Couverture : Sylvie Cabrit et Marc Sauvage

DAENI,

CERN LIBRARIES, GENEVA

RO

CM-P00058567

DAPNIA-06-23 02/2006

Target normal spin asymmetry and charge asymmetry
for ep (ep) elastic scattering and the crossed processes

E. A. Kuraev, V. V. Bytev, Yu. M. Bystritskiy
E. Tomasi-Gustafsson

Submitted to Physical Review D

Bépartement d'Astrophysique, de Physique des Particules, de Physique Nucléaire et de I'Instrumentation Associée

DSM/DAPNIA, CEA/Saclay F - 91191 Gif-sur-Yvette Cédex
Tél: (1) 69 08 24 02 Fax : (1) 69 08 99 89
hitp : //www-dapnia.cea.fr



Target normal spin asymmetry and charge asymmetry for ep (eu)

elastic scattering and the crossed processes

E. A. Kuraev, V. V. Bytev, Yu. M. Bystritskiy
JINR-BLTP, 141980 Dubna, Moscow region, Russian Federation

E. Tomasi-Gustafsson
DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedez, France
(Dated: February 9, 2006)

Abstract

Two kinds of asymmetry arise from the interference of the Born amplitude and the béx-type
amplitude corresponding to two virtual photons exchange, namely charge-odd and the one spin
asymmetries. In case of unpolarized particles the charge-odd correlation is calculated. It can
be measured in combination of electron proton and positron proton scattering experiments. The
forward-backward asymmetry is the corresponding quantity which can be measured for the crossed
processes. In the case of polarized proton the one-spin asymmetry for annihilation and scattering
channels has been calculated. The additional structure function arising from the interference is
explicitly given. Arguments, based on analyticity, allow to prove that the effect of proton form
factors nearly compensates the contribution of inelastic intermediate states. This justifies the

structureless proton assumption. The uncertainty due to this assumption is discussed.

PACS numbers:



I. INTRODUCTION

The two photon exchange (TPE) amplitude of electron(positron)-hadron elastic scattering
e+ h — e+ h as well as the crossed processes et + e~ — h+hand h+h — et + e are
the simplest quantum processes. It is known [1] that the expansion on the number of closed
loops of Feynman diagrams, describing the corresponding contribution to the amplitudes
of these processes is equivalent to the expansion on Plank constant . The interference
between the Born and the TPE amplitudes gives rise to the simplest quantum effects such
as charge asymmetry and single spin asymmetry, which can not be expressed in terms of
classical probabilities- the moduli of amplitudes squared. This motivates the study of these
observables, as a source of information on the quantum structure of hadrons. Contrary to
the case of ordinary box type Feynman diagram written in frame of QED for the interaction
of two different leptons, the electron-hadron scattering amplitude at the second order of
QED coupling, contains the tensor corresponding to the virtual photon Compton scattering
on hadron. This quantity is object of both experimental and theoretical attentions [2].

This tensor can be written as the sum of two terms, when only strong interaction contri-
butions to Compton amplitude are taken into account. One of them (the elastic term) is the
generalization of the Born term with the strong-interaction form factors at the vertices of
the interaction of the virtual photons with the hadron. We suppose that the hadron before
and after the interaction with the photons is the same. Another term (the inelastic term)
corresponds to inelastic channels such as pions and nucleons and similar hadronic states
which can be excited in the intermediate state, within the vertices of the virtual photon
interactions.

However, these strong-interaction contributions considerably compensate each other in
such a way that the TPE amplitude can be calculated for the case of structureless hadron
i.e. at the QED level switching out the strong interactions. To prove this statement, let us

note that the box type amplitude can be written in the form

d2k} _LdSQ
A /TL;WAMHW’ (1)
4192
where L,,, and H,, are the Compton tensors of the lepton and the hadron, g;, are the
four-momenta of the virtual photons, s, = (¢; + p)? is the invariant mass squared of the
hadron intermediate state and A, represents the s-channel discontinuity of hadron Compton

amplitude [3]. In the physical sheet, the Compton amplitude has a pole, corresponding to a
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single hadron state in the intermediate state and two cuts: the right one, corresponding to
the inelastic states in s-channel and the left one, starting at s, < —9M? (M is the hadron
mass). Using the dispersion representation of the Compton amplitude it was shown (see [3])

that the relation holds
Aleft + ABorn = Aelastic + Ainelastica (2)

where Apgym, is the Born amplitude with the strong interactions swithched off. Omitting the
left cut contribution A, (our estimate shows that it can be included in 10% error bar [3]),
we see that the effects of the hadron form factors compensate the contributions from the
inelastic channels. In this approach we cannot take into account the intermediate states due
to the resonances such as A(1232), as they corresponds to the singularities (poles) situated
on the second sheet of the s, plane.

Up to now we do not have a similar proof of such a cancellation for the annihilation chan-
nels, but it looks natural, considering the dispersion representation in the crossed channels.

Keeping in mind these arguments we can omit the formfactor as well as the intermediate
states with more then one hadron and apply the results of QED calculations for the box
amplitude. As for the Born amplitude, it must be considered in the usual form containing
the strong form factors.

Our paper is organized as follows. In sections II-VII we consider the charge asymmetry,
resulting as a difference of cross sections of etp and e”p quasielastic scattering and the
forward-backward asymmetry of pp creation in e*e” annihilation and in the conjugated
process, the annihilation p+p — e* + e~. In the section VI we discuss the consequences
of the crossing relations for these processes, expressed in terms of new structure functions.
Section VIII is devoted to the calculation of proton spin asymmetry arising from interference
of Born and TPE amplitudes for the scattering and annihilation processes. The results of
numerical analysis and some comments are given in conclusion. Appendices detail specific

steps of the calculation and give explicit expression for the relevant integrals.

II. CHARGE ODD BACKWARD-FORWARD ASYMMETRIES

The two photon exchange amplitude in elastic electron-proton scattering was widely dis-

cussed in the literature in the past [4]. The interest in its possible contribution to electron



hadron scattering was recently renewed in connection with precise data obtained at Jefferson
Laboratory (JLab), as a possible explanation to the discrepancy observed among different
experiments. For example, the presence of two photon exchange would essentially modify
the straightforward relation existing among the differential cross section in elastic electron
hadron scattering and the electromagnetic hadron form factors [5]. It would induce an angu-
lar dependence, which could be detected as a deviation from the linearity in the Rosenbluth
plot. This was investigated in [6], where the results of two experiments on electron deuteron
(ed) elastic scattering [7, 8] were reanalyzed, in order to find an explanation of the discrep-
ancy in the unpolarized elastic cross section, at the same momentum transfer squared, Q?,
but at different angles and initial energies.

Recently, measurements of the electromagnetic proton form factors using the polarization
transfer method [9] where the polarization of the scattered proton in the elastic electron
proton (ep) scattering with longitudinally polarized electrons became possible, and gave
surprising results [10]. These works showed that the electric and charge distributions in the
proton are different, and do not follow a dipole behavior as a function of Q?, as indicated by
the unpolarized cross section measurements [11]. Both types of experiments (with polarized
and unpolarized particles) should bring the same basic information on the proton structure.
Moreover, in case of unpolarized particles some information about Compton scattering on
proton can be extracted. Usually the contribution of two-photon exchanges amplitude is
expressed as an additional form factor of the nucleon, in such a way that the matrix element

of elastic ep — ep scattering

e(p1) + P(p) — e(p}) + P(p) (3)

can be written in the form [12]:

FQ(S, t) R 1

2
o _ ~ A
M® = e w(ph)yuu(pr) x a(p’) | Fi(s, t)y, — s+ (s, 1) (B +7) (0 + 1), |ul),

with ¢ = py — p}, t = ¢*, s = 2p1p.

The quantities Fj o 3-are functions of two Mandelstam variables s, ¢ and can be considered
as a generalization of the Dirac and Pauli form factors of the nucleon, which are functions of
@? only. The matrix structure F3 appears only in multi photon exchange amplitudes. We do
not consider here the electron spin-flip amplitudes associated with «y,7ys [12], which are absent

in the electron mass zero limit, considered below. The two-photon exchange mechanism can
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give an information on strong interaction properties of proton, such as polarizability. Virtual
Compton scattering on proton is described by six chiral amplitudes, which can be reduced
to .three by assuming helicity conservation.

The motivation of this paper is to obtain all possible information following from an exact
QED approach, and apply it for electron-hadron processes. The results obtained below can
be used as a comparison, when extracting the effects of strong interactions in the relevant
experimental data, obtained in ep-elastic scattering at high luminosity facilities. Similarly,
the results on the annihilation channel can be used as a reference for similar experiments at
c¢— 1 factories. The present results hold for energies in the GeV range, small when compared
to Z, W boson masses.

At first, we consider the process of creation p*pu™ pairs in electron-positron annihilation:

e (ps) + e (p=) = uh(ge) + 1 (g-)- (4)

The cross-section in the Born approximation, can be written as:

d 2
- gf = Z‘—Sﬂ(z — B2+ B2c), (5)

with s = (py +p_)? = 4E?% p*=1-— 4—’;’—2, E-the electron beam energy in center of mass
reference frame (implied for this process below), m, m.-are the masses of muon and electron,
¢ = cosf, 0 is the angle of u_-meson emission to the electron beam direction.

The interference of the Born amplitude

Mo = "%, )yaup-)ala- Juo(a.),

with the box-type Mp one results in parity violating contributions to the differential cross
section, i. e. the ones, changing the sign at § — m — 6, and as a consequence of charge-odd

correlation we can construct:
do(f) — do(m — 0) (6)
dO'B (6)

Here we take into account as well the emission of an additional soft real photon with energy

A(6, AE) =

not exceeding some small value AE, so that A(f, AF) is free from the infrared singularities.

III. PROCESS et +e~ — ut + p=(7)

Part of the results presented here were previously derived in a paper with one of us (E.

A. K.) in Ref. [13], and partially published in [14].
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FIG. 1: Feynman diagrams for two-photon exchange in elastic ep scattering: box diagram (a) and

crossed box diagram (b).

There are two box-type Feynman amplitudes (Fig.1). We calculate only one of them, the
uncrossed diagram (Fig.1a) with matrix element
M =i [ LR )T(gs) X 3(py) Zu(p-)
; i QPP
A)=k~-AP-m, (Q=((k-Q7-m’ (P)=kFP)=X, (7)

with A-"photon” mass and

T =Yalk — Q+m)ys, Z =k~ A)ya,

1 1 1
A=3(ps—p-), Q=35 ~¢), P=35ps+p-) (8)
We will systematically neglect the contributions of the type
2 2
m; m
5 359 1)
m?2’ M3 < )
and we assume
mzzf(l—ﬁ2)~s~—t~——u. (10)

4
The explicit form of kinematical variables used below is:

S

1 1
A2=_P2:—Z, QQZ—ZSBQ, O'ZAQ: Z(u—t),

u:(p_—q+)2=—§(1+ﬁ2+2ﬂc), t:(p_—q_)2:—§(1+,62—~2ﬂc). (11)

The contribution to the cross section of the amplitude arising from the crossed Feynman
diagram (Fig.1b), M,, can be obtained from M, by the crossing relation

doa(s,t)  dop(s,u)
aQ, aQ, ’ (12)




which has the form ;
do.(s,t) B
dQ, - 27r32Re[R(s’t)]’

with

d*k 1 1
R6) = [ m@rgE il

The scalar, vector and tensor loop momentum integrals are defined as:

d'k 15 ky; bk,
K= | @ @E

Using symmetry properties, the vector and tensor integrals can be written as:
Ju=JIan - Dy +Jg - Qu,

Ju = Koguw + KpP,P, + KoQ'Q"” + KaAALA, + K (QuAL + QuA,).

The quantity R(s,t) can be expressed as a function of polynomials P; as:

R =P J+ PoJa + P3Jg + PsKo + PsKa + Ps Ko + P Kp + P K,

) R 1 e ra
r((4- + m)T(4 — m)y,) x 21T (P+ZD-y) -

(13)
(14)
(15)

(16)

(17)

(18)

where the explicit form of polynomials is given in Appendix A. Using the explicit expression

for the coefficients Ja, ..., K, (See Appendix B) we obtain

R(s,t) = 4(0c — A?)(20 — m*)F + 16(0 — A%)(0* + (A?)? — m*A?)J

+4[(A?)? — 3A%0 + 20” — m?0]Fg + 4[2(A?)? — 2A%0 + 20 — m?A%]Fa

+4[(A?)? + A%0 + m*A%)Gq + 4[-(A%)* + 0 — 2m* A% Hy,
Q Q

(19)

with the quantities '+ Hg given in Appendix B. Finally the charge-odd part of differential

cross section has the form

(do-le)frt(s’ t)) _@Dann
odd

3

dQ, 2ms
1 1
D = —[R(s,t) = R(s,u)] = (2 = B* + f°¢*) In (1 j §Z> A2
ann ' 1 s [Bc .
o 120499 g (024 02

1 1— fBc s
- 1_'_132_2&:<1n 5 +lnﬁ)}

7
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1 2
+ﬂc[¢(ﬂ)(2ﬂ2 _% "5_ nE e s e
1 ,1-fc + L 1+ 6%+ 28¢ (14 5% —-28c
BEA L ( 2(1 + o) )*L”( 2(1 - fo) )]
m? l—ﬂc 1+ﬂc (14 5% +28¢ (14 8% -28c
_ —;—-[In2 5 — In? 5 + 2Lis (———2(1+ﬁc) )—2L12 (____——2(1—,86) )},

where ¢(53) = sFq, Fg is given in Appendix B and
Lip (2) = ——/%—?ln(l ~ z) (21)
0

is the Spence function. The quantity D**" — Dg*" suffer from infrared divergences, which

will be compensated taking into account the soft photons contribution (see below).

IV. SCATTERING CHANNEL

Let us consider now the elastic electron muon scattering e + 4 — e + p which is the
crossed process of (4). The Born cross section is the same for the scattering of electrons and
positrons on the same target. Taking the experimental data from the scattering of electron
and positron on the same target (muon or proton), one can measure the difference of the
corresponding cross-sections which is sensitive to the interference of the one and two photon
exchange amplitudes. For the case of proton target, in the Laboratory (Lab) frame, the
differential cross section as a function of the energy of the initial electron, £ and of the

electron scattering angle, 6., was derived in Ref. [? |:

do® _ o2 oo’ l Fe+1hy, + 27F2 tan® Be ;
dQ ~ 4E?gin® Zpl 1+7 2
p—1+-—81 2, T:m_mes X (22)

and it is known as the Rosenbluth formula. The Sachs electric and magnetic proton form
factors, F, and F), are related to the Pauli and Dirac form factors by F, = Fy — 7Fy, F,, =

Fy + F;. For the scattering on muon, one replaces Fy = 1, F; = 0 and Eq. (22) becomes
dof'  o?(s® +u® + 2tm?)
dQ 2m?2 p2t? '
The charge-odd contribution to the cross section of ep—elastic scattering is:

dott, ) a®
vir — R (DSC)
< dQe /. 27rm2

D = E[D(s,t)—p( )] = tQ[s + v +2tm]1nTln AQ + Dy

s
s=2pmp=2mE, t=-2pp,, u=-2pp|= s (23)

(24)



with
s—u —t T — _ 272
= 2 ) )
virt n [2 m2 1+7 n m2 +m FQ 67 + 2 1+
' 2 2
n f[ In* = + 7 +2L12<1+—m—>}—3[—1n29+2Li2(1+—73—)}
t s t t U
(_27)[ (5w )+ () - (
21In 1 —
+ (=) - In — +In 3 In m2) + 7
.]._

u
+ 2Li 1+—m—2 —92Li 1+7~”~Zi (2 2—3—"5) 0 o b o (25)
2 s 2 U t m24+s m?2+4+u

with the help of the following relation:

m?Fy = 1 [7# +1In(47) Inz + Lis (—~2v/72) — Lip (2‘[)] , (26)

4/r(L +7) NG
wher
) TR
RV e

V. SOFT PHOTON EMISSION

In this section the emission of soft real photons in the Lab reference frame for eu- scat-

tering is calculated. Following Ref. [15], the odd part of cross section

dasoft:__q_—.:z/_(fﬁ £I1___pl __'_____]_)_ (27)
dog 47 w p'lk mk 'k pk So, w<Ae

must be calculated in the special reference frame Sy, where the sum of the three-momenta

of proton and of the recoil proton is zero z' = k+ P’ = 0. Really, in this frame, the on-mass
shell condition of the scattered muon §((z — k)2 — m?), 2 = p; + p — p} does not depend on
the direction of the emitted photon. The photon energy can be determined as the difference
of the energy of the scattered electron and the corresponding value for the elastic case: the
maximum value of the photon energy Ac in the Sy frame is related with the energy of the »

scattered electron, detected in the Lab frame AFE as (see [15], Appendix C),
Ae = pAE. (28)

The calculation of the soft photon integral with wAe can be performed using t’Hooft and
M. Veltman approach (see [16], Section 7). We find

d soft 3 (a2 2 2 2
A G +2tm){2lnpln[(2pAE) ]+ s }

aQ 2m?2p?t? A2z soft

SC . 1 p
soft — —2Li, (1 — p—) + 2Lis (1 - E) , p=— (29)
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Z( E,cos 0)

FIG. 2: Z(s,cosf) for E = 5m (dashed line) and E = 10m, m is muon mass.

which is in agreement with Ref. [15].

The sum (do2/7* 4 do$2/*),qq has the form

e
doirt N dose/t o a (e ram?) [ olnoln (2pAE)?*
dQ, ' dQ. ),  2mmip Iz PR Ty T
= t* Dyt
==% [— s? + u? :)rr2tm2 = Dsof t} ‘ (30)

and it is independent from the photon mass .
The function Z is shown in Fig. 2 as a function of cos 6, for given E/m . This result can
be applied to the process e¢ — pp(7y), for the case of structureless proton, by changing the
mass m — m, in Eq. (30).
The ratio A between the difference and the sum (corresponding to the Born cross section)
of the cross sections for e*p scattering is:
doe Pe p(1) _ doetroeto(n) o

doetr—etp(7) 4 doe prep(7) - [:‘ ~2Inpln

A=

CpAB) )2} . (31)

—tz
The odd contributions to the differential cross section for the process et + e~ — p + p, due

to soft photon emission, has the form:

tem yutp- o d*k [ D q q-
dee—-)#l-t(’Y)o =d (__)2/_ _ + + i 9
( Tsoft ) aa 70 4 w p-k + p+k q+k gk So,w<Ag (3 )

Again, the integration must be performed in the special frame S°, where p, + p_ — ¢, =

g— + k= 0. In this frame we have
(- +k)?=m? = 2(B_+w)w~ 2mw = (py +p- —q4)° —m’ =4E(E —¢,),

10



m
E — = —Ae¢.
E4 ok 15 (33)
In the elastic case F — eff = 0 and the photon energy in the Lab system is
. m
AE =¢% —¢, = —2—E—As. (34)

The t'Hooft Veltman procedure for soft photon emission contribution leads to:

dosoft  dog 2 [, (AEAEN®. 1+fBc .
o 4T {m( ) g T 05 (35)
with
1., —2B(1 +¢) > 1., ( 26(1 - ¢) )
DIt = —1i + =Li
27 (<1 —B)(1-pe)) "2 P \(1+A)(1 - Bo)
1_. —28(1 - ¢) 1. 26(1+c¢)
—=L — =L . 36
2 ((1 —ﬁ)(1+ﬂc)> 2" ((1+5)(1+5c) 9
The total contribution (virtual and soft) is free from infrared singularities and has the form
3
do, QB 9 . p2.9 _ 1+ Bc, (2AF
Sqan _—2—75(2~6 + B°cH) Y, T—Zlnl_ﬁcln( )+<I’(s,c059),
Da’rm
— pann _ \%4 .
(s, cosb) 5 py Y (37)
The quantity ®(s, cos ) is presented in Fig. 3.
The relevant asymmetry can be constructed from (6)
4
A=y (38)

™

VI. CROSSING SYMMETRY

In this section we formally consider the relations between the kinematical variables in
the scattering and in the annihilation channel, et + e~ — p + p. The reduced form of the
differential elastic ep scattering cross section, commonly used, is defined as o,eq = TF2 +€F?2
and it is related to the differential cross section by:

do a? cos? & 1 . 1
— = OMOred, OM = - y €= '
o = I M T At (T4 ) © T 1+ 2(1 4 7)tan? &

(39)

where ¢ is the polarization of the virtual photon, and varies from ¢ = 0, for . =1 toe =1,

for 6, = 0.
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®( s,cos 6)

= — cosd

FIG. 3: ®(s,cos0), for s = 10m? (dashed line) and s = 20m?, m is muon mass.

The crossing relation between the scattering channel e + p — e + p and the annihilation
channel et + e~ — p + p consists in replacing the variables of the scattering channel s =

2p1p = 2Em and Q? = —t according to
m?+s—t=—2E*1-fc), Q> = —s = —4E?, cosl = cosp_q., (40)

where 0 is the angle of the antiproton with respect to the incident electron, in the center of

mass system (CMS).

The following relation holds, for the annihilation channel:

cos29=——(?——i)2——, s+t +u=2m (41)
s(s —4M?)
On the other hand, in the scattering channel, one has:
l+e cot?l (5 —u)? )
= ]_ = = . 42
1—¢ 1+T+ QQ(Q2+4M2)’Q stu (42)
Therefore one proves the validity of the crossing relation:
14¢
0= =y, 4
cos T =Y (43)

based on the analytical continuation from the annihilation channel to the scattering one.

This relation was derived in Refs. [6, 17]. Using this relation and the property of

the 2y contribution to the annihilation cross-section (g—"(&)) = — (di(w - 6)) ie.
Q 2y de o

(@(9)) = cosfOf(cos? §, s) the authors of Ref. [17] built the ansatz for 2y contribution
2y

12



to ep-elastic scattering

dAc
dQ.

This property follows from the change of the sign of the contribution for virtual and real

(e p— e p) =yf(¥%Q%; f(¥% Q% =c(Q%) +¥%ci(Q) +y'ca(@) +.... (44)

photon emission when the (s > u) transformation is applied (see Egs. (25,29,30) and
relation (42)).

This form of the contribution of the 1y 2+ interference to the differential cross section
derives explicitly from C-invariance and crossing symmetry of electromagnetic interactions
and excludes any linear function of € for a possible parameterization of such contribution.

Let us note that not only the elastic channel must be taken into account: the interference
of the amplitudes corresponding to the emission of a photon by electron and by proton must
be considered, too.

Evidently, the relations derived above are valid for the considered processes with electrons

and muons.

VII. DERIVATION OF THE ADDITIONAL STRUCTURE: ANNIHILATION
CHANNEL

Let us start from the following form of the matrix element for the process e (p;) +
e (p-) = pt(g+) + # (g-) in presence of 27y exchange:

Mo = Lo ulo) x ) (Grn ~ Lo+ 2G5AQ,) v(ay), (49
where the amplitudes G; — G3 are complex functions of the two kinematical variables s, and
t.

To calculate the structure Gz from the 2y amplitude (see Eq. (7)), both Feynman dia-
grams, (Figs. 1)a and 1)b must be taken into account. Similarly to Section II, only one of
them can be calculated explicitly (the uncrossed one), whereas the other can be obtainedfrom
this one by appropriate replacements.

To extract the structure G3 we multiply Eq. 45 subsequently by

u(p-) v (p+) X 9(g+)1au(g-),
a(p-)Qu(p4) x B(g4)u(g-), (46)
a(p-)Qu(py) x 9(g+)Au(g-),

13



and perform the summation on fermions spin states.

Solving the algebraical set of equations we find

(47)

G? = B“_silnTG {(SB“ + A®B%sin®0)(1 — B2 cos® §) — 4C*Bcos b [2 — B%(1 + cos? 9)]} :
Ge = m {B(1 - §7)(4*Bsin? 8 — 8C* cos ) + 4B° [2 — F*(1 + cos” 0)] )
G§ = _ﬂT:n“é [-A“ﬂ2 sin?@ cos§ — 8B®cosf + 48C*(1 + cos? 9)] ,
with
. d'k 1 1, . . 1 R
At = /W_2 (A) (Q)(P+)(P_) ;‘T’I‘(]H.ZP-’YA) X ZTT [(Q-— =+ m)T(q+ m)’Y/\] 3

d*k 1 m_ oo oa 1 . R
B = | Tr(p+2p-Q) x Tr (G- +m)T(Gs — m)],

i D) QP)(P) 1
o [d% 1 | P . A
Cc* = /;r? (A)(Q)(P+)(P__)S—zTT(p+Zp—Q) X 4Tr [(q_ + m)T(4+ m)A] .

The explicit value for G is:

2 1
G5 = gi s {gCell ~ B~ )

+ %HQﬂQ(l —c?) [c(—3 +58%) — B — 5(:2]

+ Fac[l1— 46+ 28" + (3 — 45%) — 2Bc(1 — 25%)]

+ Fop [—c2 + Be (—% — 4% + gcz) + B (—% +26%c + gcz)]

— 2Jsf%(1 - ) (1~ ) (1 - Be)
+ Fe[l+ 8%’ — 28" — 4% + Bo(—3 + 48” + 28" + B°C")| } .

(48)

(49)

The contributions from the crossed Feynman diagram can be obtained from Eqgs. 49 by:

(Ab7 Bb: Cb)crossed - '_[Aaa Ba: Ca(COS 9 — — COS 9)]uncrossed-

As one can see, in the quantities G1, G4, and G infrared divergencies are present.

VIII. PROTON SPIN ASYMMETRY

(50)

The targed spin asymmetry for processes et + e~ — p+p, p+p — e + e~ (in CMS

frame) is defined as

do’ — do? e
G0t 1 dot — (@R

14
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where d is the proton polarization vector, 7 = (¢_ % p_)/|g- % p_| is the unit vector nor-
mal to the scattering plane, dot is the cross section of processes with proton polarization
vector @, do* is the cross section of processes with proton polarization vector —@. Thus the
denominator of the left hand side in Eq. (51) is the unpolarized cross section of process

ete” — p+ P which is well-known [18]:

do.e+e——%pﬁ aZﬂ 9 9 9 2 . 9
= =0 [(1 + cos 0) \Gul” + (1 -8 ) |GEg|” sin 0] , (52)
with 8 =4/1 — %3 is the velocity of proton in c.m. frame, s is the total energy square and
f is the angle between vectors ¢_ and p_.

The difference of cross sections in (51) is the s-channel discontinuity of interference of

the Born-amplitude with TPE amplitude
do" — dot ~ Re Y (A;Llasﬁc - ArpE + Adastic - A?pE) : (53)

Using the density matrix of final proton u(p)u(p) = (p+ M)(1 — vsa) we get

(4ra)® (271)°

Re} (A:Eastz'c » ArpE + Aetastic - A’—JtPE) = 32 Re(Y),

dk 1 L, 1 e AW_ A o
Y = Fl(s)/m—gm‘(:ﬂ_—) x JIr [Pl’)’ 1Y (k A)’Y ] X (54)
x 3T (5= M) (~350) 0 (5 + M) (b = @+ M) 3]

Performing the loop-momenta integration we can express the right hand side of Eq. (54) in

terms of basic integrals (see Appendix XI)
Re(Y) =4M(a,A,Q, P)Im (Fg — Gg + Hg) Re(Fi(s)), (55)

where (a, A, Q, P) = e#*a,A,Q,P, = (v/5/2)*(an)Bsinf. Using the expressions listed in
Appendix XI we have:

_ P32
Im(FQ—GQ+HQ):§¢(ﬁ):'£E<1 IBﬁ ln1j§_2)' (56)

We would like to note that Pauli formfactor F doesn’t contribute to the one-spin asymmetry.

Thus, after standard algebra, the following expression for spin asymmetry can be obtained

— = —

(for processes ete™ = p'p, pp— ete”):

M Re (G + 52 Gu) C By(B)sind

. a7
Vi Ligm (e 0)Gul+ (- Galsms )
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FIG. 4: Asymmetry R, for the case of dipole proton formfactors for energies s = 4.1 Gev? (dashed

line) and s = 4.3 Gev? (solid line).

Rn
0.004 ;

0.002 ¢

—-0.002 ¢

—-0.004 |

FIG. 5: Asymmetry R, for the case of structureless proton for energies s = 5 Gev? (dashed line)

and s = 15 Gev? (solid line).

and it is shown in Fig. 4, as a function of 6 at several values of s, for the case of dipole form
factors Gar = p,GE = pp[l + 5/(0.71 GeV?)]72, p, = 2.79.

Such considerations apply to the scattering channel when the initial protons is polarized.
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FIG. 6: Asymmetry 75, (with dipole proton form factors) for £ = 5 Gev (dashed line) and F = 10
Gev (solid line).

Similarly to (56) one finds

s

Img (FQ - GQ -+ .[_{Q) = —;—m.

(58)

(note that the s-channel imaginary part vanishes for the crossed photon diagram amplitude).

The contribution of the polarization vector appears in the same combination

1 ME?>
(aaAaQap):i(aapuph‘I): 2,0 Slng(a ) (59)

The single spin asymmetry for the process e~ + p'— e~ + p (the initial proton is polarized)

has the form:

dot — dot s
dot T dot = @) (60)
with
o 52 € 0
== (F. F, in 6 tan® —. 1
T 2]\/[23+M2( et T m) pO"redSln an 2 (6 )

For the case of dipole formfactors Fiyy = p,Fg = pp[1 — ¢/(0.71 GeV?)]™2, this quantity is

given on Fig. 6 as a function of 8, for two values of s.
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FIG. 7: Asymmetry T}, in case of structureless proton for E = 5 Gev (dashed line) and E = 10
Gev (solid line).

IX. CONCLUSIONS

We calculated QED radiative corrections to the differential cross-section of the processes
et +e” = ut+u (), et + p — e* +u(y), arising from the interference between the Born
and the box-type amplitudes. The relevant part of soft photon emission contribution, which
eliminates the infrared singularities, was also considered.

Angular asymmetry, charge asymmetry as well as target spin asymmetry were calcu-
lated. These quantities are free from infrared and electron mass singularities. Numerical
applications show that these observables are large enough to be measured.

Arguments based on analytical properties of the virtual Compton scattering amplitude
allow to apply the results for the TPE amplitude obtained in frames of QED to hadrons
reactions, with reasonable accuracy. The present calculation is therefore justified in the
scattering channel and should be considered as a model in the annihilation channel. How-
ever, such extrapolation seems natural in case of small transfer momentum and high energy
kinematics.

At large transfer momenta, the Born cross section decreases steeply, assuming dipole
behavior of the form factors. Therefore, the square box type amplitude issued from TPE

has to be taken into account, in the estimation of one-spin asymmetries.
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The charge-asymmetry properties of radiative corrections in the annihilation channel
induce non-trivial terms in the cross section due to crossing symmetry relations.

The parametrization (45) for the contribution to the matrix element arising from box-
type diagrams in terms of three additional functions G;(s, t), ¢ = 1, 2, 3 suffers from infrared
divergencies.

The results obtained here, for the processes e*p — e*(py) are particularly interesting in

view of the experiments planned at Novosibirsk [19] and at JLab [20] as well as e™ + e~ —

NN(7y), which can be investigated at Frascati [21] and Bejing [22].

X. APPENDIX A: TRACE CALCULATION.

The explicit expressions for the polynomials P; are:

P = 8{—(A%® - A% +20° + [(A?)? — 2A%|m?},

P, = 16[(A%?%0 — o® + A’om?),

Py = 8({2(A%%0 — 20% + m?[(A?)? + 2A%0 — 7] + A?m*},

Py = 8[5(A%)? - 6A%0 + 50” — 5A*m?,

Ps = 8[(A?)® —2(A%%0 + A%(0? — m*A?)),

Ps = 8{(A?)? —2(A%)%0 + A% + m*[—(A?)? — 2A% + 207 — 2A%m*},

P = 8[—(A?)? +2(A%%0 — A%? + (A?)2m?,

Py = 8{—(A?3 + (A?)?%0 — 3A%? + 30° — m?[(A?%)? 4 3A%0]}. (62)

XI. APPENDIX B: USEFUL INTEGRALS.

In the calculation of ep scattering we use the following set of scalar integrals with three

and four denominators [13].

—i d*k 1[a® 1, , s
Fa = Ff(A)(&)(P_) s [T'él“ m}
~i d'k
7 ) (Q)(P+)(P-)

- ;1.5B-ln?—l;ﬁ—%an————lgﬁJrLiQ(Hﬁ) ~ Lip (—1'6)},

Fo =
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—1 d*k —1 d*k 1 o m* —1
"= /( )(Q)(P+ =¢= /(A)(Q)(P—) 2(m? 1) [ln m?

2
+ <2ln Lim ™ )1 ————121—2le( n )}
m?2 me—1
1 m? —t m? s
F:ESJ G = 2(m2—t) [(21n 3 +1n z)In 5
Qm"‘t ]. 2 2 .

1= 2 | @i = g (T e mE] @

The terms proportional to m?/s, mZ/m’, were neglected. Notations follow Ref. (8).

The vector integrals with three denominators are:

i/—(—ﬁ%ggﬁ:HPP#‘FHAAM“}‘HQQNa Hq = n m;;t’
HA:mz_t( ln%;—mQ:tlnm:n;t),

HP:H+m21_t (ln%z—l-an m;; t), (64)
%/a_)’g%:c:@u, GA=§(—21n-3—2+%12i—g+%2—),

1 krd*k » 1

S
= GQQ“, GQ = 3 (—2111 —7;2'5 + SFQ) .

(@(P)(P-) — 4m?

Four denominator vector and tensor integrals were defined in (15). The relevant coefficients

are:

Ja = [(F + Fa)o — Q*(F + FQ)},

1

2d

Jo = 5o|(F+ Ro)o - ANF+ Fy)|, F=31s7-G, d=8Q"~o"
1

Ky = _%[U(F—G+HP+HA+HQ)+HA(U—A2)_HQ(U'—Q?)

+2P2JA(A2 —20) + A2Ga — Q?Gq — 2p2Q2JQ],

Ks = 5 [Q2 (G — F — Hp — 3Ha + 6P2J,) (65)
+(A%Q? + 0%)(Ha — 2P%Jp — Ga) — Q*(Hg — 2P%Jg — GQ)],
1 11
Kp = 5o [2J(HA —2P2J5 + Hy+ 5F — 5G) + QX(Hg — 2P*Jq - Go)

—A%(Hp — 2P%Ja — GA)/,
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1
Ko = —5| = A% Ap + 2045 + (0" — 20°Q°) g,
_ 1 2 2
Km = —53 (UAP+Q AQ_2A AA)a

where we used

Ap = HA-}-QA?JA’*GA,»AQ = HQ+2A2JQ—GQ, Ap = F—-G+HP+3HA+6A2JA. (66)
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