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Radiative corrections to the deeply virtual Compton scattering electron tensor
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Radiative corrections in the leading logarithmic approximation are calculated for the differential cross section
of e~ u* radiative scattering. In particular the interference term due to photon emission from the electron and muon
blocks are calculated in helicity independent and dependent parts. The calculation is applied to the kinematical
conditions of existing deeply virtual Compton scattering (DVCS) data in electron-proton collisions. Both helicity

odd and helicity even differential cross sections are considered.
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I. INTRODUCTION

Interesting information about the structure functions of the
proton can be found in radiative electron proton scattering ex-
periments, analyzing the interference between the amplitudes
of the radiative electron block (Bethe-Heitler amplitude) and
the amplitudes of the radiative proton block. In the literature
one can find different suggestions for the determination of
the relevant contributions to the differential cross section,
concerning in particular deeply virtual Compton scattering
(DVCS) [1].

In view of the large experimental program which is
underway or foreseen at present accelerators and of the
precision of the data in electron proton elastic and inelastic
scattering, the necessity to achieve an adequate precision in
the calculation of radiative corrections (RC) is a very real
problem.

The theoretical description at the lowest order is based
on the work of Schwinger [2] and Mo and Tsai [3]. The
last one contains an application to experimental data on ep
radiative scattering. A further improvement was given in the
known paper of Yennie, Frautschi, and Suura [4], where a
simple formula was derived to describe the emission of virtual
and real (soft) photons with energy lower than a value Ae,
of the order of the experimental resolution. Such photons
cannot be detected, in exclusive experiments. In inclusive or
semi-inclusive experiments, the emission of hard, undetected
photons should also be taken into account, as it escapes the
detection.

The emission of an additional photon (virtual or real) is
associated with a suppression factor of the order of @ = 1/137,
the fine structure constant. It corresponds to a small correction
to the cross section, which can be estimated to 0.5%. However,
a precise calculation of RC at higher order of perturbation
theory (PT) is highly required in modern experiments at high
energy. There are at least two reasons for this. Firstly, due
to the emission of photons by light charged leptons, RC
have an enhancement by a factor called ‘large logarithm’,
L =In Q%*/m?, where Q is the characteristic momentum or
the energy parameter and considerably exceeds the lepton rest
mass m. Therefore the effective expansion parameter becomes
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aL. Applying the general theorem about the factorization of
soft and virtual photon contribution [4], one obtains this factor
in the form:

A A b—1
WNbexp[(b—l)ln—8]=b<—8) b= -1,
& & T

where Ace is the energy of the photon emitted by an electron
of energy ¢.

Secondly, a kinematical effect, called ‘returning’ mecha-
nism, due to hard photon emission from one of the initial
charged particles may become important, in particular for
processes where the cross section increases when the initial
energy decreases.

Both mechanisms were studied in lowest order of PT.
Including higher orders brings, in general, large computing
difficulties. However, mostly due to the study of QCD
[5] processes, a powerful method was developed based on
scale invariance (or renormalization group). In this frame,
the behavior of the amplitudes and of the cross section
can be described in the limit of vanishing lepton mass in
the leading ~ («L)" (LLA) and next to leading ~ a(aL)"”
(NLA) approximations. The application of this method to the
calculation of RC provides an accuracy at thousandth level.

The cross section including RC in LLA has the expression
of the convolution of universal functions [structure functions
of leptons (LSF)] with a kinematically shifted cross section,
calculated in the Born approximation. The NLA contributions
are taken into account by a K -factor. In this case, for two light
leptons in the initial channel, one can write

do(pr. pas..) = f dx1dxD(x1, L)YD(xa, L)

o
x dop(x1p1, x2p2, - -.) (1 + ;K) ,

and, for the case of a single light lepton in the initial state:

dxD(x, L
dU(Pl,---)Z/#dog(xpl,...)(l+%K).

The LSF D(x, L) obeys the evolution equations of a
twist-2 operator. For most quantum electrodynamic (QED)
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applications it is sufficient to consider only the nonsinglet
LSF, which was derived in 1985 in the work of one of us [6].

The motivation of the present paper is to calculate RC to
virtual Compton scattering (VCS) including the emission of
additional hard photons as well as higher order contributions.
In particular we focus on the real part of the interference and
on the total cross section. The interference can be measured in
experiments with radiative scattering of electron and positron
beams on a proton target, where it is related to the difference
of the corresponding cross sections in the same kinematical
conditions.

Unpolarized and polarized deep virtual Compton scattering
(DVCS) data are considered to provide useful information
for the extraction of the properties of generalized parton
distributions (GPD). When the accuracy of the experiment
is better then 10%, the role of radiative corrections becomes
important and a careful study of higher order contributions is
mandatory. QED radiative corrections (RC) to virtual Compton
scattering on proton (ep — epy) were calculated in lowest
order in Ref. [7], where a detailed study of one-loop virtual
corrections including first-order soft photon emission was
done. Higher order RC were included by exponentiation
procedure, which is valid only for small Ae.

One can write schematically the cross section for the pro-
cess for the DVCS process as the sum of three contributions:

ey

where doBH is the Bethe-Heitler cross section (Fig. 1(a),1(b)),
doPVCS corresponds to the radiation of the photon from the
proton (Fig. 1(c), 1(d)), and the last term corresponds to the
interference between these two mechanisms.

The paper is organized as follows. In Sec. II we define
the kinematics and derive the formalism for the odd part of
the cross section of the radiative e~ ™ scattering, taking into
account RC in the leading logarithm approximation (LLA). In
Sec. III we consider the contributions of three gauge invariant
classes of one-loop virtual corrections. In Secs. IV and V
the soft and additional hard photon emissions in collinear
kinematics are considered and the relevant generalization for
all orders in LLA in the form of electron LSF is performed.
In Sec. VI we extend our calculation to ep scattering under
realistic assumptions. The results obtained for ey scattering
are taken as a model for DVCS in electron proton radiative
scattering, when the muon is considered as a structureless
proton. We calculate the charge-even and charge-odd contri-
butions to the cross section for the reactions e p — e~ py and
et p — eT py and the charge asymmetry, as well. The role of
RC in LLA discussed.

do_tol(e—p - e_p)/):dGBH+dO'DVCS+dGOdd,

pP- kv P'_ P-

QI;.A

klu

p a pf P b pl
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The Appendix is devoted to the kinematics of e u™
radiative scattering process in the laboratory (Lab) frame and
to the parametrization of the particle four-momenta.

II. FORMALISM

Let us consider the radiative e~ ™" scattering
@

The contribution to the differential cross section of the
reaction (2), which corresponds to the so called up-down
interference of the amplitudes describing the radiation from
the electron and the muon blocks, in the lowest order of PT,
can be written as

44ma)’

(do)hY = THW,E(‘;”" dr,

e (p-)+ u(p) = e (pL) + n(p") + y(ky).

(3
g = CPLEP kS -+ p—pl = p — ki)
28 2 2w 2n)’ '

p__and &’ ( p’ and €’) are the momentum and the energy of the

scattered electron (muon). The odd DVCS tensors for electron

and muon are

L P+ ki
x_

m

.
Ey"(p_, ki, pl) = ZTrp’_ (V %

po—hk L\ .
—V“X—V )py”,
. 4)
p—ki+M

1 A/
Hyp = 1 Tr(p + M) (WT%
p+ki+M_\
VUTW P+ M)y,.

The on-mass shell conditions and kinematics invariants are
defined as

pt =p?=m? kf=0, pt=p?=M>
x- =2kip_, x_=2kip_., x=2kip, x =2kp,
s=2p_p, si=2p p, t=-0*=-2p p,
= ql2 =2M* —2pp’, u=-2p_p, 5)
ur=-2p' p, q=p-7p,

s+s1+t+t+u+u =0,

p- p. p- p_

p ¢ pi @ d P

FIG. 1. Born Feynman diagrams for virtual Compton scattering.

055205-2



RADIATIVE CORRECTIONS TO THE DEEPLY VIRTUAL ...

where m and M are electron and muon (proton) mass.
Throughout the paper we will suppose

S St =YY U —U Y Y-
~ XL~ x> m (6)
where the symbol ‘~’ means ‘of the same order’. We will
systematically omit terms of the order of m?/s compared to
those of order of unity. The considered kinematical region
corresponds to large angle final particle emission in the Lab
frame, where the calculation is performed.

In order to make the comparison with the experimental data,
we chose the following set of four independent variables:

Q2
T 2pg’
and ¢,

2 _
Q" =—t, t, Xxpj

/ @
q=p-—D-
where ¢ is the azimuthal angle between the plane containing
the three-momenta of the initial and the scattered electrons
(p—, p’) and the hadronic plane, containing the momentum
transfer to the electron, ¢, and the scattered muon momentum
p'[8l.
The phase volume can be rewritten in terms of these
variables (see details in the Appendix) as

dd,
dr = ——,
2874 R
1
dd, = ——dpdQ*dr dxs;, )
SXBj
AM?x2 3
w=[1e =5

The Born cross section [in the lowest order of perturbation

theory (PT)] has the form
3
epy

(do)gqq =

Wdd,, W =2H,,E". (9

2rstth R

In case of massless muon we recover the result from Ref. [11]:

Wh=o = (s2 + 512 +u? + u%)

N 51 u ur
x|: +//+/+/:|.(10)

X=X X=X X X- X=X
Below we consider the radiative corrections to this part of
differential cross section. We show that when the energy
fraction of the scattered electron is not fixed, we obtain in
LLA (a/m < 1,a/mL ~ 1,and L = In(Q?/m?) is the large

logarithm):

dogy _ _ o /1 d—xD(x,L)
ch4 2]TSQ2l1 xo(¢) X
o W(x)

[1 = TIxn)][1 — T1(#1)]

—1

RN (RS

R'I
where T1(Q?) is the contribution to vacuum polarization from
the light lepton (electron), W(x) = W(p_ — p_x) and R/,

(), (11
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I are defined in the Appendix. D(x, L) is the nonsinglet LSF
of the electron [6]

D(x,L)= %ﬂ(l —x)f/>! [1 + gﬁ} - %ﬂ(l +x)+ OB,
« (12)
B =2—(L—1).
b4

The physical requirements & > 0 and the on-mass shell
condition for the real photon lead to the restrictions:

Q2

SXBj

x > xo(¢p), 1-—

> 0. (13)

The determination of the quantity xo(¢) is given in the
Appendix. The helicity dependent part of DVCS cross section

on proton is
da*s 1 (do~ do*
—_—==|———-— (14)
d¢ 2\ d¢ d¢

and it is sensitive to the imaginary part of the DVCS
amplitude. Let us calculate the proton Compton amplitude in
the structureless approximation, and parametrize the nucleon
structure by a general factor G.

The relevant part of the matrix element squared can be
written as

AIM” 2= AIM <P~ Im(G)[p- x p'1-kF, (15)

1
mxi)

1 1
X1X2 B XzX{)

1 1 4(s — M2) A(uy — Mz)
—2x 7 + W + + W :
X1 X2 X1 X2 X1X2 X1 X2

(16)

with

1
F = (2t +4m?) <— +
X1X2

+2(s —M1)<

III. ONE-LOOP VIRTUAL CORRECTIONS

In LLA only Feynman diagrams (FD) where a single
photon is transferred between the muon and the electron blocks
contribute to cross section (see Fig. 2). In our considerations
we omit FD with two virtual exchanged photons due to the
cancellation of such contributions when one includes the
amplitude corresponding to soft photon emission between
electron and muon blocks. The details of this ‘up-down
cancellation’, which holds in LLA, were discussed in [17]
and references therein. The corresponding contribution goes
beyond the limits of accuracy of the present calculation.

In the calculation, only FD drawn in Fig. 2 can be
considered. The corresponding part of the total matrix element
is denoted as M. The total contribution to the DVCS tensor
can be restored from the interference of these amplitudes
(Fig. 2) with the Born one (Fig. 1(c) or 1(d)):

EN =[1— P(p_ < —p )M, (M,)". a7
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FIG. 2. Some one-loop FD for virtual Compton scattering.

The matrix element describing the electron self-energy (see
Fig. 2(c), 2(d)) and the vertex function of the real photon
emission by the initial electron have the form [9]:

o _ .~ ep_ .
= u(pL)yu| A e— 6L ) + arke u(p-). (18)
2 klp_

The contribution of the structure A; disappears in the limit
m — 0 [10], whereas A, survives, providing the following
contribution to the DVCS tensor:

EYVit gi lnX; —l Tr p’ VukAleﬁ—Vp- (19)
nvp T X— m2 2 B

The contributions of the virtual photon emission vertex of type
FD (Fig. 2(a)) as well as of the box-type (Fig. 2(b)) have the
form:

EViftz _ o /d4k S] + Sz
e 4 ) oin? | —x-  (p- — k)2 —m?

1
W=D — kP —m2 (- — ks — kP —m?]’
(20)

where

S1= 3T p v (P — yu(p — ki — by (p- — kv p-v,,
. A A A 21)
Sy = 1Tr pL (P — k(P — ki — Byyu(p— — bvap-v,-

Their calculation requires scalar, vector and tensor (up to rank
three) integrals with three and four denominators, which are
listed in [10].

Both E}" and E}}%> do not satisfy gauge invariance. Only
the right hand side of expression (17) restores the property of
gauge invariance.

After applying Eq. (17), the sum of the vertex contributions
excluding FD with Dirac form factor (see Fig. 3) are

virt __ pvirty virty
E/wp - E/wp + Euvp

o 1 1 m? 3
=E° Z| L2+ -In—0-L)+>L|, 22
“”ﬂn[ gLty =D+y } 22)
2
—q
L=IHF

In this expression it was assumed that all terms proportional to
k1, give a vanishing contribution, due to the Lorentz condition
e (k 1 )k 1= 0.

IV. SOFT PHOTON EMISSION AND DIRAC
FORM-FACTOR CONTRIBUTIONS

Finally let us consider the vertex-type corrections to the
electron scattering vertex without real photon emission (see
Fig. 3(a)) and the contribution of additional soft photon
emission with energy not exceeding Ae.

Both contributions are proportional to the Born DVCS
terms:

« o
EptP =Ep, (;rl (@) + 8snﬂ>,
) (23)
5 dra /d3k2< P P )
soft — — T4~ 2 b _ s
et ) 2m\pk Pk oen
where
o o m 1 3 7?2
“TigH==-|In—1—-L)—-L*+>L+——1],
1) n[n}\( - g4+ T }
o (Ae’m? 1 , 1 el
Ssoft = ; (L—-1)1 7 o EL 51 - 24)
— il + Lip ( cos? 0
3 2 Ak
p- o po Pl
qip
(h;_(
a b

FIG. 3. Dirac and vacuum polarization contribution for one-loop
FD.
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where ¢_ is the energy of the incident electron and 6 is electron
scattering angle.

Combining all contributions containing large logarithms,
we arrive to the lowest order expansion of the right hand side,
which does not contain the auxiliary parameter A. Omitting
the terms of order of unity we obtain

Esummed Evm 4 EsoftJrD

pop wop pop
A 2
o [m( A ](L — . (@5
T _

V. ADDITIONAL HARD PHOTON EMISSION
CONTRIBUTION

The contributions arising from the emission of an additional
hard photon with energy w, > Ae¢ can be written in form of
two terms. The first one, corresponding to collinear kinematics,
contains a large logarithm of type L and can be calculated with
the help of the quasireal electron method [12]. It has a form:

o 1-A

dx[PCYLy — 1)+ 1= x]ES, (p_x, pl, k),

27 Xo($)
(26)

for the case of photon emission close to the initial electron,

and
1
d
= —Z|:P<X)(L2—1)+1— }Eﬁw
27 Jyasay 2 z

<
X <P—,;P_,k1>, 27

for the case of photon emission close to the scattered electron
with

Ag Ag 1422
Al=—, M=—, PQ@)= , (23)
e_ e 1—z2
with
8395 8?93
L1 =1In 5 L2 =1In 5 (29)
m m

This contribution arises when the photons are emitted in a
narrow cone, within an angle 6y < 1, along the directions of
the initial and the scattered electrons.

The contribution from non collinear kinematics 6 > 6, can-
cels the 6y dependence and does not contain large logarithms.
Omitting non leading terms, we can write L} = L, = L.

By summing up all contributions, we can put the cross
section of the radiative production in the form:

1
d
_ZD (XL)
Z

1
Euvp(P—’Pl_,kl)=/ de(x,L)/
0 y

E/(_)Lpp('xp—7 §p/_a kl)
q*(x, 2)q?
1

= @2 o[ - ()]
D(x,L)=81—x)+ %P“)(x)(L D+,
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PYx) = iimo|:<2 InA + %) 8(1 —x)

2
+®(1—x—A)1+x }:(HX ) .
+

— X 1—x
(30

Here 1/[1 — H(qz(x, z)] is the polarization vacuum factor (see
Fig. 3(b)), T1(t) ~ £ (L — %) and ¢*(x, 2) = ¢°xz/y.

This expression is in agreement with the result previously
obtained for the whole differential cross section in Ref. [14]
where the RC to the muon block were also taken into account.
Performing the integration on the scattered electron energy
fraction y and using the normalization property of the LSF

1
/ dzD(z. L) = 1, 31)
0

we recover expression (11).

The differential cross section for the reaction (2) in LLA
can therefore be expressed in terms of the shifted Born cross
section as [14]

do < H e (p, )

dxD(x, L) Fusetuy
/ [1—TI(xt)][1 — H(ll)]dGB (Xp+, ..

with the following expression:
2733

St

31 t u
X|——— = F
X-X- XX X=X

u s s
Ly )] dr
X=X X-X X=X

(33)
for the nonshifted cross section. The explicit expression for

the shifted cross section is derived in a straightforward way,
by replacement of the shifted kinematics.

D, (32)

+ et
dop "7 M (pyy ) = (s> + 57 +u” +uj)

VI. NUMERICAL CALCULATION: APPLICATION TO
ep DVCS

Let us consider the case of unpolarized electron and
unpolarized proton target and give an estimation of the RC
to the cross section calculated in the Born approximation. We
consider, in particular the calculation for the reaction (2) as a
model for e* + p — e* + p + y, replacing the muon mass
by the proton one.

The fourfold differential cross section, d*c(¢) has been
calculated according to Eqgs. (32) and (33) for kinematical
conditions as in Ref. [18]. The results for electron (a) and
positron (b) scattering are shown in Fig. 4 (in arbitrary units)
before (solid line) and after (dashed line) applying radiative
corrections. One can see that at ¢ = 7 the cross section for
electrons (positrons) has a minimum (maximum) and that RC
induce a ¢ dependent relative correction.

The calculated relative effect may be applied to the exper-
imental data. In Ref. [18] RC were calculated for e~ 4+ p —
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d*o(ep)

d*o(e*p)

1 1 1
0 100 200 300
@ [deq]

FIG. 4. (a) Differential cross section in arbitrary units as a func-
tion of ¢ fore™p — e"py (e, e"u — e py with M, =1 GeV)
for the kinematics corresponding to [18]: Q% = 2.3 GeV?2, —t; =
0.28 GeV?, xp; = 0.36 (solid line). The result after applying radiative
correction is also shown (dashed line). (b) Same for positron
scattering.

e~ + p + y following Ref. [7] and applied to the data with the
help of a Monte Carlo simulation. This procedure resulted in
a correction of the yield by a factor F = 0.91 &£ 0.02 which
is constant with respect to ¢, convoluted with Ae dependent
corrections, which were included in a Monte Carlo simulation
together with acceptance corrections. The overall effect was to
increase the experimental yield of about 20%, roughly constant
with ¢.

In case of e~ p, LLA radiative corrections induce on
one side a lowering of the cross section, with respect to
the calculated Born cross section and on the other side, a
change of the ¢ dependence. This strong ¢ dependence is an
effect of hard photon emission. In an exclusive measurements,

0.5

Ach

-0.5

25

10% (AP —Au)

1 1 1
0 100 200 300
@ [deq]

FIG. 5. Calculation of the charge asymmetry [Eq. (33)] in Born
(solid line) and LLA (dashed line) approximation (top). The relative
value in percent is also drawn (bottom). Same kinematics as in
Fig. 4.
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o

(o]
T

o

¥(arb. units)
|
o))
T

1 Oz(za_zc)/za

1 1 1
0 100 200 300
@ [deq]

FIG. 6. Helicity asymmetry in arbitrary units (top): Born calcu-
lation (solid line), radiatively corrected (dashed line). Relative value
of the corrections in percent (bottom). Same kinematics as in Fig. 4.

where the four momenta of all the particles involved are
precisely determined, the importance of this effect could be
quantitatively determined.

Let now consider the charge asymmetry:

- - + +
do¢ H=e 1y _ g€ n—etuy

Acp = (34

doe m—euy 4 doeﬂt—wﬂu/ :

We can consider the calculation of A, as a model for radiative
ep scattering (after replacing the muon mass with the proton
mass). In Born and LLA approximation A, is shown in
Fig. 5 (top), and the relative difference in Fig. 5 (bottom).

The charge asymmetry is large, and may exceed 0.5 for
in plane kinematics. Radiative corrections are of the order of
5% with a smooth ¢ dependence. This quantity is especially
interesting as it is in principle measurable at electron positron
rings with fixed target.

Let us calculate the helicity dependent cross section
Eq. (14) and the LLA radiative corrections, as a function of
¢. The result is shown in Fig. 6. As expected, we obtain an
antisymmetric function, which can expanded in harmonics by
sin ¢, sin2¢, ..., which coefficients have physical meaning
of all order twist contributions.

The radiative corrections to the helicity dependent cross
section are of the order of several percent, with a small
modulation in ¢.

VII. CONCLUSIONS

We calculated radiative corrections to VCS in the high-
energy limit. The emission of hard photon in collinear
kinematics is also included. The sum of all contributions
(including soft photon emission) does not depend neither on
the fictitious photon mass A or on the soft photon energy Aeg,
and it is consistent with the renormalization group prediction.

We applied the calculation, which is rigorous for the
W case, to proton scattering, after correcting for the mass.
The proton structure can be taken into account in terms of
electromagnetic form factors, which are function of #; and
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are not influenced by the conversion procedure to the shifted
kinematics. However, let us note that taking into account
nucleon form factors may violate the current conservation
condition [19]. A self-consistent procedure requires an ad
hoc modification of the nucleon propagator. This can be done
including the excited states of the nucleon, such as the A
resonance [20,21].

Itappears that elastic and inelastic processes partly compen-
sate the effects of the strong interaction. Based on arguments
of analyticity and unitarity, which are exact in frame of
QED [12], and which have been recently applied to strong
interaction (form factors and photoproduction on hadron cross
sections) [13,22], one can expect that, taking into account the
complete set of inelastic states in the intermediate state of the
virtual Compton amplitude, an almost complete cancellation
takes place, up to the contribution of structureless proton. Such
compensation of elastic and inelastic contributions for the
nucleon block is related to the validity of superconvergence
sum rules in current algebra. They were proved in the frame
of QED in Ref. [12] for small transfer momentum. In the
present work, similar arguments are applied for the kinematics
(6), which corresponds to rather large transfer momenta.
In such kinematical conditions, this statement has not been
rigorously proved and should be considered as a hypothesis.
The contribution of the left cut is one of the higher twist
contributions, which can be tested applying the formalism of
generalized parton distributions to the experimental data.

The present results apply to DVCS conditions, as the
considered kinematics includes |#;] < |f| (see Figs. 4-6).
We considered above the leading twist contributions to the
differential cross section [see Eq. (10)]. The technique of GPD
nevertheless provides to take higher twists contributions. In our
approach, it consists in taking into account mass corrections
to the differential cross section (10), i.e., the terms of the order
1+ OWM? /s)). Their importance was discussed in detail and
analyzed in Ref. [11] and found not to exceed 10% from
the twist two contribution. The same estimation is valid in
our case. The present calculation applies to the kinematics
outside the narrow peaks at |[f| = 0 and (or) |#;| = 0 and the
numerical results were given for the kinematical conditions of
the experiment [18].

The main aim of the present work is to calculate higher order
radiative corrections to the radiative eu (ep) scattering, in LSF
approach and to calculate such corrections for specific observ-
ables, as the charge and helicity asymmetry. In the asymmetry
ratios considered above, the effects of the proton structure
(including single proton state and the excited hadronic states)
will have an additional smoothing. In this context, we believe
that such a structureless approach for proton is realistic.

The effect of hard photon emission is considerable, and
the ‘returning mechanism’ which is essentially expressed in
form of convolution of the shifted Born cross section with the
electron LSF, may become important. At our knowledge, such
mechanism was not considered in the previous literature for
the reaction under consideration here.

Comparing with the scheme adopted to correct the exper-
imental data, (i.e., taking into account first order RC, partly
calculated with the help of a Monte Carlo and partly applying
a constant factor to the final results) the present approach

PHYSICAL REVIEW C 77, 055205 (2008)

suggests a ¢ dependent correction, mostly due to hard photon
emission. The importance of this effect could be tested in a
truly exclusive experiment and it may affect the extraction of
the physical information from the Fourier analysis of the ¢
dependence of the relevant observables.
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APPENDIX

The emission of collinear photons from the initial electron
induces a shift of the kinematical invariants and of the phase
volume.

Firstly, let us consider the kinematics without photon
emission (nonshifted). Introducing the set of new variables
defined above and after performing the integration on the
photon variables one has

1 & de’ p?dp’
T @en)y 4g’

Using the Lab frame (p = 0,g; = —p') and choosing the
z axes along the direction of ¢, we obtain

dO_dO’ 8((q + ¢})*) = 2nde dc’ dps(t, — Q* + 2qoqi0
—20g1p'c) = =
lglp
with ¢ = cos 6, 0 is the angle between incident and outgoing
electron momenta p_ and p’, and ¢’ = cos @’ is the cosine of
the angle between ¢ and p’. Using the definitions

dr

do_dOo's((g +¢q1)»). (Al)

dedg, (A2)

0*=2e_¢ (1—¢), t =M —2M¢, (A3)
we obtains
0% dxp; -
de/ = = J , 2 _ 2 2’
E_ 2M X§~ q qO + Q
J
2
go=¢_—¢_ = 9 ,
2M)CB]‘
(A4
dr dQ?
g = 3 g 92
2M 2e_¢g’
- O’R
lgl = M
)CBJ'M

and R is given in Eq. (8). After some algebra we obtain the
phase volume in terms of the new variables:

2m)4 dxp; df; dQ* d
ar = 3" 4o, e, = Bednde dé
16R SXBj
(A5)
s =2Me_.
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Let us chose the y axis transverse to the electron scattering
plane 7,||p” x p_ and the x axis 7i,||g x i,. So we can
parametrize the four-vectors as a = (ao, a., ax, ay):
pl=¢{l,c,s",0},
p =1{,p'c, p's' cosp, p's’ sinp}.
(A6)

p-=¢e_{l,c_,s_,0},
q = {qu |C}|70, 0}7

From the conservation law p_=p +§4,q = ki + P we
obtain

MxBj h h
/2— 1——_— , /= 1_/2’
TR ( 02 2M2x3j> SEviTC
1 2M%xp;
c_=—<1+ xB’), so=J1—¢c2, (A7)
R
=.,/1—c?.

1 2M2x123j
CL =—(1-— , s’
R S)CBJ' — Q2

The energy of the scattered electron is

2
s’_:s_<1—Q—> > 0.
SXBj

So the variables 02, s, xp ; must obey the condition (A8). All
the kinematical invariants can be expressed in terms of the
variables: u, u;, and s, as follows:

(A8)

x-=5s—Q +ux =0 —u—s. X' =—-t1—u—s,

(A9)
), 9 /
X =2M>+ = —2M¢,
XBj
with
s1=2p p' =2 [¢' — p'(c_c + 5" 5" cos )],
uy=="2pp. =2 M, (A10)
u=-2p_p =-2e_[e — p'(c_c +s_s"cosp)].
The remaining variables are
t
f=M—-—, p=e?—M. (Al1)

2M

Let us consider now the shifted kinematics, which consists
in the replacement ¢ — g, = p_x — p’. It is convenient

. . . . 2 .
to introduce a shifted Bjorken variable: x}. = A0 with
J 2Mgxo
the following relation: * = - — $0_3) ‘particular attention
Xp; XBj 0]

should be devoted to the calculation of the integral on the
variable ¢”:

Y = /dc/5[—xQ2 + 11 4+ 2qx0q10 + 2. P'1,  (Al2)

which arises due to the fact that the direction of g, does not
coincide with the direction of g. The result of the integral
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FIG. 7. Allowed kinematical region x > x¢(¢).

(A12) can be written as
11
2Gxlp' I

dc),
dc’

3

(A13)

¢ =c'(xX)ey +5'(x)sycosp, ¢ =c08q gy,

where ¢, can be written as
| 2M2x3jx%j(1 —|—x)
Q%x ’

2
| 4M2x%j _ /] N
+ W, Sy = — Cx'

In Eq. (A13) we introduce the notation ¢’(x), s’(x) for the

correspondent variables of ¢’ and s’ in shifted kinematics.
Keeping in mind the two possible solutions of Eq. (A13)

/. (x), si.(x), the quantity / must be understood as

I |c\8x €08 @ — cxn/Do| + | 5: cOsd + /Dol

I 23/ Dy(c2 + s cos? ¢)

— 2 2002 2
Dy =c; +s;cos” ¢ — ¢,

Mx; 1 1
= 11— - )
x p’R/ < xQ2 2M2x%j>
All kinematical invariants may be obtained from the corre-
sponding ones defined above for non shifted kinematics, by
replacing s — sx, Q> — Q?x and e_ — s_x.

The lower limit of integration x((¢) in Eq. (11) is obtained
from the condition: Dy > 0. The curve x = x((¢) is plotted in
Fig. 7, for the kinematics as in [18]. The kinematically allowed
region is delimited by xo(¢) < x < 1, above the curve.

Cy =
RR’

R =

>

(A14)

and

(A15)
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