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SINGLE-SPIN ASYMMETRIES IN THE BETHE �HEITLERPROCESS e�+ p! e�+ 
 + p INDUCED BY LOOP CORRECTIONSA. V. Afanasev a, M. I. Kon
hatnij b, N. P. Merenkov b*aJe�erson Lab, Newport News, VA 23606, USAbNational S
ienti�
 Center �Kharkov Institute of Physi
s and Te
hnology�61108, Kharkov, UkraineSubmitted 28 July 2005The single-spin beam and target asymmetries in the hard ele
troprodu
tion pro
ess e�+p! e�+
+p indu
edby the loop radiative 
orre
tions to the vertex part of lepton intera
tion are 
onsidered. The physi
al reasonfor the appearan
e of su
h a kind of asymmetries is a nonzero imaginary part of the amplitude (on the level ofradiative 
orre
tions) 
aused by diagrams with a photon radiation by the outgoing ele
tron. We 
al
ulate thesingle-spin beam and target asymmetries at a longitudinally polarized ele
tron beam or at arbitrary polarizationsof the target proton for the CLAS and HERMES experimental 
onditions.PACS: 12.20.-m, 13.40.-f, 13.60.-r, 13.60.Hb, 13.88.+e1. INTRODUCTIONIt has been well known during a long time that theparity-
onserving single-spin beam and target 
orrela-tions in elasti
 ele
tron�proton s
attering and the ra-diative (ee0
) rea
tion 
an be used to extra
t infor-mation about the virtual Compton s
attering (VCS)amplitude. This amplitude is a very important physi
alquantity, whi
h has triggered a signi�
ant experimentaland theoreti
al a
tivity.Below the pion produ
tion threshold, it allows a
-
essing generalized polarizabilities of the proton, whi
hare de�ned by quadrati
 terms in the expansion of theVCS amplitude in the photon momenta [1, 2℄. Di�erenttheoreti
al approa
hes and models have been suggestedto des
ribe the proton polarizabilities [3�7℄ and the �rstlow-energy dedi
ated VCS experiments were performedat MAMI [8℄ and Jlab [9℄.In the region of large energies and photon vir-tualities, VCS is usually referred to as deeply vir-tual Compton s
attering (DVCS). The 
orrespondingDVCS amplitude 
an be parameterized by new gener-alized parton distributions [10�12℄, 
ommonly termedthe skewed parton distributions. The pioneering pa-pers 
ited above have stimulated 
onsiderable theoret-*E-mail: merenkov�kipt.kharkov.ua

i
al e�orts in this �eld (see, e.g., reviews [13℄ and thereferen
es therein) and experimental studies of relatedhard ele
troprodu
tion [14, 15℄.In elasti
 s
attering, the VCS amplitude entersthrough the two-photon ex
hange diagram (TPE) withtwo o�-shell photons. The 
ross se
tion and parity-
on-served spin�spin 
orrelations in this 
ase are sensitiveonly to the real part of this diagram and, therefore,to the real part of the double o�-shell VCS amplitude.The VCS-dependent 
ontributions to these observableshave the status of the �rst-order ele
tromagneti
 ra-diative 
orre
tion to the Born values and have been
al
ulated suggesting elasti
 [16℄ and inelasti
 [17℄ in-termediate hadroni
 states in the TPE diagram. On theother hand, the single-spin normal asymmetry probesonly the imaginary part of the TPE amplitude for bothbeam and target normal (perpendi
ular to the rea
-tion plane) polarizations [18℄ and is equal to zero if theTPE diagram is ex
luded. Re
ent theoreti
al 
al
u-lations suitable for di�erent kinemati
al regions havebeen performed in [19�21℄. Although the respe
tive ef-fe
t is very small (of the order of a few ppm), it 
anbe measured in di�erent experimental laboratories [22℄.We also note that if the ele
tron beam or the targetproton is polarized in the rea
tion plane, the parity-
onserving single-spin asymmetry for elasti
 s
atteringis stri
tly zero.254
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ess : : :Nevertheless, a nonzero asymmetry of this kind 
anmanifest itself in the pro
ess with three (and more) �nalparti
les provided that all the �nal-parti
le 3-momentado not belong to the same plane. The simplest pro
essof this type probing the VCS amplitude is the rea
tion(ee0
) mentioned above,e�(k1) + p(p1)! e�(k2) + 
(k) + p(p2); (1)whi
h is des
ribed in the Born approximation by dia-grams in Fig. 1.The diagrams in Fig. 1a, b 
orrespond to the well-known Bethe �Heitler (BH) amplitude, in whi
h thehadroni
 stru
ture is des
ribed by ordinary ele
tro-magneti
 form fa
tors of the proton. The diagrams inFig. 1
, d 
ontain a VCS blo
k with one virtual and onereal photon. Below, we refer to them as the VCS am-plitude. In general, the VCS amplitude in
ludes boththe real and imaginary parts, in 
ontrast to the BHamplitude, whi
h is purely real.The parity-
onserving single-spin asymmetries inpro
ess (1) with an arbitrarily polarized ele
tron beamor target proton are proportional to the real part of thewhole amplitude times its imaginary part that arisesdue to the VCS amplitude in Fig. 1d. As a rule, theBH amplitude dominates and the e�e
t 
aused by thereal part of the VCS one is a few times smaller. In spiteof this 
ir
umstan
e, experimental data for single-spin
orrelations 
an be used to extra
t information aboutboth real and imaginary parts of the VCS amplitude.We note that the one-loop 
orre
tion to the lep-ton part of the BH amplitude with radiation of a pho-ton by the outgoing ele
tron 
an generate an additional
ontribution to the single-spin asymmetries due to theinterferen
e of the diagrams in Fig. 1a, b and thosein Fig. 2. The knowledge of the radiative 
orre
tion isvery important in analyzing experimental data be
ausethe �rst absolute measurement of the VCS 
ross se
tionon a nu
leon performed at MAMI [8℄ indi
ates a largeQED radiative 
orre
tion of the order 20%. There isanother 
lass of diagrams at the level of radiative 
or-re
tions that also leads to a nonzero imaginary part �the so-
alled box-type diagrams. Estimation of their
ontribution to the observables in pro
ess (1) and to thesingle-spin asymmetries, in parti
ular, is a large theo-reti
al problem be
ause it requires a model for the VCSamplitude. In 
omprehensive work [23℄ devoted to thestudy of radiative 
orre
tions in this pro
ess, the au-thors used an approa
h re
ently developed in [16℄, ex-
luding inelasti
 intermediate hadroni
 states in model-dependent box-type diagrams. By means of semian-alyti
 (mainly numeri
al) 
al
ulations, they have ob-tained di�erent observables a

ounting for the radia-

tive 
orre
tions (also in
luding single-spin beam asym-metry), where model-independent 
ontribution 
ausedby the diagrams in Fig. 2 mix with model-dependentones.In this paper, we obtain analyti
 expressions formodel-independent 
ontributions to the single-spinbeam and target asymmetries in the BH pro
ess thatappear due to one-loop vertex 
orre
tions to the BHamplitude in Fig. 1b. The knowledge of these 
ontribu-tions is ne
essary in order to be sure in determinationof the model-dependent pie
es from experimental data,whi
h already arise at the Born level and are 
ausedby the VCS amplitude. The 
orresponding result turnsout to be simple enough to in
lude it in Monte Carlogenerators for the analysis of VCS experiments. In our
al
ulations, we used analyti
 formulas for the one-loop-
orre
ted Compton tensor in ele
trodynami
s inthe s
attered 
hannel obtained in [24℄ for the longitu-dinally polarized ele
trons and in [25℄ in the unpolar-ized 
ase. We note that the results in Ref. [25℄ werere
ently 
on�rmed in [26℄, where su
h a Compton ten-sor was 
al
ulated independently for the annihilation
hannel and it was shown that both tensors are relatedvia analyti
 
ontinuation.2. KINEMATICAL VARIABLES AND THEPHASE-SPACE FACTORTo des
ribe the physi
al observables in pro
ess (1),the three dimensionless variablesx = � (k1 � k2)22p1(k1 � k2) ; y = 2p1(k1 � k2)V ;� = � (p1 � p2)2V ; V = 2p1k1 (2)and two azimuthal angles in the target proton restframe are typi
ally used. One of them, �, is simplythe angle between the leptoni
 and hadroni
 planes asshown in Fig. 3 for two di�erent 
hoi
es of the z axis:opposite to the dire
tion of q1 = k1 �k2 (Fig. 3a) [27℄and along the dire
tion of k1 (Fig. 3b) (in what follows,we refer to these systems as K and K̂; respe
tively).The other one, 	, is the azimuthal angle of an arbi-trary target polarization 3-ve
tor provided that the xzplane is de�ned by the outgoing ele
tron 3-momentum.The detailed 
onsideration of transformations betweenthe di�erent target polarization states and between theangles 	 and 	̂ 
an be found in [28℄. Here, we empha-size that we 
onsider only those target polarizationsthat 
an be expressed through the parti
le 4-momenta(their physi
al 
ontent is given in Se
. 4 below). This255
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Fig. 1. Born diagrams for pro
ess (1). The solid part of the proton line indi
ates that together with elasti
 intermediatehadroni
 state, the inelasti
 ones must be taken into a

ount. These last provide the imaginary part of diagram d
+ + +
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Fig. 2. One-loop 
orre
tions to diagram Fig. 1b that generate a nonzero imaginary part of the BH amplitude in the order �means that our target polarization asymmetries are in-dependent of the angle 	 and we 
an perform trivialintegration over it.The energies and the 3-momentum modules of theparti
les are independent of the 
hoi
e of the z axis;with the ele
tron mass negle
ted, they are given by"1 = �; "2 = �(1� y); q10 = �y;E2 = �(2� + �); jp2j = �p�(4� + �); (3)jq1j = �py2 + 4xy�; � =r V4� ; � = M2V ;where "1 ("2) is the energy of the in
oming (outgoing)ele
tron and E2 (p2) is the energy (3-momentum) ofthe re
oil proton.In 
ontrast to the energies, the s
attering anglesdepend on the 
hoi
e of the z-axis dire
tion. For thesystem K, we have
os �e = � y(1� y � 2x�)(1� y)py2 + 4xy� ;
os �p = � y�+ 2�(�+ xy)p�(4� + �)(y2 + 4xy�) ; (4)

and for the system K̂,
os �̂e = 1� y � 2xy�1� y ; 
os �̂p = �+ 2z�p�(4� + �) ;z = 1� 2k1p2V ; (5)where �e and �p are the ele
tron and proton s
atteringangles in the system K; �̂e and �̂p are the same anglesin the system K̂, and we introdu
ed, for 
onvenien
e, anew dimensionless quantity z that has to be expressedthrough the azimuthal angle and invariant variables (2)in the �nal results.The photon is usually not re
orded experimen-tally, and therefore we have to eliminate the photon4-momentum from the phase spa
e of �nal parti
les bymeans of the overall Æ(4)-fun
tion. Thus, we have tode�ne dF = d3k2"2 d3p2E2 Æ(k2): (6)Elimination of Æ(k2) is trivial in the system K,Æ(k2) d 
os �p = 12jq1jjp2j ;whi
h leads todFq = �V2 ypy2 + 4xy� dx dy d� d�: (7)256
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Fig. 3. De�nition of angles in laboratory system with di�erently 
hosen 
oordinate axesFor the system K̂, the equation k2 = 0 representsa relation between the variables x; y; �; �, and 
os �̂pthat is nonlinear with respe
t to 
os �̂p; namely,k2V = ��� � 
os �̂q1� 
os2 �̂p + 
 
os �̂p = 0; (8)where �, �, and 
 are always positive and� = xy+�+�y2� ; � = 1�pxy��(4�+�)(1�y�xy�);
 = y(1 + 2x�)2� p�(4� + �):We note that in terms of the invariant variable z, thisequation is equivalent to
os �̂ = � �(1� xy) + xy � yz(1 + 2x�)2pxy(1� y � xy�)[�(1� z)� z2� ℄ :To eliminate the Æ-fun
tion in the phase spa
e in(6), we now have to �nd all possible solutions of Eq. (8),taking into a

ount that in a

ordan
e with Eq. (5), thequantity 
os �̂p is positive.Simple analysis leads to the following 
on
lusion.i) If 
os �̂ > 0, there is only one solution providedthat 
 > � (at 
 < �, the solution is absent).ii) If 
os �̂ < 0 and 
 > �, the required solutionexists if � > �j 
os �̂j: With these 
onditions, we have
os �̂+ = 1
2 + �2 
os2 �̂ ����
+� 
os �̂q
2��2+�2 
os2 �̂� ; 
 > �; (9)for an arbitrary sign of 
os �̂: It is 
lear that in this
ase, all values of the azimuthal angle are possible. We

also note that the 
ondition 
 > � restri
ts the quan-tity � at �xed x and y in the range �1 < � < �2 su
hthat �1 > �� and �2 < �+ (for ��, see Eq. (17) below).iii) If 
 < � and 
os �̂ < 0, only those azimuthangles are allowed for whi
hj 
os �̂j > p�2 � 
2� :In the 
ase where�j 
os �̂j < � <q
2 + �2 
os2 �̂;we have two di�erent solutions 
os �� with both signsin front of the se
ond term in the right-hand side ofEq. (9).iv) Finally, if � < �j 
os �̂j, the quantity 
os �+ be-
omes negative and only 
os �� survives.Therefore, in general, we must a

ount for two dif-ferent roots of Eq. (8), whi
h leads toÆ(k2) d 
os �̂p = dzFz [Æ(z � z+) + Æ(z � z�)℄ ; (10)Fz = y(1+2x�)+(�+2z�) 
os �̂sxy(1�y�xy�)��z��z2� ;and the quantities z� are simply expressed through
os �� asz� = 
os ���ab ; a = �p�(4�+�) ; b = 2�p�(4�+�) :In terms of the variables used, they be
omez� = A�B 
os �̂D ; (11)3 ÆÝÒÔ, âûï. 2 257
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hatnij, N. P. Merenkov ÆÝÒÔ, òîì 129, âûï. 2, 2006where the 
oe�
ients A; B; and D are even fun
tionsof 
os �̂,A = yh(1+2x�)(�+xy(1��))�2x�(1�y�xy) 
os2 �̂i;B = 2pxy(1� y � xy�)H;H = y�(1 + 2x�)hy(1 + 2x�)� �� xy(1� �)i��� [�+xy(1��)℄2+xy�(1�y�xy�)(4�+�) 
os2 �̂; (12)D = y2(1 + 2x�)2 + 4xy�(1� y � xy�) 
os2 �̂:We note that z+ $ z� under the substitution�̂! � � �̂: Thus, for the system K̂, we havedFk = �V2 y dx dy d� d�̂ dzFz [Æ(z�z+)+Æ(z�z�)℄ : (13)Here, we emphasize a prin
ipal distin
tion in thedes
ription of any polarization observable by means ofthe 
oordinate systems K and K̂: In the �rst 
ase, thesame fa
tors in polarization-dependent and unpolarizedparts of the 
ross se
tion 
an always be eliminated intheir ratio. In the se
ond 
ase, this 
annot be doneunder 
ondition iii) be
ause every z-dependent fa
tora
tually represents the sum of two terms weighted withdi�erent fun
tions. To 
larify this point, we imagine fora moment that the 
ross se
tion has the formd� = �U + P )GdF; (14)where the fun
tion U (P ) des
ribes unpolarized(polarization-dependent) events and depends on in-variant variables x; y; �, and z: Then for the systemK, the polarization asymmetry is the ratioAq = PU ; (15)where we have to express the invariant variable zthrough x, y, �, and 
os� as (see also [27℄)z = 1y + 4x� h2K 
os� + 2x�(xy + �) ++ xy + �(1 + xy � 2x)i; (16)K2 = x(1�y�xy�)(y�xy+�)(�+��)(����)y :The quantities �� in the last expression have the mean-ing of the maximum and minimum values of � at �xedx and y,�� = y2[y(1� x) + � ℄ �� h(1� x)�y �py2 + 4xy� �+ 2x�i : (17)

For the system K̂, simple substitution of Eq. (13)in 
ross se
tion (14) de�nes the polarization asymmetryunder 
ondition iii) asAk = P (z+)G(z+)Fz(z�)+P (z�)G(z�)Fz(z+)U(z+)G(z+)Fz(z�)+U(z�)G(z�)Fz(z+) ; (18)and we 
an see that neither the multipli
ative fun
tionG nor the phase-spa
e fa
tor Fz 
an be eliminated.In 
urrent experiments [29�31℄, 
ases i) and ii) arerealized, and Eq. (14) 
an be used to 
al
ulate asym-metries. Moreover, at �xed values of x and y, it is validin a wide range of the � values. Condition iii), requiringthat Eq. (18) must be used, is satis�ed only in smallregions near �+ and ��: In our numeri
al 
al
ulationsfor the system K̂, we restri
t ourselves to 
onditions i)and ii).3. THE BEAM SINGLE-SPIN ASYMMETRYIn 
al
ulating the beam single-spin asymmetry, we
onsider only the 
ase with a longitudinally polarizedele
tron be
ause the respe
tive e�e
t for the transversepolarization of the ele
tron is suppressed by the ele
-tron mass.The 
ross se
tion of pro
ess (1) 
aused by the BHamplitude 
an be written in terms of a 
ontra
tion ofthe leptoni
 L�� and hadroni
 H�� tensors,d� = �3�2V L��H�� dF: (19)The hadroni
 tensor is determined by the Dira
 (F1)and Pauli (F2) proton form fa
tors, whi
h are real inthe spa
e-like region, and by the target polarization4-ve
tor S�,H�� = 14Tr(p̂2 +M)��(p̂1 +M)(1� 
5Ŝ)�� ;�� = (F1 + F2)
� � (p1� + p2�)2M F2; (20)where M is the proton mass. It is 
onvenient towrite it as a sum of the real symmetri
 polarization-in-dependent and imaginary antisymmetri
 polarization-dependent parts,H�� = H(��) + iH[��℄;H(��) = �V �2 (F1 + F2)2~g�� ++ 2�F 21 + �4� F 22�~p1�~p1� ; (21)258
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ess : : :H[��℄ = �(��q�)M(F1 + F2)����F1� �4� F2�S�+(Sp2)p1�2M F2�; q = p1�p2; (22)where we use ( ) and [ ℄ to denote symmetri
 and anti-symmetri
 parts of se
ond-rank tensors and~g�� = g�� � q�q�q2 ; ~p1� = p1� � (p1q)q�q2 ;(��q�) = �����q�; �0123 = 1:The general stru
ture of the leptoni
 tensor, a
-
ounting for the one-loop radiative 
orre
tion, 
an bewritten asL�� = B(��) + iP[��℄ ++ �4� hB(1)(��) + iB(1)[��℄ + iP (1)[��℄ + P (1)(��)i; (23)where B (P ) denotes the unpolarized (spin-dependent)part in the Born approximation and the supers
ript (1)
orresponds to the one-loop 
orre
tion 
ontribution.The 
ontra
tion of tensors in Eq. (19) in the 
ase ofthe polarized beam and unpolarized proton target isH��L�� = H(��) hB(��)+ �4� �B(1)(��)+P (1)(��)�i ; (24)whereas for the polarized target and unpolarized ele
-tron beam, we haveH��L�� = �H(��) + iH[��℄��� hB(��) + �4� �B(1)(��) +B(1)[��℄�i : (25)Therefore, the single-spin beam asymmetry is de�nedby the formulaAb = �4� H(��)P (1)(��)dFH(��)B(��)dF ; (26)and the single-spin target asymmetry is given byAt = �4� H[��℄B(1)[��℄dFH(��)B(��)dF ; (27)where we negle
t terms of the order � in the denomina-tor. We re
all that for the system K, we 
an eliminatethe phase spa
e dF in the right-hand sides of Eqs. (26)and (27), but this 
annot be done in the system K̂ inthe general 
ase.The experimental 
onditions in rea
tion (1) are su
hthat the photon has a su�
iently large energy and �iesat large angles with respe
t to both the in
oming andoutgoing ele
trons. We 
an therefore negle
t the ele
-tron mass (wherever possible) in expressions for both

the unpolarized and spin-dependent parts of the leptontensor.The unpolarized part in the Born approximation iswell-known and is given byB(��) = (s+ u)2 + (t+ u)2st ~g�� ++ 4q2st �~k1�~k1� + ~k2�~k2��; (28)u = �2k1k2; s = 2kk2; t = �2kk1;q2 = s+ t+ u; juj; jtj; jq2j; s� m2:The loop 
orre
tion to the spin-dependent part ofthe leptoni
 tensor in the 
ase of a longitudinally po-larized ele
tron beam has the stru
tureiP (1)[��℄ + P (1)(��) = ihP[��℄D + (k1q��)(A1 +A�1) ++ (k2q��)(A2 +A�2) ++(k1k2q�)�B1~k1�+B2~k2���(k1k2q�)�B1~k1�+B2~k2��i;where all the fun
tions D, Ai, and Bi depending onthe invariants s, t, and u in limit 
ase m ! 0 
onsid-ered here have been 
al
ulated in [24℄. We note thatthe fun
tion D is purely real, whereas the fun
tionsAi and Bi have real and imaginary parts. After shortsimpli�
ation, we deriveP (1)[��℄ = P[��℄D ++Re�2A1+ 14q2 h(st�uq2)B1�(s+u)2B2i� (k1q��)++Re�2A2 + 14q2 h(u+ t)2B1 � (st� uq2)B2i��� (k2q��); (29)P (1)(��) = � Imn[(k1k2q�)~k1� + (k1k2q�)~k1�℄B1 ++ [(k1k2q�)~k2� + (k1k2q�)~k2�℄B2o: (30)The imaginary parts of B1 and B2 appear due tothe interferen
e of the Born diagrams in Fig. 1a, b withone loop-
orre
ted diagrams in Fig. 2. In a

ordan
ewith the results in [24℄, the quantity B1 is given by259 3*
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hatnij, N. P. Merenkov ÆÝÒÔ, òîì 129, âûï. 2, 2006B1 = 2st �8ua �1� q2a Lqu�++ 6tb Lqt + 2(u2 � 2s2 � su)
u Lsq ++ 2b
 �1 + s
Lsq�+ 2s (2
� s)Ltu ++��2� 4
2st � 12bt � 4s2ut �Lqu + 4b2ut Lsu ++ ��2 + 2u
s2 � 2ts �G+�2bt + 2b2t2 � eG+ 6� ; (31)where we use the same notation as in [24℄ (see also [25℄):(k1k2q�) = �����k1�k2�q�; a = s+ t;b = s+ u; 
 = t+ u;G = Lqu(Lq + Lu � 2Lt)� �23 �� 2Li2�1� q2u �+ 2Li2 �1� tq2� ;Lxy = Lx�Ly; Lq = ln�� q2m2� ; Lu = ln�� um2� ;Lt = ln�� tm2� ; Ls = ln�� sm2� :The quantities B2 and eG 
an be derived from B1 andG by the simple substitutionB2 = �B1(s$ t); eG = G(s$ t):The imaginary part of B1 is hidden in the terms
ontaining Ls and eG and, in turn, the imaginary partof eG arises due to Ls as well to the Spen
e fun
tionLi2(1� q2=s), whose argument is greater than 1. Fromthe 
asuality prin
iple, it follows that the imaginarypart of a diagram 
ontaining a loop integration must bere
onstru
ted by adding an extra small negative imag-inary pie
e to the ele
tron mass. This leads toLs = ln sm2 � i�;Li2�1� sq2� = � 1�s=q2Z0 dx lnx1� x � ln u+ tq2 Lsq ; (32)and therefore, Im eG = 2� ln u+ tu :By 
ombining the previous results, we obtainImB1 = �2�st �B1; ImB2 = �2�st �B2;

�B1 = 2(u2 � 2s2 � su)u
 + 2bs
2 + 4b2ut �� �4bt + 4b2t2 � ln u+ tu ; (33)�B2 = 6s
 �2(2b�t)t +2��2+2ubt2 �2st � ln u+tu : (34)It 
an be veri�ed that the singularities of �B1 and �B2as t! 0, whi
h enter separate terms, disappear in theentire expressions. Moreover, they are proportional tot in this limit. This indi
ates dire
tly that the loop-
orre
ted diagrams with radiation from the initial ele
-tron leg do not 
ontribute to the imaginary part of theBH amplitude. We also note that �B1 and �B2 tend tozero as q2 ! 0:We 
an now express all the 
ontra
tions that arene
essary to 
ompute the single-spin beam asymmetryin terms of the invariant variables,H(��)B(��) = � V(z � �)(z � xy) �� h�1(F1 + F2)2 + 2�2 �F 21 + �4� F 22 �i ; (35)�1 = ���2z(z � �� xy) + (�+ xy)2�;�2 = (z � �� xy)[2z� + �(1� y)℄ ++ �(� + xy)2 � �[1� z + (1� y)2℄;where we also uses = V (z � �); t = �V (z � xy);andH(��)P (1)(��) = � 2�V �(z � �)(z � xy) �� �F 21 + �4� F 22 ��C +D ln zxy���pZ [� sign(sin�)℄ ; (36)where the minus sign in front of the signature fun
-tion pertains to the system K and the plus sign tothe system K̂, and here we do not distinguish betweenthe notation for the azimuthal angles in these systems.Other quantities in the right-hand side of Eq. (36) arede�ned asZ = 4xy[�(1� y)(1� z) + �(z � xy)(�� z)℄�� [�(1� xy)� y(z � x)℄2;260
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ess : : :C = 1z �z � 2 + xy � �� y++ �+ xyz + 2[�� xy(1� y + �)℄z � xy � ;D = 2z � xy �y(1� x) � �� xy(1� y + �)z � xy � :In writing Eq. (36), we took into a

ount that(k1k2p1p2) = V 24 [� sign(sin�)℄pZ:It is 
lear that this quantity is proportional to sin�and 
an be expressed in the more transparent form(k1k2p1p2) = �V 24 2Kypy2 + 4xy� sin� (37)for the system K and(k1k2p1p2) = V 24 �� 2p[xy(1� y � xy�)(�� �z � z2�)℄ sin �̂ (38)for the system K̂: These last equations indi
ate evi-dently that the single-spin asymmetry in the BH pro-
ess tends to zero if all the �nal parti
les belong tothe same plane provided that the ele
tron beam hasthe longitudinal polarization. Only the normal beamasymmetry 
an be nonzero in this 
ase, but it is sup-pressed by the ele
tron mass.By 
ombining (26), (35), and (36), we 
al
ulate thesingle-spin asymmetry in the BH pro
ess, and our re-sults are shown in Fig. 4.We see that this asymmetry is of the order 10�4 forthe 
onsidered experimental 
onditions and rea
hes amaximum (about four times bigger) at middle valuesof � at �xed values of x and y: The 
urves for the 
o-ordinate systems K and K̂ slightly di�er in form butare opposite in sign in a

ordan
e with Eq. (36). We
an assume that the respe
tive e�e
t represents only asmall ba
kground to the total single-spin beam asym-metry in pro
ess (1) 
aused mainly by the interferen
ebetween the BH and the imaginary part of VCS ampli-tudes for a longitudinally polarized ele
tron beam.4. THE SINGLE-SPIN TARGETASYMMETRIESTo 
ompute the single-spin target asymmetries inthe BH pro
ess, we have to �nd the tensor B(1)[��℄ that isrelated to the imaginary antisymmetri
 part of the un-polarized leptoni
 tensor (see Eq. (27)). The one-loop


orre
tion to the spin-independent part of the leptoni
tensor has been 
onsidered in [25℄, where it was writ-ten asiB(1)[��℄+B(1)(��) = (Tg +T �g )~g�� +(T11+T �11)~k1�~k1� ++ (T22 + T �22)~k2�~k2� ++ (T12 + T �21)~k1�~k2� + (T21 + T �12)~k2�~k1� :The fun
tions Tg and Tik are derived in [25℄.It is easy to divide the right-hand side of the aboveequation into its symmetri
 and antisymmetri
 pie
es,and we obtainB(1)(��) = Re h2(Tg~g�� + T11~k1�~k1� + T22~k2�~k2�) ++ (T12 + T21)(~k1~k2)��i;B(1)[��℄ = Im(T12 � T21)[~k1~k2℄�� : (39)Negle
ting terms that 
ontain the squared ele
tronmass, we haveT12 = 2st " 
q2(u� s)Gs2 + q2(uq2 � st) eGt2 �� 2q2�uq2st + 2u� s+ ta Lqu�+ 8u+ 3t� s++ 2us
 � 4(u2 � 
s)(q2Lqu � a)a ++ q2(2
+ t)(st� uq2)
2t Lqs � q2
(2u� s)bs Lqt� ; (40)and T21 
an be obtained from T12 by the substitutionT21 = T12(s$ t): By means of rule (32), we 
an extra
tthe imaginary part and writeB(1)[��℄ = 2�(~k1�~k2� � ~k1�~k2�)T;T = q2st �2st
2 + 4u�1t ln u+ tu � 1
�� : (41)In the same manner as �B1 and �B2 in Se
. 3, thequantity T does not have a singularity as t ! 0 andtends to zero as q2 ! 0:The 
ontra
tion of the hadroni
 and leptoni
 ten-sors in the numerator of the right-hand side of Eq. (27)is given byH[��℄B(1)[��℄ = � 4�M�(F1 + F2)V (z � �)(z � xy) ����1 + �� xyz + xy�z2 + 2xyz � xy ln zxy�Gs; (42)261
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−0.04Fig. 4. Dependen
e of the single-spin beam asymmetry on the azimuthal angle (in degrees) for three di�erent experimental
onditions (top panel): x = 0:19, y = 0:825, � = 0:024 for CLAS1 [29℄ (solid lines), x = 0:18, y = 0:5, � = 0:0185 forCLAS2 [30℄ (dashed lines), and x = 0:11, y = 0:458, � = 0:005 for HERMES [31℄ (dotted lines). Curves for di�erent valuesof � = 0:0185 (solid lines), 0:2 (dashed lines), 0:42 (dotted lines) on the bottom panel are suitable under CLAS2 
onditions.The left 
olumn 
orresponds to the system K; and the right one to the system K̂where the quantity Gs depends on the target-protonpolarization 4-ve
tor S,Gs = 2(k1k2qS)�F1 � �4� F2�+ (k1k2qp1)(p2S)V � F2:To 
al
ulate the target single-spin asymmetries, wemust know the polarization ve
tor S�: In general, theone-loop 
orre
tion to the leptoni
 part of the intera
-tion generates di�erent types of su
h an asymmetry.If the longitudinal (L) target proton polarization inlaboratory system is 
hosen along the dire
tion of k1;the transverse (T ) polarization in the plane (k1;k2),and the normal (N) one along the dire
tion of k1�k2;then the respe
tive polarization 4-ve
tors S(L;T;N)1 
anbe expressed through the parti
le 4-momenta as [32℄

SL1� = 2�k1� � p1�pV � ;SN1� = � 2(�k1k2p1)pV 3xy(1� y � xy�) ; (43)ST1� = k2� � (1� y � 2xy�)k1� � xyp1�pV xy(1� y � xy�) ;where(SI1SJ1 ) = �ÆIJ ; (SI1p1) = 0; I; J = L; T;N:For this 
hoi
e of the target polarization, we haveGLs1 = � (k1k2qp1)pV � �2F1 + zF2�; (44)GTs1 = (k1k2qp1)pV xy(1� y � xy�) �� ��2xyF1 + F22� ��+ xy � yz(1 + 2x�)�� ; (45)262
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Fig. 5. The target single-spin asymmetries that are suitable for 
hoi
e (43) of the target-proton polarizations for di�er-ent experimental 
onditions: CLAS1 (solid lines), CLAS2 (dashed lines), and HERMES (dotted lines). The left 
olumn
orresponds to the system K, and the right one to the system K̂GNs1 = �12s V 3xy(1� y � xy�) ��F1 � �4� F2��� [z(2�y)���xy(1��)℄�4F2(k1k2qp1)2V 4xy� � ; (46)where the proton form fa
tors depend onq2 = �Q2 = ��V:For the quanity (k1k2qp1), we have to use Eq. (37) ifthe system K is taken or Eq. (38) in the 
ase of the
system K̂: The target single-spin asymmetries 
orre-sponding to polarizations (43) are shown in Figs. 5, 6.The left 
olumn 
orresponds to the K system and theright one to K̂:The absolute values of the target asymmetries ALand AT are about one order smaller than the beamasymmetry but strongly depend on the value of �: Thenormal target asymmetry is nonzero when sin� = 0,whi
h is not surprising be
ause su
h a parity-
onser-263
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e of the target asymmetry for the polarization 
hoi
e in (43). The left 
olumn (system K) fromtop down: CLAS2, HERMES, CLAS1; the right 
olumn (system K̂): CLAS1, HERMES, CLAS2ved asymmetry exists even in elasti
 ele
tron�protons
attering where the outgoing ele
tron and the re
oilproton belong to the same plane.Another often used 
hoi
e of dire
tions to de�netarget polarizations in laboratory system is as follows.The longitudinal dire
tion 
an be taken along the 3-momentum p2; the transverse one in the plane (k1;p2),and the normal dire
tion along the 3-ve
tor p2 � k1:The 
ovariant expressions for the respe
tive polariza-tion 4-ve
tors are [33℄
SL2� = �2�q� � �p1�pV ��(4� + �) ; SN2� = �2(�p2k1p1)pV 3� ;� = �(1� z)� z2�; (47)ST2� = �(4� + �)k1� + (�+ 2z�)q� � �(2� z)p1�pV ��(4� + �) :These 4-ve
tors are orthogonal and satisfy the samenormalization and transversality 
onditions as the 4-ve
tors SI1�: With this 
hoi
e, we have264
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The target asymmetries 
orresponding to parame-terization (47) of the proton polarization are repre-sented in Figs. 7, 8. The longitudinal and transverseasymmetries are about two times smaller than in theprevious 
ase, whereas the normal one is smaller by anorder of magnitude.We note that 
ombinations of form fa
tors that en-ter GLs2 and GT;Ns2 are exa
tly the Sa
hs ele
tri
 andmagneti
 ones [34℄,F1 + F2 = GM ; F1 � �4�F2 = GE :265
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Fig. 8. The longitudinal target asymmetry for the CLAS2 
onditions at di�erent values of � at �xed x and y for thepolarization 
hoi
e in (47). The left 
olumn 
orresponds to the system K and the right one to the system K̂That is why the target single-spin asymmetries in theBH pro
ess for the polarization 
hosen as in Eq. (47)
an be used, in prin
iple, for independent determina-tion of the proton form fa
tors. The 
orresponding ex-periments with transferred polarization from the ele
-tron to the re
oil proton in elasti
 ep-s
attering [35℄ re-quire an analysis of the se
ondary s
attering [36℄ thatinvolves the loss of a few orders of magnitude in the
ount rate. The number of events that 
ontribute tothe single-spin 
orrelation in the BH pro
ess is of theorder �2 
ompared with the elasti
 s
attering, but these
ondary s
attering is not ne
essary.Our 
al
ulations indi
ate that single-spin beam andtarget asymmetries generated by loop 
orre
tions tothe leptoni
 part of the intera
tion in the BH pro
essare very small and do not ex
eed 6 � 10�4 for the ex-perimental 
onditions 
onsidered here. The reason isthat in addition to the �ne stru
ture 
onstant, they
ontain kinemati
al suppression due to the 
hosen val-ues of invariant variables. Thus, we 
on
lude that the
onsidered e�e
t gives a small 
ontribution to the to-tal radiative 
orre
tion in pro
ess (1), whi
h mainly

probes the virtual Compton s
attering amplitude and
an rea
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