use the �t of the stru
ture fun
tion gd1(x;Q2) to the data based on thefollowing expression [9℄gd1(x;Q2) = Ad1(x;Q2) F d2 (x;Q2)2x(1 +R(x;Q2)) : (22)The parameterisation of the Ad1, F d2 and R fun
tions are taken as follows:Ad1(x;Q2) = ax�(1 + bx+ 
x2) �1 + CQ2� (23)with [8℄ � = 1.46 b = 1.915 C = 0.260a = 2.49 
 = 1.376F d2 (x;Q2) = A(x)� ln(Q2=�2)ln(Q20=�2)�B(x) �1 + C(x)Q2 � (24)with [10℄A(x) = xa1(1�x)a2fa3+a4(1�x)+a5(1�x)2+a6(1�x)3+a7(1�x)4g ;B(x) = b1 + b2x+ b3=(x+ b4) ;C(x) = 
1x+ 
2x2 + 
3x3 + 
4x4 ; (25)Q20 = 20 GeV2 � = 0.250 GeVa1 = �0.04858 b1 = �0.008 
1 = �1.509a2 = 2.863 b2 = �2.227 
2 = 8.553a3 = 0.8367 b3 = 0.0551 
3 = �31.20a4 = �2.532 b4 = 0.0570 
4 = 39.98a5 = 9.145a6 =�12.504a7 = 5.473and [11℄R(x;Q2) = 0:0635ln(Q2=0:04) �1 + 12 Q2Q2 + 1 0:12520:1252 + x2�+ 0:5747Q2 + �0:3534Q4 + 0:09(26)The stru
ture fun
tion gd2(x) is taken either gd2 = 0 (dotted lines onthe �gures) or g2 = gd(WW )2 (solid lines) where gd(WW )2 is the Wandzura�Wil
zek twist-2 
ontribution (1) [12℄. Fun
tion gd(WW )2 is plotted in Fig. 3for g1(x;Q2 = 5 GeV) parameterised as above.
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Fig. 3. Twist-2 gd(WW )2 (x) 
al
ulated from (1).We assume the 100% ele
tron longitudinal polarisation with h = �1 and100% deuteron polarisation.The de Forest's pres
ription was used to 
al
ulate the asymmetries inFigs 4�6. Sin
e this pres
ription is not unique we would like to know thedeviations between di�erent pres
riptions. For this purpose we 
omparedasymmetries 
al
ulated in two extremely di�erent situations: for o�-shellnu
leons and for on-shell ones, i.e. without 
hanging q ! ~q. It has appearedthat they are the same in the whole ! range ex
ept the minimal values of! where the di�eren
es 
an rea
h 50%. It shows that other similar pre-
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Fig. 4. The 
al
ulated transverse asymmetries A? (solid line for gd2 = gd(WW )2and dotted line for gd2 = 0) in the in
lusive ele
tron�deuteron s
attering for theinitial ele
tron energy E=29.1 GeV and two s
attering angles � 
ompared with theexperimental data (points with statisti
al errors).
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zs
riptions should give 
omparable results for asymmetries in the 
ase of thedeuteron. The asymmetries were also 
al
ulated without the requirement ofgauge invarian
e of modi�ed stru
ture fun
tions W ��(~q; p; S). Also in that
ase the values of asymmetries were pra
ti
ally the same.
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tron energyE and s
attering angles �.
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ture Fun
tion g2 in : : : 2219Only the 
al
ulated longitudinal asymmetries Ak and the transverse onesA? are analysed be
ause the ratio (�=�)N is identi
ally zero.Fig. 4 shows that for small s
attering angles � two 
ases gd2 = 0 org2 = gd(WW )2 are 
onsistent with the experimental data within measurementun
ertainties.The dependen
e of Ak asymmetry on g2 is very small (see Fig. 5).The drasti
 di�eren
e in A? asymmetries between gd2 = 0 and g2 =gd(WW )2 is seen for the s
attering angles � > 10Æ, whi
h is presented inFig. 6. The numeri
al 
al
ulations in PWIA show that the main 
ontributionto the A? asymmetry due to the g2(x) fun
tion 
omes from the range of xfor individual nu
leons greater than 0.1, where fun
tion g2(x) is negative.That 
auses a big negative transverse asymmetry for g2 = gWW2 .In Fig. 7 we 
an see the values of the d.
.s. in the 
onsidered regions ofthe energy loss for three given in
oming ele
tron energies; these values arenot less than 10�4 nb.The above results suggest performing in
lusive ele
tron�deuteron s
at-tering with polarised parti
les where one 
an measure the transverse asym-metries A? for the s
attering angle � greater than 10Æ and with high ele
tronenergy. In that kinemati
al region it should be easier to 
on
lude on theshape of the spin stru
ture fun
tion g2(x).The author wishes to thank Prof. O. Benhar for dis
ussions and for pro-viding 
omputer 
ode for 
al
ulating d.
.s. of unpolarised ele
tron�deuteron
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