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The present status of theoretical description of deep inelastic scattering of leptons on protons with
the account of radiative corrections (RC) in the leading and next-to-leading approximations is reviewed.
For the process ep — epy along with RC coming from emission of virtual, soft and additional hard
photons, there has been considered a ete™-pair production in the leading approximation. The
Compton tensor with a heavy photon in the case of longitudinally polarized electron is presented. A
cross section for a special experimental set-up with the tagging of additional hard photon is given to the
nonleading order. A similar consideration is carried out for a cross channel, namely, electron—positron
annihilation into hadrons with emission of a hard photon by initial leptons. Details of calculations are
given in Appendices.

JI H 0630p COBPEMEHHOTO COCTOSIHHS TEOPETHYECKOTO OMUC HHS MPOLECCOB IITyOOKOHEYIPYroro
P CcesHUS JIENTOHOB H IPOTOH X C Y4eToM p A LHOHHBIX nonp Bok (PII) B nupupyromem u cie-
OyIoIeM 3 JIHIUPYIOINM NpuOamxkenwsix. g mporecc ep — epy H pagy ¢ PII or mamydenns
BHUPTY JIBHOTO, MSTKOTO M XECTKOTO JOHNOMHUTEILHOTO (POTOH B BedylleM NpUOIMXEHHU T KXe P C-
cMoTpeHo 06p 308 Hue jgomonHuTenbHoi et e~ -1 pol. TIpuBeneH KOMITOHOBCKHiT TEH30p C TSKETBIM
¢oToHOM 1714 CITYd S IPOIOJIBHO-TIONAPH30B HHOTO 3/1EKTPOH . JJIs HOCT HOBKH OIBIT C JETEKTUPOB -
HHeM JOIOTHUTEIBHOIO KeCTKOro (DOTOH HPENCT BICHO CeUeHHE C Y4eTOM HEITHIUPYIOIIUX MOIp BOK.
AH JIOTUYHbBIE PE3yNbT Th 1 Hbl 178 KPOCC-K H 1 — et e - HHUIWIAUMH B JPOHBI C M3TydeHHeM
JKECTKOro ()OTOH H Y JIbHBIMH JICNITOH MU. B NpuioXeHusX NpUBOLATCA JET JIU BbIYUCICHHUM.

1. DEEP INELASTIC SCATTERING

Deep inelastic scattering (DIS) is one of the powerful tools in investigating
a nucleon nature. It has played a key role to form our modern understanding
of the substructure of hadrons. A number of experiments were performed at
CERN, DESY, SLAC and elsewhere since the discovery of the proton structure
in the late sixties. These experiments have provided very precise data in a
wide kinematical region [1]. Renewed interest to the DIS was revived after
measurement of the proton spin structure by EMC [2] (see also the review [3]).
Till now the inclusive, semiinclusive and exclusive processes with both polarized
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and unpolarized particles are widely investigated in many laboratories around the
world.

Last years measurements of the observable quantities in DIS have the ten-
dency to decrease both statistical and systematical errors comparing with the
previous ones. Since radiative effects can give a substantial contribution to mea-
sured quantities the modern level of data analysis in experiments on DIS requires
careful consideration of the QED radiative effects which can give substantial
contribution to measured quantities. Usually a hard radiated photon cannot be
registered in a detector. As is well understood the corrections due to soft photons
and loop effects cannot be separated from observables in principle. Hence their
contribution has to be calculated theoretically and subtracted from observed data.
That’s a reason why the calculation of radiative corrections is a very important
field of theoretical particle physics.

Depending on the four-momentum transfer squared, %, and the energy trans-
fer, v, there are three basic channels for lepton scattering on nuclei: elastic, qua-
sielastic, and inelastic processes. In the case of elastic scattering (v = Q2 /2M 4,
where M 4 is a nuclear mass) leptons are scattered on a nucleus leaving the latter
in its ground state. Quasielastic scattering (v ~ Q?/2M, where M is a nucleon
mass) corresponds roughly to direct collisions with the individual nucleons inside
the nuclei. Inelastic scattering starts to appear when the pion threshold is reached
(v > Q2/2M—|—m7r, where m, is a pion mass). At the Born level both Q? and v
are fixed completely by measuring the scattering angle and the energy (momen-
tum) of scattered lepton. However at the level of radiative corrections, in the case
of presence of real radiated photons, fixation is removed and the four-momentum
of radiated photon has to be included in a kinematical variable calculation. Such
elastic, quasielastic and inelastic processes with radiation of a real photon are
known as radiative tails from the elastic (o¢1) and the quasielastic (o) peaks and
from the continuous spectrum (oj,) hereafter called shortly elastic, quasielastic
and inelastic radiative tail.

The total radiative correction at the lowest order is obtained as a sum of these
contributions together with loop corrections (o,) coming from effects of vacuum
polarization and exchange by an additional virtual photon,

O_rad.corr = Oin + Oq + Tel + 0y (1)

The lowest order radiative corrections in DIS on unpolarized proton target
were first calculated by Mo and Tsai [4]. In this paper the integration region
over the real photon phase space is divided into two parts by introducing an
infinitesimal parameter. For values less than this parameter the integrals can be
calculated analytically after some additional assumptions (arguments of structure
functions are independent of photon momentum, only the leading power of photon
energy is kept). The dependence on this unphysical infinitesimal parameter is a
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shortcoming of this approach. A covariant formalism was developed in [5] in
order to avoid the difficulties mentioned. The formulae of the lowest order RC are
free of any approximation and rather compact, but are not visible as much as in the
first approach. One of the shortcomings is the nonpositively defined expressions
for inelastic radiative tail that make it unusable for Monte Carlo simulation of
radiative processes. The excellent review of the model independent lowest order
RC within this method can be found in [6]. Both approaches are widely used in
practice. There are papers in which they were compared numerically [7,8] and
even analytically [9].

A complete set of the results for RC on unpolarized targets was obtained
in [10]. The method was developed for the case of polarized proton and nuclear
targets in [11,12]. QED correction to DIS cross section in the leading approxima-
tion was calculated in [13]. A lot of papers were devoted to electroweak radiative
effects. We draw ones attention to the papers [14—17] in which the correction
was calculated within a framework of electroweak theory basically for HERA
kinematics. All cited papers were devoted to inclusive DIS. RC in the processes
of semiinclusive and exclusive DIS electroproduction cannot be reduced to the
inclusive case due to additional tensorial structures entering hadronic tensor and
different phase space possible for hard radiated photon. Explicit results for these
processes are given in papers [18-21]. Also we note papers [22-24] for RC to
elastic and quasielastic ep scattering.

There is one more important task for theoreticians dealing with RC, namely
a creation of computer tool which provides the procedure of accounting for RC
to experimental data. One of the first codes applied in experiments on DIS at
CERN were FERRAD [25] and TERAD [10] which were constructed on the basis
of results of two discussed approaches, respectively. An exhaustive review of
different codes can be found in [26]. We note recently developed codes gathering
the best features and many years experience of data analysis. The Monte Carlo
generator HERACLES [27] and semianalytical code HECTOR [28] are used in
experiments at HERA. The code POLRAD 2.0 [29] and Monte Carlo generator
RADGEN [9] are currently used in polarization experiments at CERN, DESY,
SLAC and JLAB. For semiinclusive and exclusive cases the codes DIFFRAD [19]
and HAPRAD [21] are intensively exploited. We note also the paper [30] where
the approach to estimate a systematical error due to RC in polarized DIS is given.

Thus, we can conclude that the radiative correction of the lowest order is a
well defined quantity. The open points here are basically related with a model
dependent correction like a contribution of box diagrams or with generations to
multiparticle measurements.

The next important step both from theoretical and experimental points of view
is to take into account the second order radiative correction. So far, there are only
approximate results even for model independent RC. Quite often results obtained
by different authors are in disagreement and the quality of the approximations
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made is not analyzed. The main approach here is the leading log approximation
or put another way — the method of structure functions [31,32]. Explicit results
for inclusive higher order radiative correction within this approach were obtained
in [13]. Correction to such a quite general quantity as the Compton tensor with
heavy photon was discussed in [33]. If not to count a simple exponentiation
formula, the higher order effects are not included in the procedure of RC ac-
counting to experimental data. It is in the contradiction with currently performed
experiments on Bhabha and ee annihilation where deeply analyzed second order
correction is embedded into the standard scheme of data analysis.

The present review is just devoted to the consideration of different aspects
of a theory of higher order effects in DIS. As such, it has something to do
with the description of various sources of quantum corrections to the process.
This way a very important second order contribution comes from elastic and
quasielastic radiative tail. The kinematics is not trivial here and requires a careful
consideration. These points and explicit results are discussed in Sec. 1.1. Very
interesting measurements that allow one to obtain results for kinematical regions
unreachable in normal DIS are experiments with photon tagging. RC come
from higher order effects and are discussed in Sec. 1.2. Polarization effects for
radiative processes can be considered in a quite general way by calculating the so-
called Compton tensor for a heavy fermion. These results generalizing the ones
obtained in [33] for unpolarized case are discussed in Sec. 1.3. And in Sec. 1.4,
the hadronic cross section in ee annihilation with tagged photon is given.

1.1. QED Correction to Radiative Tail from Elastic Peak in DIS. Numeri-
cal analysis of the elastic radiative tail shows that its contribution is very important
and can exceed the main measured process at the Born level. Therefore the next
step is to calculate QED correction to the elastic radiative tail with the maximal
possible accuracy. So far only the leading correction to elastic radiative tail due
to double bremsstrahlung, which is part of the total second order correction, was
treated numerically [16,29] and the attempt to calculate the correction exactly
was done in [34].

The structure of the cross section of elastic radiative tail is the following

o~ / dQIK(Q3,Q* W F2(Q?), (1.1.1)

2
h min

where Q7 is a momentum square transferred to hadronic system, and Q2 and
W2 are leptonic kinematical variables measured. The quantity C is a kinematical
factor known exactly and F is a nuclear form factor. Due to rapid fall of the
form factor squared as a function of Q% the main integration region is close to
the lower integration limit. In papers [16,35] this fact was used to construct
an approximation, where Q% is considered as a small parameter of order of the
proton mass squared. In this paper we will also use this approximation to analyze
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the correction to elastic radiative tail. The application of Sudakov technique will
allow us to obtain compact explicit formulae for processes considered. The first
effect which has to be considered is the one-loop correction and the emission
of additional real photon. We will analyze both of them at leading and next-to-
leading levels. Another effect contributing to the cross section is a lepton pair
creation. We will calculate it in the leading log approximation.

Obtaining a second order correction to deep inelastic scattering is the main
motivation of this part. However our results can be used in other cases. For
instance, they can be considered as a radiative correction in measurements with
hard photon detected in coincidence with scattered lepton (see [36], for exam-
ple), that allows one to reach kinematical regions otherwise unreachable. That
is why we do not concretize our notation usually used in DIS but instead try
to keep it as general as possible. In the next section we introduce our notation
and obtain results for the cross section of single bremsstrahlung using Sudakov
technique. In Section 1.1.2. we give results for one-loop corrections. Double
bremsstrahlung and contributions due to pair production are considered in Sec-
tions 1.1.3. and 1.1.4. and final remarks are given in Section 1.1.5. Some
technical details are discussed in Appendices.

1.1.1. Single Bremsstrahlung. We study the process

e(p1) +p(p2) — e(ph) +7(k1) +p(p3), s =2pip2,
Qh =—(p2—1h)*  Q°=2ppy, k=0, (1.1.2)
pi=pl=m’ pi=p5 =M’ ¢ =-0;,
in the kinematical region
53> Q%> Q1 ~ M?, 2pop) ~ s. (1.1.3)
The expression for differential cross section in Born approximation looks (details
are given in Appendix A):
3 v 3 2
2/ j?,;z = 47% & f 531111)2 - L SO, (1.1.4)
with b = 2pop) /s the energy fraction of the scattered electron. We imply the

Sudakov parameterization of the 4-momenta in the problem (see Appendix A).
Note that due to the gauge invariance condition

" TSV = (agp2 + qu)" IV =0, (1.1.5)

the quantity ®7 is constructed out of (1/s)p2J!) which may be rearranged as

follows:
1 1 S 1
SIng(L ) S1 |q|6’;J;(L )’ €= Tql’ (1.1.6)

s1 = sag=(p) +ki)*+q*—m’
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Thus ®" vanishes for small q2. The explicit expression for ®P™* is found to be

o

(I)Drot —_ 2(F12 4 M2

F3). (1.1.7)

For &7 we have (we refer for further details to Appendix A):

N2 2y 2
o= 17D Tbl(i:b Ja” (1.1.8)

with
n=(p} —bq)®, n=(pj—q)’ (1.1.9)

Another fact is that both ®7/q? and ®P™" do not vanish in the limit of small
momentum transfer |q|, thus providing the logarithmic enhancement upon per-
forming the Q7 ~ q? integration (Weizsicker-Williams approximation). Indeed,
the quantity Q2. entering the cross section is a small quantity,

min

2 2 7622 2<<M2 (1.1.10)
min (1_b)8 * A

For completeness we put the phase volume of the scattered electron in terms of
Sudakov variables:

’

Q> =2pip, = BL. (1.1.11)

dgpll _ %dQ ’
b

= P
2e, 2b ’

Note that the requirement Q% > Q% provides the absence of singularities while
doing an integration over d°q.

1.1.2. Virtual and Soft Photon Emission Contribution. The correction coming
from the emission of virtual and soft photons (in the cms reference frame) can
be drawn out of paper [33], in which the radiative corrections to the Compton
tensor were calculated

d"opivys o] a
26/ G - 25’ _ 0 1 + Il +
' d’p} ' dp on’
a 1 R ..
t T\t R) b7 ) (LL12)
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with

p = 2(L—1)2InA —Inb)+3L;, —In?b—

9 x2 0
— I 4L 2Z 1.1.1
5 3 + 2Lis (cos 2) , ( 3)
2 2

L = In ;éggf, IZ}L =In ;;555

AE [n(1 —

The Born cross section after substitution of Eq. (1.1.8) into Eq. (1.1.4) and neglect
of subleading terms becomes

) ,1d3ag _ @/ d?qq® (1 -b)(1+b?)
cpy 7 ) (@ QL) Q)

where AFE, F are the upper bound on the undetectable soft photon energy, and
the energy of the initial electron, respectively; 6 is the angle in the laboratory
reference frame between the initial and the scattered electron momenta. Somewhat
cumbersome functions 7;; are explicitly given in Appendix D. It should be noted
that they do not contain any large logarithms but include the quantity @ which
is small in our approximation. If one keeps only nonzero terms in the expansion
over Q7, then

prot
PP,

1 ~ ~ 2
§<T11+b(712+712)+b2711> = {3108;% —1| x

x (14 b%) + 4blog(1 — b) + [b* + (1 — b)?] x
X [1og2 (1—;1’) + WQ} + 1+ (1 =0)?]log*(1 —b) +
+(3 — 2b) log b. (1.1.14)

The logarithms log Q% cancel out exactly in the sum of (1.1.14) and }.
1.1.3. Two Hard Photons Emission Contribution. We will consider now the
process of two hard photons emission:

e(p1) + p(p2) — e(ph) + y(ky) + v(k2) + p(ph). (1.1.15)
The relevant contribution to the cross section looks
d? 4 d? dz1d’k
25'13—0 = a_4/ > q2 5 T1¢ %1 DIV PProt
d°p} 8 (@ + Q%) w1x2
2
in = M? (8—1) . st =(p) k1 +ke)?, (1.1.16)
s
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with the expression for ®P™' given earlier. The explicit form of ®77 can be
found in Appendix B. The integration over d°k; may be performed using the
integrals given in Appendix C.

Concerning the region Q7 < Q?, the result is found to be *

2 [42(1 + p2 d2 d/z d2 d/z
Q7T = 16012 Q_Q [81( +/ /) 12+ 1/ 22+ 2/ -
57 d1d2d1d2 b81d2d2 b51d1d1
2 m? 23(b* + (1 — 1)?)
- = — 2 1.1.17
Q4( +,P12)|:d% b(l —331)3 + ( )
N m_2x§b2(1 + (1 — 29)?)
d/12 (1 — J)Q)?’
with the notations introduced
k2 k2 p2 1
sy =14 % Pr di = —(m*2? + k2, (1.1.18)

1 T b’ T;
&, = o lma? + (aip} — b)),
where x> are the energy fractions of hard photons, x1 4+ z2 + b = 1. Besides
we use the relations
ki +ko+p) =0, 2qp) =s1b, s1=2qp1 = sag.

An integration over d’k; may be performed analytically and to a logarithmic
accuracy it boils down to

ki [1 1 1 1 T1 o
— | === :L[ 1T —— | . 1.1.19
/ 7r Lzl dy’ d} d’J ) (1.1.19)
The resulting contribution (again to a logarithmic accuracy) takes the following
form

16wq%L
/kol‘bW — b(gg)Q (1+7712)a?§><
1 b2
1 1+ b2
g <+<1—x1>2+<1—x2>2>( T+
b2 b
* ot (1_362)4], (1.1.20)

A < z;<1—-b-—A.

*Upon applying the crossing transformation to the amplitude of eé annihilation to v+~ presented
in paper [37].
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Carrying out the integration of Eq. (1.1.17) over k; and x; to a next-to-leading
accuracy we obtain for the contribution to the differential cross section coming
from emission of two hard photons

o7 204 d? 2Ty + T
& :ig/ _¥a a T T IN0) gprer (121
&'y 7 ) (@ + Q) b(Q?)
where the leading and next-to-leading contributions read
g, 1—b
TLL = (L—l)[4(1—b)(1+b )ln A +
2
+ (1-b1—-0*)Inb— g(l —b)(7 — 2b+ 7b%)],
1ot +602+1_ 4
Tnro = =g log'b-
1
- g(3—b2)(3—b)logb+ (1.1.22)
8
+ §(1 —b)(b> +b+1)log(l —b) —

1
- (1-1b) [5(1%2 —2b+15) +
, 72\ b +6b% + 1
v 210 )

There are two possible experimental set-ups we concern with: the first one
in which a recoil proton is registered, and the second — pure inclusive set-up —
with only a final lepton observed. Definitely, NLO contribution obtained can be
counted valid only for the former experimental set-up, while in the latter case one
can use the expression given above only to an LL accuracy.

The general answer for the cross section in Born approximation with the
lowest order correction to the leading approximation is a sum of the contribu-
tions coming from virtual and real soft photons emission given above as well as
from two hard photons emission and is free from dependence on the auxiliary
parameter A.

The graphs given below illustrate behavior featured by the complete QED RC
contribution to the cross section of DIS as well as the comparative contributions
of the LL, NLO terms and of the correction due to pair production.

1.1.4. Contribution of Lepton Pair Production. Consider now the hard pair
production process that takes place at the same order of perturbation theory as
the two hard photons emission. In the same way we may conclude that the soft
pair case as well as the case of double collinear kinematics does not contribute
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to the radiative tail. Therefore we may consider only semicollinear kinematics of
hard pair production of which there exist two different mechanisms [38]. One of
these is the two-photon mechanism of pair creation. An electron from that pair
having momentum p} is detected in experiment and the scattered electron moves
close to the initial electron direction. This kinematics permits us to apply the
Weizsidcker—Williams approximation,

1
9! d?’o_r(m)ir _ 2;“4/ d’q L oror
& ) (@ + Q2)? b(Q)?
x sz((l — B = b2+ 01+ 6%), (1.1.23)
(1-p-)
1-04_
so= @l bip s -t

By

The second mechanism is characterized by the bremsstrahlung mechanism of
pair creation, with an electron from a pair to be detected. Leaving details to
Appendix E let us present here the result

3 (2) 4 2 2
26/1—d gpmr = 2&3/ - d q2 . q2L2 PProt o
&°p T (a® + Qnin)? (@2)
b(1 2)dg_
O R B Ea NREY
1—06_
o= @ bﬁ? :

The integration over _ can be performed analytically with additional as-
sumption that Q2. has no 3_ dependence. The result for the sum of these

contributions is found to be
por Popar 20 / Ta__ LU o,
d’p} ) (@4 Qh)? b(Q%)?
4 3
X 1—-b+2(140)logh+ g(l—b) . (1.1.25)

1.1.5. Discussion. In this part the correction to radiative tail from elastic peak
is studied in the kinematics when a final lepton is measured. Using Sudakov tech-
nique the contributions of loops (1.1.12), double photon bremsstrahlung (1.1.21)
and a pair production (1.1.23,1.1.24) are calculated.
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In this section we analyze obtained contributions numerically. Both the
relative contributions of the processes considered and the total correction to the
lowest order process are investigated within kinematical conditions of experiments
on electron DIS at TINAF and DESY (both for HERA and for HERMES). It is
convenient to define the following quantities:

o +on+op OL,N,p
0= ————"—, OLNp=——
oo g0

(1.1.26)

Here o( stands for the cross section of radiative tail from elastic peak (1.1.4).
Other o’s constitute the next order results. The quantity o), is a direct sum of two
mechanisms of pair creations (1.1.23,1.1.24), whereas o, and oy are the leading
(including mass singularities terms log(Q?/m?)) and next-to-leading (independent
of leptonic mass) terms. They are obtained upon summing up expressions given
in Egs. (1.1.12) and (1.1.21) after cancellation of infrared divergence.

The relative radiative correction to elastic radiative tail is important practically
everywhere. The modern level of data analysis and very high experimental
accuracies achieved in current experiments on DIS require that a generalization
of standard radiative correction procedure be made in order to include a second
order radiative correction. An extremely interesting region where the correction
considered is important is actually high y domain. Remind, that this one (up to
y ~ 0.95) is under investigation at TINAF.

The main contribution to a second-order radiative correction comes from the
effect of pair creation. Asymptotical behavior of o, for small b =1 — y is 1/b?
whereas the other cross sections feature only 1/b behavior. That is in fact a
reason of the large correction in the region of high y. In the paper presented this
particular contribution is calculated in the leading approximation only, therefore a
study of the correction, induced by a pair production, at the next-to-leading level
is highly desirable.

The relative contribution of the next-to-leading correction oy is not small
with respect to the leading log contribution oz. In the region of large y the relative
contribution o /oy, does not exceed 5%, whereas for small y it can reach as much
as 20-30%. From the other hand the next-to-leading contribution completely fixes
all uncertainties of leading log approximation thus leaving unknown only terms
proportional to lepton mass squared and Q7, which is effectively small due to
behavior of form factors.

1.2. Tagged Photon with Next-to-Leading Accuracy. The radiative correct-
ions to deep inelastic electron proton scattering due to hard real photon emission
are very important in certain regions of the HERA kinematic domain. In fact,
the initial-state collinear radiation leads to a reduction of the projectile electron
energy and therefore to a shift of the effective Bjorken variables in the hard
scattering process as compared to those determined from the actual measurement
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of the scattered electron alone. Therefore, radiative events
e(p1) +p(P) — e(p2) + (k) + X + (v), (1.2.1)

are to be carefully taken into account [4,6,39].

On the other hand, measuring the energy of the photons emitted very close to
the incident electron beam direction [40—43] permits one to overlap the kinemati-
cal region of photoproduction (Q? 2 0) and the DIS region with small transferred
momenta (about a few GeV?) within the high energy HERA experiments. Fur-
thermore, these radiative events may be used to independently determine the
proton structure functions F» and F} (and therefore F7) in a single run without
lowering the beam energies [36,41]. Preliminary results of an F5 analysis using
such radiative events were recently presented by the H1 collaboration [44].

Our aim is to calculate the radiative corrections to neutral current deep in-
elastic events with simultaneous (exclusive) detection of a hard photon emitted
very close to the direction of the incoming electron beam (6, = 51?( < by =
~ 5-107* rad). In the case of the HERA collider, the experimental detection of
photons emitted in this very forward direction is actually possible due to the pres-
ence of photon detectors (PD) that are part of the luminosity monitoring system
of ZEUS and HI.

Let us briefly review the kinematics for the process under consideration. As
the opening angle of the forward photon detector is very small, and since we
will only consider cross sections where the tagged photon is integrated over the
solid angle covered by this photon detector, we can parameterize these radiative
events using the standard Bjorken variables = and y, that are determined from the
measurement of the scattered electron,

Q? 2P (p1 —p2)

2
r=—-——:, = s =2 . =X 5 1.2.2
P —pa) % Q p1-p2 =ayV, (1.2.2)

with V' = 2P - p;, and the energy fraction z of the electron after initial state
radiation of a collinear photon,
2P - (pr—k) e—K°

= = 1.2.3
z % . (1.2.3)

where ¢ is the initial electron energy, and k° is the energy seen in the forward
photon detector.

An alternative set of kinematic variables that is especially adapted to the case
of collinear radiation, is given by the shifted Bjorken variables [41],

. . )? P-(pr—p2—k)

2y p 2 G Q T mpe— k)

Q (p1 — p2 )5, @ 2P.(p1_pg—k)7 P'(pl_k)
(1.2.4)

y:
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The relations between the shifted and the standard Bjorken variables read [41]:

_1
o og=ity— (1.2.5)

A2 2 .
Q" =207, L — ~

The cross section under consideration in the Born approximation, integrated
over the solid angle of the photon detector (0 < 6., < 0y, 6y < 1), then takes the
following form:

z d3JBorn 1 d3UBorn « &
— == = —P(z,Ly)Z 1.2.6
ydrdyd: _ jdidjdz ol G Lo)®s (1.2.6)
where
- . 2ra?(—Q?) . M?
_y(5 5 A2y A A2 oy oa2a28
£-x69.0) = TS ne.oh a0 - -2t +
M2 ~2
+ (14 42%= v,
Q2)1+R
1+ 22 2 . M2\ Fy(&, Q2
P(ZaLO):iLO_—Za R:R(£7Q2): é+4£2A_)2(1‘7’C)A)_ )
1—2 1—=2 Q? ) 22F(2,Q2)

a(—Q?) = & ILy=h (%) Q% = 2z2py - py = 2282V (1 — ¢)
1—H(—Q2) y 0 m2 ) P1-Pp2 )

Epy(1+5p)

&
Y=2=1-y+ay )
€ 2e

¢ = cos (P1Py),

5 — Q* _ zeY (1 —c¢) B —
x*2P-(zp1—p2) © 2E,(1+6,) = YE,(1+ Bpe)’ 5p*m,

2P - (zp1 —p2)  2(1+8,) =Y (14 Byc)
1% N z(1+ Bp)

j= : (1.2.7)
The quantities F> and Fj are the proton structure functions, M and m are the
proton and electron masses, respectively. In the cross section (1.2.6) we take
into account terms proportional to M? /QQ, which may be important at low
Q?. Note that the neglect of Z-boson exchange and -Z interference is a good
approximation, because we are interested mostly in events with small momentum
transfer QQ.* The energies of the initial and final electron, of the tagged photon

*The corresponding Born cross section including contributions from the Z can be found in
Ref.42.
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and of the initial proton (e, €2, k%, and Ep) are defined in the laboratory reference
frame (i.e., the rest frame of HERA detectors). The cross section (1.2.6) agrees
with [41,42]. Also note that we explicitly included the correction from the
vacuum polarization operator H(—QQ) in the virtual photon propagator. The aim
of our work is to calculate the higher order QED radiative corrections for this
process in the leading and next-to-leading logarithmic approximation.

Here we will restrict ourselves to the model independent QED radiative cor-
rections related to the lepton line, which form a complete, gauge invariant subset
for the neutral current scattering process. The remaining source of QED radia-
tive corrections at the same order, such as virtual corrections with double photon
exchange and bremsstrahlung off the partons are more involved and model depen-
dent, they will be considered elsewhere. Our approach to the calculation of the
QED corrections is based on the utilization of all essential Feynman diagrams that
describe the observed cross section in the framework of the used approximation.
The same approach was used recently for the calculation of the QED corrections
for the small angle Bhabha scattering cross section at LEP1 [45].

This part is organized as follows. Section 1.2.1 is devoted to the corrections
related with emission of virtual and soft real photons in the hard collinear photon
emission DIS process. In Sec. 1.2.2 we consider the radiative corrections due to
emission of two hard photons in the collinear kinematics (where we distinguish
between the cases when both photons are emitted close to the initial electron
direction and the case when one of the photons is emitted along the initial and the
other one along the scattered electron direction) and the semicollinear kinematics,
where the additional hard photon is emitted at a large angle. Section 1.2.3 collects
the results obtained and discusses two experimental cases: an exclusive set-up,
that assumes that a bare electron can be measured, and a calorimetric one. The
Appendices are devoted to details of the calculation.

1.2.1. Virtual and Soft Photon Emission Corrections. In order to calculate the
contributions from the virtual and soft photon emission corrections, we start from
the expression for the Compton scattering tensor with a heavy photon [33,46],

Ky = (8ma) ™1 > M = (Mg =), (1.2.8)

spins

where M, is the matrix element of the process of Compton scattering

7 (=q) +e(p1) — (k) + e(p2), (1.2.9)
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and the index p describes the polarization state of the virtual photon. This tensor
is conveniently decomposed as follows:

1 *
K = 5P+ P5), (1.2.10)
_ a o a
P/u/ = g;u/(Bg + %Tg) +p1up1u(311 + %TH) +
o a a o
+  Poubov(Baz + —Ta2) + — (P1uPovTi2 + DoubiuT21),
21 21
G = G — 22 B = pi — gt
v T n O Chonl
- P2 - q
D2 = pzu—(J;L?, pL=q+p2+k.

The expressions for the quantities B;; corresponding to the Born approximation
are *:

1 9 9 99 ( 1 1 4¢>  8m?
BQ:E[(S—f—u) + (t +u)?] — 2m?q Zt3E) Bu=— -
46>  8m?
BQQZS_qt_t—Qa 5:2p2'k5 t:_2p1k7 u:(pQ_pl)Qa
P =s+t+u, p%:pgzmQ, k2 = 0.
(1.2.11)

The one-loop QED corrections are contained in the quantities T;;, whose explicit
expressions are given in [33,46]. Here we have to integrate them over the solid
angle of the emitted photon corresponding to the shape of the photon detector. We
need to keep only the terms singular in the limit 6, — 0, since after integration
the constant terms contribute only proportional to #2 ~ 1075 and can be safely
neglected. Another simplification comes from the fact that we need only the
symmetric (and real) part of the tensor K. This way, by using typical integrals

ko 1 Lo /ko m2 1
1__ Lo Shm_ 2 1.2.12
/ ot 2e2(1—z) o 2 a(ioap (1212

and using the expressions given in Appendix F we obtain the following expression
for the Compton tensor integrated over the angular part of the photon phase space:

dQy 9 1 o o
—K,, = (- »+4 v) =——— |1+ —p|P(z,Lo)—=—T9|,
/ o2 M ( s ) 2e2(1-2) [( * 27Tp> (=, Lo) 27 }

*We have already dropped those terms that vanish in the high-energy limit when one integrates
over any finite region of photon phase space.
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—41ni(L —1)— L3 +3L +31nz+7r—2—g (1.2.13)
p=Re QT 320 -
71 dns s By - 2 Lol 2-U=27, o)

T 1. QM T Toa—, ’
A=—L2+2LoLg —2LoIn(1—2), B= (ln2 z —2Lis(1 — 2)) Lo,

Q? dy
LQ:IHW, LIQ ? 1—
0

The quantity A\, which enters into the expression for p, is a fictitious photon mass.

In the construction of the total expression for the tensor K, we replaced
Gu = @ = 0, pay, = zZP1u,, bearing in mind the gauge invariance of hadronic
tensor [47],

47 S -
Hu = 57 (Wg(mh,, Q2)P,B, — MW, (an, Q,QL)QW) L (12.14)
Q% ~ P-q
= Pl/ = Pu —Gqhv—>5 -
Th 2P . ah ) dn q}QL

Here we imply g, = ¢, Q7 = —¢>.

Consider now the process with emission of a soft photon in addition to the
emission of the hard one, which hits the PD. We imply the condition that the
energy of the soft photon should be less than some small quantity de (in the
centre-of-mass system). In straightforward calculations, starting from Feynman
diagrams, some care is to be paid in the evaluation of integrals over the phase
volume of the soft photon, as some contributions are crucially dependent on
the correlation between our two small parameters A = de/e and 6y. In our
particular case 6y < A < 1, the result coincides with the one obtained using the
approximation of classical currents for soft photons. The total effect for the sum
of contributions of virtual and soft photon emission consists in the replacement
of the quantity p by p in Eq. (1.2.13) (see Eq. (45) in [33,46]):

A2 2
p—p = 2(LQ—1)ln7+3LQ+3lnz—ln2Y—?— (1.2.15)

9 . (1+c
— —+2L .
5 + 12( 9 )
The final expression for the virtual and soft photon emission corrected tagged
photon cross section has the form

z d3avs ( o

2 N
= P(z,Lo)p—T)% . 1.2.16
y dxdydz 277) [P(2, Lo)p ) ( )
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1.2.2. Double Hard Bremsstrahlung. Consider now the emission of an extra
photon with the energy more than de. For the calculation of the contributions
from real hard bremsstrahlung, which in our case correspond to double photon
emission with at least one photon seen in the forward detector, we specify three
specific kinematical domains: i) both hard photons strike the forward photon
detector, i.e., both are emitted within a narrow cone around the electron beam
(0 < 6y); ii) one hard photon is tagged by the PD, while the other is collinear

to the outgoing electron (fy = k/gp\g < 6}); and finally iii) the second photon is
emitted at large angles (i.e., outside the defined narrow cones) with respect to both
incoming and outgoing electron momenta. We denominate the third kinematical
domain as a semicollinear one. The contributions of the regions i) and ii) contain
leading terms (quadratic in the large logarithms Lo, L), whereas region iii)
contains formally nonleading terms of order Lo In(1/62), which, however, give a
contribution numerically larger than the leading ones since c6y/m < 1/6,.

The calculation beyond the leading logarithmic approximation may be per-
formed using the results of a paper of one of us [48]. The contribution from the
kinematical region i) (with both hard photons being tagged), has the form (see
Eq. (IT 6) from [48]):

z A0 a?
il S
ydxdydz  8m2

2) Ltz 3.
LO(P9 (z)—|—21 <1nz 5 ZIHA) +

2
U7 1215 on). 1217

1
1—znA

4
+ 6(1—2)—}—(;—1—2’) In?z—4

Here we use the notation Pg)(z) for the © part of the second order term of
the expansion of the electron nonsinglet structure function,

(1) 4 X p) L2V p@y 2
D(z L) 6(1—2) + 5= PO ()L + 3 (277) PO +... (1218
POz = PYO0-2-A)+PPs(1-2), A—-0,
Wy - 1+ w3
Py'(z) = T, s —2—|—21nA,
1422 3 1
Pé)?)(z) = 2 tz (21n(1—z)—lnz+§> +§(1—|—z)1nz—1—|—z .

The parameter A serves as the infrared regularization parameter.

The contribution of the kinematical region ii) to the observed cross section
depends on the event selection; in other words, on the method of measurement
of the scattered particles.
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In the case of exclusive event selection, when only the scattered electron is
detected, while the photon that is emitted almost collinearly (i.e., within a small
cone with opening angle 26) around the momentum of the outgoing electron)
goes unnoticed or is not taken into account in the determination of the kinematical
variables, we have (see II8 from [48])

max

z ol o’ } dy2 [1+(1+y2)? =
-t = =P L1 b
y dzdydz wh 0)/ 1+y2[ LT DT,
AVY
s = Xy, Q) (1.2.19)
where
T 596 2 X2 &2 max __ 22—Y(1 —I—C)
L = IH(E) t2nY, oy = V=7 = TYU+4o
zyz(1+ ya) -0 -9)+y) 2 5
Z = ) = y = z(1+ .
b 2~ (-1 +y2) Yo B Qp = Q°2(1+y2)
(1.2.20)

More realistic (from the experimental point of view) is the calorimetric event
selection, when only the sum of the energies of the outgoing electron and photon
can be measured if the photon momentum lies inside the small cone with opening
angle 29(/) along the direction of the final electron. In this case we find

a3 2 Tod 1 2 - S
z i1,cal « Y2 + (1 +y2)
-————— = —P(z,L L-1 3=
y dzrdydz 472 (2, Lo) / (14 y2)3 { Y2 ( )t
A)Y
a? ~ Y 3 1] &
= —P(z,L L-1)(2ln—— = - X 1.2.21
e R {( )< A 2>+2] (1.221)
In the last equation we used the relation
-1 5 (1.2.22)
()T -

which is valid for the calorimetric set-up.
Consider at last the semicollinear region iii). The relevant contribution may
be calculated using the quasireal electron method [49]:

z d3JZLZ a 2a d3]€2 042( 2 ) Hro
_ =5-F Lo)— — =1 I"=B,, ) ;k .
ydrdydz 27 (2, Lo) s / wy Q4 ’ oo (2p1, P2, k1) 87

(1.2.23)
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The quantity B, (2p1,p2, k1) is obtained from equation (1.2.11), where it is
necessary to set m = 0. After some algebraic transformations we obtain

2

Fo(xge, Q%) <M—2xSCG - V{xs,;(z? + (1 =y)HVH(1 —y)(2Q*—s)—

sc

Pl
st

2 (2Q? — t)}) — GF (s, Qﬁc)] L G=22Q —2st+ QL (1.224)

2
sc

V(iz+y—1)—2P ky’

2 =2Q% -5t

Tse = 5=2py-ky, t=—2zp;- ks,

The angular integration in Eq. (1.2.23) is to be performed over the whole phase
space, excepting the small cones along directions of motion of the initial and
scattered electrons that correspond to the kinematic regions i) or ii). The result
(for details see Appendix G) has the form:

t
To

z d*a)) a2 drg 22+ (2 —12)? . 2(1 —¢)
- = — ] P(z,L — 1 by
y dxdydz (27r) (2, Lo) /mg 2(z — x2) . 62 et
x5
14 (1 2 21—
L fdee 4 () 2 - Ve 17| (1.2.25)
T2 14y 0y
Zt - E(xhytaQ?)a

The logarithmic dependences on the infrared regulator A and on the angles 6y,
6} are fully contained in the first two terms on the r.h.s., whereas the quantity
Z represents an integral over the whole photon phase space of a well-behaved
function, and it is free from collinear and infrared singularities. Its explicit
expression is given in Appendix G.

The upper limits of the xo integration in (1.2.25) read

Y(1+¢) 22 —Y(1+c¢)
h=2——— s=2 T 7 1.2.26
Lg z ) ) Lo 1+c ) ( )
and the arguments of X, are
zy(z — x3) z—mpFy—1 2
Ty = ypy=—"—"--—  @Q=0Q(z—m2). (1.2.27)

z—x9+y—1" z— X
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An explicit expression for x,,, which is relevant for the calculation of Z, is given
in Appendix G.

The formulae given above (see Egs. (1.2.7), (1.2.16), (1.2.17), (1.2.19) or
(1.2.21), and (1.2.25)) provide the complete answer for the leading and subleading
contributions up to the second order of perturbation theory. The total sum of
virtual, soft, and hard additional photons emission corrections to the radiative
DIS cross section does not depend on the auxiliary parameter A = Je/e, as it
should be.

1.2.3. Results for Different Experimental Set-Ups. The sum of the contribu-
tions of the leading and next-to-leading corrections at order o, which are given
explicitly in the expressions (1.2.16), (1.2.17), (1.2.19) or (1.2.21), and (1.2.25),
may be written in the form

2 dic (a

2
ydrdydz E) (i +Xf) - (1.2.28)

The first term >; is independent of the experimental selection of the scattered
electron and has the form:

1 1— 16z — 22 4z
Y, = {-12p? Pz, Lo) | ————=— = olmY4+—"")1
{2 0Fe " (2) + P(z, Lo) 21+ 3=2Y =y ) nz

In(l—2)+

1 2(1 2
+ 1n2Y—2Li2(z)+2Li2< +C)— (1+2)

2 14+ 22

uo
1-22 ~ . 2(1—-¢) du 5
—1 X+ Pz, Lg) X In —— —(1 1-—
+ 2(1+22)nz} + P(z,Lp) X In 7 /u( +(1—u)*)x
0
by 1d
t u 2
w [ —=t— 1) = [+ -w?)| + Pz L) Z, 1.2.29
<(1_u)2 )/u< (1 —w?)| +P(L0) 2 (1229
uo
u = @, uO:x—g,
z z

where Z is given in Appendix G and the remaining notations are as above (see
(1.2.17), (1.2.24), and (1.2.26)).

The second term in (1.2.28), denoted Xy, however, does explicitly depend
on the event selection. It corresponds to the emission of a hard photon by the
scattered electron. In the exclusive set-up, when only the scattered bare electron
is measured, while the photon that is emitted close to the final electron’s direction
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is ignored, this contribution reads

z5/Y
Sp =5 '= P(z, L) / dys (T(L +InY-1)+y T — X
0
A A 3
x© (yg — ?) + (Lo +InY — 1)d(y2) (21n? + 5) Y. (1.2.30)

In this case the parameter 6y, that separated the kinematic regions ii) and iii),
only plays the role of an auxiliary one; it has already cancelled in the above
expression for the cross section.

As we will see below, this situation is quite different for the experimentally
more realistic, calorimetric set-up, when the detector cannot distinguish between
events with a bare electron and events when the electron is accompanied by a hard
photon emitted within a small cone with opening angle 29(/) around the direction
of the scattered electron. For this case we obtain

OOdy (1+y2)?
Y=y = Pz L e im /—
f f (Z 0) 2 2 1+y2
0
> (Z @( max_yQ) _ i) . (1231)
(1 +y2)?

For the calorimetric event selection the parameter 95 is a physical one and the
final result therefore does depend on it. However, the mass singularity that is
connected with the emission of the photon off the scattered electron is cancelled
in accordance with the Kinoshita—Lee—Nauenberg theorem [50].

Note that the case of a coarse detector for the scattered electron, i.e., 96 ~
~ O(1), agrees at the level of leading logarithms with the result of paper [51],
that was obtained in the approximation of absence of emission along the scattered
electron. Our result disagrees with the result of Bardin et al. [42] on the radiative
corrections, as they neglected the interference of the emission of two photons;
see [51] for a detailed discussion.

We note in conclusion that the set of Feynman diagrams considered here is
gauge invariant and model independent but not complete. We have neglected the
contributions with two virtual photons exchanged between electron and the target
that appear at the same order of perturbation theory, as well as the interference
with the contributions when the second photon is emitted by the hadronic side.
However, the description of this part is definitely model dependent. The details
and the numerical estimates may be found in [52].
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1.3. Compton Tensor with Heavy Photon in the Case of Longitudinally
Polarized Fermion. Here we shall restrict our consideration to the part of the
Compton tensor, which contains the degree
of polarization of the initial electron [53].
Our aim is to calculate soft and virtual QED
radiative corrections to the tensor. The cor-
rections are important for modern precise
v q experiments in DIS. Possible applications

of our results will be considered in Con-

Fig. 1. The Born-level Feynman dia- clusions.

e Y e p; k, 2

grams Let us consider the process (see Fig. 1)
7 (q) + e(p1) — (k1) + e(p2), (1.3.1)
q2<07 k%zoa p%:p%:mQa p1+q:p2+k17

where m is the electron mass.
The Compton tensor is defined as

Kpo = (8ma) XM 7€ (M 77)*, (13.2)
Here the matrix element M describes the Compton scattering process (1.3.1),

M, = Moy + My = u(p2)Opulpr)e” (1),

0 L Y Ha 0 P2—q+m Pr+d4d+m
Opu = O} + -0, O =9 =——— W+ =
4 t s
S = 2p2k1, t= —2p1k1. (133)

Quantities Og,l) and OS} take into account the lowest and the first orders of
perturbation theory, respectively. Here and in what follows, we use the following
notation for scalar products of 4-vectors:

a = yuat, ab = a,b" = a’b’ — ab,

and the polarization vector of the real photon is e (k).

1.3.1. Radiative Corrections. Calculating the first order correction, we as-
sume that all kinematical invariants of the process are large in comparison with
the electron mass square:

S~ —t~—un~—g>>m?, u = —2p1pa, P =s+t+u (134

So, we will neglect the electron mass in all places, where it is possible. Note that
for the unpolarized case in [33] the mass was taken into account.
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The Compton tensor, defined in (1.3.2), is hermitian:
Kys :K;p. (1.3.5)

We shall separate the contributions, associated with the electron polarization:

— 0 @ 1 1
K, = KPU+E<KPU+K0/)>’ (1.3.6)
K;?a = BPU+£P;())U7 K;a:Tpa"_gPplga

where £ is the degree of the initial electron polarization. Quantities B,, and T},
correspond to the case of unpolarized electron,

B,; = Bygps + B11p1pP1o + B22p2ppao, (1.3.7)
B, = Ll(s4u)?+t+u?]—2m2?(~ 41
g st 52 t2)’
4¢%>  8m? 4¢%>  8m?
By, - -~ _°om' g O SmT
t st 527 22 st t2

The new variables

- qpd ~ P1,29
Joo = Yoo — %7 Prp =05, — ?qp (1.3.8)

provide the explicit fulfillment of gauge conditions: q,K"7 = 0, ¢, K*? = 0.
Quantity T, has a rather cumbersome form, it is given in [33].
For the case of the most general form of the electron polarization vector

u(p)a(p) = (p1 + m)(1 — &ysa) (1.3.9)

one obtains (see also [11,12])

qa — 2paa ga poa (1 1
P’ = 4 e qa - paf 2
po m{(plqu) st + (pQng) |: 2 + n <S t>:| +
2
q 1 1 of 1 1
—_————— = — + = 1.3.10
+ (qapa)[st ST pm (82+t2 ; ( )
where we used the notation
(abed) = ie(ygvgaabﬁcvd‘s. (1.3.11)

The above object obeys the Shouten identity:

(abed)ef = (fbed)ae + (afed)be + (abfd)ce + (abef)de. (1.3.12)
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In this part we shall consider only the case of longitudinally polarized
fermion:

u(p1)u(p1) = p1(1 — &vs). (1.3.13)

This is the most interesting case for physical applications. In the Born approxi-
mation we obtain

o
Py = 5[P,§{,+EP,}U], (1.3.14)
2
Py = BB = 2| 0map) + (a-t 9)pap0)|.

Here and below the upper indices ¢ and s denote the contributions of Feynman
diagrams with real photon emission from the initial and final electron lines,
respectively. Using the explicit expressions for ngvs, it is easy to check the
following relations:

U Py = 1:Ppy =0, (Pop')" = P3', Pprta, =0, Pyllq, #0, (1.3.15)

T
P;?;' =5 4(p1p2qo)(p1p + p2p) +
+2a—$@mww+2@+mwmmﬂ,
1T (1.3.16)
Py = p —4(p1p2qo) (p1p + p2p) +

+2(s — t)(p1p2po) +2(s + t)(plqpa)} :

Note now, that we may consider only a half of the full set of eight one-
loop Feynman diagrams. Namely, we take the ¢-type diagrams with real photon
emission from the initial electron line (Fig. 2). To get the first order correction,
we multiply the amplitudes of the one-loop graphs by the Born ones. The whole
contribution (including the impact of the rest four one-loop diagrams) can be

obtained, using the rearrangement (H) and hermitization (H) operators:

Pl = (14 H)(1 - P)(P** 4 P' + P'?),, + Poft (1.3.17)

po po

where the operators are defined as follows:

PF(anaplaanQ757t) = F(p7 va2ap1a_(bt75)7 ﬁa/}a = a:—p- (1318)
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v ky f ky
€ ¢ p P, Pi k Py Py y2)
v* q
(a) (b) (o) (d)

Fig. 2. One-loop virtual Feynman diagrams with photon emission by the initial electron

Note, that PPt — — POs The Jast term in Eq.(1.3.17) describes the contribu-

po po
tion, coming from emission of an additional soft photon [33]:

Plic;ft P/?a gsoft (1.3.19)
6soft__47r_a/d3_k p_l_p_Q 2:
1673 ) w \pik pok
« mQ(Ae)Q €1 7T
=2 |(Ly —1)In =L —LQ——I P -+ Lig(1
7r (Lu = 1)In Ne1eg +2 g2 3 - 12( +45162) ,
/ d
L, :ln;27 L12 /_x 1—2:]))
m x
0

Here Ac is the maximal energy of soft photon; quantities €15 = p(l)’Q are the
energies of the initial and the final electrons in the laboratory reference frame (in
the rest reference frame of the target).

Considering the matrix elements of the Feynman graphs Fig. 2,a,b, we get

(M2 + MY)(~i(dam)?) ™ = =“a(p2)ys [le <6 2 > + N2/A€1@}“(P1),

o2 pik1
Ny= 1 L g (1.3.20)
T2t 4+ m?) t+m2 ] o
1 2% + 3m?t + 2m* m? t 2
Ny = - Li+—|—Liy (1+ — | + —|.
27 20t +m2) i+ m2E TR { 12< +m2> i 6}

One can see that only the structure in front of coefficient Ny survives in the limit
m — 0. Really, the trace of the product of Dirac matrices, associated with N7,
has an odd number of matrices and gives an extra power of the mass. We would
like to note that in the case of photon emission at small angles (which is not
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under consideration now) the situation with the limit m — 0 is more subtle and
requires a special investigation (see [54], for instance).
After a simple algebraic transformation we get

2L, — 1
Pyt =2 ;t [2(p1p2q0)p2, + (u+ 5)((p2gpo) — (p1p2po))].  (1.3.21)

The remaining contributions (see Fig.2,c,d) are

e Lopd% o1 1
Py=- 7 LA (P2 = k)70 (P2 — 4= k) 1A (B2 = @)1uD1v5 0 }

t ir2 a0y
(1.3.22)
and
P[4 L L (oo (o R(r— Ba5rn500 )
po = | T2 a0arazay 4 P2Yx (P2 Yo P2—¢ YulP1 P15V 5
(1.3.23)
where
ap = k?—)\2, a1 = k* — 2pik,
as = k?—2pok, ag = (p2 — q — k)? —m?. (1.3.24)

The matrix Ogu differs from Ogu (see Eq. (1.3.3)) by the reversal order of
gamma matrices. Using the Table of integrals given in [53], one can perform the
integration over the loop momentum in the right-hand sides of the expressions
for P¢, P and obtain the total expression for the Compton tensor. Its explicit
form is given below.

Now we concentrate on the terms, which contain infrared singularities. There
are three sources of them. The first one is the renormalization constant

1 A A2
Zi=1- 2 (il om 21 2) Liemd (1.3.25)
27\ 2 m 4 m?2

which is required to remove the ultraviolet divergence of the vertex function,
appearing in P¢. The next source is a part of the box contribution P'?, which
comes from scalar loop integrals. Really, for the Feynman diagram Fig.2.d the
infrared terms are associated with the integral

d*k 1

I= T =
14 apa1a2a4
1 m 9 7.(.2 ) qg
2
—q —t
Lq =1In 9 Lt =1In m
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The third source is the emission of additional soft photons, which was considered
above. The infrared singularities are cancelled out in the total sum.
Let us consider the contribution from one-loop corrections

P! = (P%b 4 pley pld) . (1.3.27)

po

Extracting the leading logarithmic terms and infrared singularities, we can present
it as follows:

Pl =P [—LZ —4(Ly — 1) ln% + SLU] + R),. (1.3.28)

po

After the hermitization and rearrangement operations, and adding the soft
photon contribution, we come to the result

a (Ae)? 3 1. 562
P,=P° {1+ =|(L,—1)ln— +>L,—=-1In? = —
P pa{ + 7T|:( )Il £1€2 * 2 2 n €1

2

T ) 0 Q@
-3+ Lis(cos? 5)} } + - Bpor (1329)

Quantities RZU and R, collect nonleading terms. They are free from infrared
singularities.

Tensor Rfm can be presented in the form

R, = A(2qop) + B(1qop) + C(12q0)p1, + D(12q0)ps, +
+ E(12q0)q, + F(120p). (1.3.30)

The coefficients A — F' have a rather cumbersome form, we do not present them
here. Note only that they obey the condition

Cp1q + Dpag + Eq® — F =0, (1.3.31)

because of gauge invariance in respect to index p.
The rearrangement operation gives
(1-P)R,, = (A+B)(2q0p)+ (B+A)(lgop) + (C — D)(1240)p1, +
+ (D - C)(12q0)p2, + (E + E)(12q0)q, + (F + F)(120p) =
Ai(1gop) + A2(2q0p) + B1(12q0)p1p + B2(12q0)p2, +
+ Ci(12g90)q, + Fi1(120p). (1.3.32)

Tests of the gauge invariance is an important check of our calculations:

¢"(1— P)R,y = B1(1290)p1q+ B2(12q0)p2q+ C1(1290)¢* + F1(1204) = 0,

¢°(1 = P)R,, = Fi(12gp) = 0. (1.3.33)
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These conditions yield

F=0 C=-BAl_pR2I
q 7

Bip1y + Bapa, + C1q, = B1p1p + Bapop , (1.3.34)

S P1q ~ Pp29g
P1p = P1p — ?q/)v DP2p = P2p — (]_qu .

We checked these relations by straightforward calculations.
The last step is the hermitization, which gives

Rp(r = (1 +I;[)( )Rf)a -
= (A + A7) (Lgop) + (A2 + A3)(2q0p) +
+  (12q0)[Bipry + Bapp] — (124p)[Bipro + Bipao), (13.35)

where
2 [2u(2s —u 4us (u ub  2u® + us —s?
Al = - |:¥Lqu + — (_Lqu - ) + — 71&9(1 +
st a c
usb uc ub ~
+ ?qu—2cC(2)—20Lm+(2s - C)Lqu—?G—l— - +c|G+5c—2s]|,
2 [8u u 6t 2(u? — 2s% — su)
B = Z|=(1-(-+1)L ol LY §
! st[a( (a+) qu>+b at cu st
4¢* 12 4s?
1 —(2¢ = s) Ly, —_2 - L.,
i ( T ) ¢ =)L ( st t ut ) au
4b? 2 2t 2b 2b2
+ L+ (242 Da 4 G+6),
tu 52 s 2
72 . q2 . t
G = (Ly—Lu)(Lg+ Ly —2L1) = 5 = 2Lia 1= = | + 2Ly 1—q—2 ,
Ay = (s t)A;, By=—(s—t)B;, G=(s<1)0G. (1.3.36)

Note, that the above expressions are free from kinematical singularities. Really,
in the limits ¢ — 0, b — 0, and ¢ — 0 the quantities are finite. The symmetry
between A;, By and A,, Bs takes place due to the initial symmetry between p;
and p- in the traces.

1.3.2. Conclusions. Thus we calculated the part of the leptonic tensor, pro-
portional to the degree of the initial longitudinal polarization. This tensor de-
scribes Compton scattering with one off-shell photon, which is related to a certain
target. The main results of the paper are presented by Eqgs.(1.3.29),(1.3.35).
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The calculation allows one to obtain corrections, coming from one-loop ef-
fects, to quantities observable in different polarization experiments. Let us con-
sider for definiteness the task of calculation of «? order radiative correction in
polarized deep inelastic scattering. The results for the lowest order QED correc-
tion for nucleon and nuclear targets can be found in Refs. 11, 12. Both the Born
cross section (oporn) and the cross section at the level of radiative corrections
(orc) can be split into unpolarized and polarized parts:

__ _unp pol
OBorn,RC = Oporn rC T+ $6&tTBom RC 5 (1.3.37)

where &, and &; are polarization degrees of the beam and target. The correction
to asymmetry (A = gP°!/g"nP)

pol _unp unp _pol
AA = 9RC%Born — 9RC 9Born 1.3.38
- unp unp unp ( . )
UBOFD(UBOTII + ORrC )

is usually not large because of mutual cancellation of large factorizing terms. It
is clear, that when a relatively small correction is obtained as a difference of two
large terms, the radiatively corrected cross section has to be calculated with the
most possible accuracy, and a special attention has to be paid to nonfactorizing
terms like (1.3.36). The kinematical regions with very high y (y ~ 0.9) can
be reachable in the current polarization experiments in DIS [55,56]. In this
region radiative corrections to the cross section are comparable with the Born
cross section. Basically, it comes from the contributions of radiative tails from
elastic and quasielastic peaks. This calculation firstly allows one to obtain the
contribution of these tails with taking into account loop effects in the next-to-
leading approximation.

Strictly speaking, the total QED correction ~ a2 to spin asymmetry
Eq.(1.3.38) includes also contributions of double bremsstrahlung, lepton pair pro-
duction and two-loop virtual corrections. The latter does not change kinematics
of the general process, it can be easily derived using the results of Ref.57. The
leading contribution of two-loop corrections is factorized in front of the Born
cross section, and it is exactly cancelled in the numerator of (1.3.38). Contrary,
the radiative process has a different kinematics; and it is of particular interest in
experiments. So, the elastic and quasielastic radiative tails, which have relatively
large cross section, provide an important correction to polarized and unpolarized
DIS. The contributions of double bremsstrahlung and lepton pair production can
be calculated using analytical or Monte Carlo approach. We note that there are no
infrared divergences in the case of correction to elastic and quasielastic radiative
tails, so the integral over two photon phase space can be calculated straightfor-
wardly (using Monte Carlo methods, for example). The corresponding corrections
will be considered elsewhere.
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Now new methods of experimental data processing, when experimental in-
formation about spin observables is extracted directly from polarized parts of
cross sections (difference of observed cross sections with opposite spin configu-
rations) [58], are actively developing. It makes new requirements for an accuracy
of radiative correction calculations. We note that there is no any cancellation of
leading contributions in this case, and factorizing terms in (1.3.28) give the basic
contribution.

From the other hand, our result can be used as a contribution to the first order
radiative correction to radiative polarized DIS, when radiated photon is tagged in
calorimeter. Radiative events cover a much wider region of kinematical variables,
so the detection of hard photons, for example, in deep inelastic scattering can
provide additional physical information [41,59] about structure functions in the
region unreachable in current experiments. Note that radiative events are used
also for luminosity measurements in experiments at HERA.

There is one particular phenomenon. Note, that P,E;) contains not only the
imaginary part, but also a certain real part, which comes from the imaginary parts
of A; and B;. The multiplication of this real part of Pp(;) with the ordinary
symmetrical part of the hadronic tensor will give rise to a one-spin azimuthal
asymmetry for the final electron [60]. The asymmetry is proportional to the
degree of polarization of the initial electron. It is small (few percent) because of
the extra power of aqgrp and the absence of large logarithms.

Here we considered the typical kinematical case when the photon can be
resolved. The kinematical situation when photon is emitted close to initial or the
scattered electron directions was considered in paper [61].

1.4. Hadronic Cross Sections in Electron-Positron Annihilation with Tag-
ged Photon. Let us consider now the cross channel to DIS with hard photon
tagging process — the initial state radiation of hard photon in the single virtual
photon high-energy ete~-pair annihilation into hadrons [62].

1.4.1. Introduction. Experiments with tagged photons, radiated from the
initial state in electron—proton and electron—positron collisions, can become par-
ticularly attractive. The reason is that these radiative processes will permit one
to extract information about the final states at continuously varying values of the
collision energy. To investigate deep inelastic scattering the authors of Ref.41
suggested to use radiative events instead of running colliders at reduced beam
energies. The method takes advantage of a photon detector (PD) placed in the
very forward direction, as seen from the incoming electron beam. The effective
beam energy, for each radiative event, is determined by the energy of the hard
photon observed in PD. In fact, radiative events were already used to measure the
structure function F» down to Q2 > 1.5 GeV? [36,63]. The specific theoretical
work concerns the evaluation of QED radiative corrections (see Secs. 1,2) to the
radiative Born cross section. With an accurate determination of the cross sections
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and of the possible sources of background we believe that the use of radiative
events may become particularly useful to carry investigations at various present
and future machines.

The important role of the initial state radiation in the process of electron—
positron annihilation was underlined in a series of papers by V.N. Baier and
V.A. Khoze [64], where the radiative process was studied in detail in the Born
approximation. In these papers the mechanism of returning to a resonant region
was discovered. This mechanism consists in the preferable emission of photons
from the initial particles, which provides a resonant kinematics of a subprocess.
A utilization of radiative events can become a common type of investigations at
various machines.

In this part we derive explicit formulae for the spectrum of tagged photons.
The calculations are performed having an accuracy of the per-mille order as
an aim. Formulae can be used at electron—positron colliders to investigate, for
instance, hadronic final states at intermediate energies. A measurement of the
total hadronic cross section at low energies is essential for high precision test of
the Standard Model particularly for a precise determination of the fine structure
constant aqrp(Mz) and of the muon anomalous magnetic moment (g — 2),,.
The largest contribution to the errors for these quantities comes from the large
indetermination still present on the measurement of the total hadronic cross section
in electron—positron annihilation at the centre-of-mass energies of a few GeV. We
will consider here the radiatively corrected cross section for the electron—positron
annihilation process

e (pm) + et(p2) — (k) + H(g), k=(1-2)p1, (1.4.1)

where H is a generic hadronic state. The hard photon hitting the photon detector
has a momentum k£ and an energy fraction 1—z with respect to the beam energy. In
the following we assume that the photon detector is placed along the electron beam
direction, and has an opening angle 26y < 1, such that 626% > m2, with m the
electron mass, and ¢ the beam energy. To evaluate the process with an accuracy
of the per mille requires a careful investigation of the radiative corrections. This
part is organized as follows. In Section 1.4.2 we consider the cross section of
the process (1.4.1) in the Born approximation. We give formulae suitable to
study as differential distributions in hadronic channels, as well as the total (in
terms of quantity R) and inclusive (in terms of hadron fragmentation functions)
hadronic cross sections. In Sec. 1.4.3 we calculate separate contributions into
radiatively corrected cross section of process (1.4.1) within the next-to—leading
accuracy. In Sec. 1.4.3.1 the contribution due to virtual and soft photon emission
is investigated. In Sec. 1.4.3.2 the case, when additional hard photon hits a
photon detector is considered. In Sec. 1.4.3.3 the contribution due to hard photon
emission, which does not hit a photon detector, is derived. In Sec. 1.4.4 we sum
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up all the contributions and give the final result. In Conclusion we summarize
the results and give some numerical illustrations.

1.4.2. The Born Approximation. In order to obtain the Born approximation
for the cross section of the process (1.4.1), when the PD is placed in front of
electron (positron) beam, we can use the quasireal electron method [49]. It gives

do—(kvplvp2) = del (k)O'o(pl - k7p2)7 (142)

where dW), (k) is the probability to radiate photon with energy fraction 1 — z
inside a narrow cone with the polar angle not exceeding 6y < 1 around the
incoming electron, and doy is the differential cross section for the radiationless
process of electron—positron annihilation into hadrons at the reduced electron
beam energy. The form of both, dW,, (k) and oo (p1 — k, p2) is well known:

1+ 22 2z
LO_ )
1—2z 1—=2

«
dWp, (k) = %P1(Z,Lo)d2, Pi(z,Lo) =

292
Loy=In—2, (1.4.3)
m
We need further the general form of the lowest order cross section og for the

process et (z1p2) + e~ (2p1) — hadrons boosted along the beam axis (p,):

ez = ot [T, T =t e
q2~ 2~ ~ 4 d3f1'
Lpo = “50p0 +22° P10, dU(q) = (27) ‘“‘“ZWHW’
q = zpi+2p2, ¢ =saz,
Goo = Gpo — % By = pip — %qp, (1.4.5)

where ¢ is the full 4-momentum of final hadrons, g; is 4-momentum of an
individual hadron, s = 2p;py = 4e? is the full centre-of-mass energy squared,
and H,, is the hadronic tensor. The vacuum polarization operator II(¢?) of
the virtual photon with momentum ¢ is a known function [65] and will not be
specified here.

The tensors H,, and L,, obey the current conservation conditions once
saturated with the 4-vector g. The differential cross section with respect to the
tagged photon energy fraction z can be obtained by performing the integration on
the hadrons phase space. It takes the form

do «
P %H(Z’Lo) o0(z,1). (1.4.6)
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Each hadronic state is described by its own hadronic tensor. The cross section
in Egs. (1.4.2) and (1.4.4) is suitable for different uses and, as mentioned above,
it can be used to check different theoretical predictions.

The sum of the contributions of all hadronic channels by means of the relation

> / Hpodl = f4(¢*)dpo » (1.4.7)
h

can be expressed in terms of the ratio of the total cross section for annihilation
into hadrons and muons R = ¢, /0,,. For the u"p~ final state we get

2 2m? 4m?
— q_ 2 2y — i _ w
fu=g K@), K@) (1+ Z ) -5
and so,
QR 2
fn(q®) = wK(qQ). (1.4.8)

61

Substituting this expression into the right-hand side of Eqgs. (1.4.2) and (1.4.4)
results in the replacement o (z, z1) = R(¢?)4ma®K (¢?)/(3¢?).

In experiments of semiinclusive type one fixes an hadron with 3-momentum
q,, energy 1 and mass M in every event and sum over all the rest. In this case
instead of Eq. (1.4.7) we will have (similarly to the Deep Inelastic Scattering
(DIS) case [51,52,66]):

d3
S [ Hiar = 5.
- 2e1(27)
2

4 q
(1) _ 2\~ = 2\~ ~ _
Hpo’ - Fl(nvq )gpo' q2F2(77aq )(Ilpq1pv n= 2(](]1 > ]-a (149)

where we have introduced two dimentionless functions F(n,¢?) and Fs(n, ¢?)
in a way similar to the DIS case.

By introducing the dimentionless variable A = 2qq1/(2zp1q1), we can write
the corresponding cross section for radiative events in e™e™ annihilation in the
same form as in the case of deep inelastic scattering with a tagged photon [51,
52,66]:

do a?(®) « o 1 d3q1

2o B 2Pz Lo)Sp A R —s — 2

dz o1 o1 1(27 0) (777 aQ)(qg)Q o )

2 2 2F2(77aq2) M? 242
LmAg) = Fl(naQ)‘f'W A=1=—n’X ). (1410)
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1.4.3. Radiative Corrections. For the radiative corrections (RC) to the cross
section (1.4.6) we will restrict ourselves only to terms containing second and first
powers of large logarithms L, and omit terms which don’t contain them, i.e., we
will keep leading and next-to-leading logarithmic contributions. We will consider
in Section 3.1 the contribution from one-loop virtual photon as well as from the
emission of soft real ones. In 3.2 we will discuss the double hard photon emission
process.

14.3.1. Corrections Due to Virtual and Real Soft Photons.
The interference of Born and one—loop contributions to the amplitude of the
initial state radiation in annihilation of e™e™ into hadrons can be obtained from
the analogous quantity of hard photon emission in electron—proton scattering [51,
52,66]. We do that by using the crossing transformation. For the contribution
coming from the emission of real soft photons a straightforward calculation gives:

doS « mAe 1 2

— = —|2(Ls—1)1 il

il S v L R N |
S 4

Ls=1In— = Lo+ Ly, Ly =1In 72 (1.4.11)
m

where A is the photon mass, Ae is the energy carried by the soft photon. The
sum of the two contributions is free from infrared singularities. It reads

8m2a? o H,s(q)dl(q) o d*k
V+s _ il P R
do - S|1 _ H(q2)|2 T [pBPO'(Q) + APC’(Q)] (qg)g 471'2 w ’

(1.4.12)

where

2 A
p:4(L5—1)1nA+3Lq—”——g, Ly=Ls+Inz, A:?E<<1,

3
(1.4.13)

where k and w are the 3-momentum and the energy of the hard photon respec-
tively. The tensors A,, and B,, have a rather involved form. The first can
be obtained from the corresponding expressions of Refs. 13,33. The tensor B,
coincides with the one of the Born approximation. In the kinematical region
where the hard photon is emitted close to the initial electron direction of motion
one has

2
>Lm(q}, Apo = ?Anga(q% q = zp1 + pe,

(1.4.14)

2 1+ 22 2m?z
Bpo = 1-2) 2
2z \yi( z) Y1
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where tensor L, is given in Eq. (1.4.4), y; = 2kp;, and quantity A, reads

4zsm? 1+ 22
Ay =0 lenz+i[ oL,z —1In 2 + 2Lis(1 — 2)+
Y1 yill-2

Y1 1+2z— 22 ) /1 In(1—tz)
2ln =1 —_ L =— dt————=. (1.4.15
+2In -5 Inz) + 21 —2) |’ i>(2) | ; ( )

Further integration over the hard photon phase space can be performed within the
logarithmic accuracy by using the integrals

&k [1 m? In(y;/m?) 1 1
T o T | T _L07 a1 N
2rko (Y1 i ”n 2777 2(1—2)

The final expression for the Born cross section corrected for the emission of soft
and virtual photons has the form

1 1
, ZL% + §L0 In(1-— z)} dz.

doB+V+s a a\?
O =) Pl L)+ (5 ) (PG L)+ )|
1 2 2 92
N=— ltz [(LO +Inz)lnz— % + 2Li2(z)] Lo —2Pi(z,Lg)In ZO+
142z — 22 4z
— L ——Lolnz. 1.4.16
Ty ot s (1.4.16)

1.43.2. Two Hard Photons Tagged by the Detector. If an
additional hard photon emitted by the initial-state electron hits the PD, we can-
not use the quasireal electron method and have to calculate the corresponding
contribution starting from Feynman diagrams.

We can use double hard photon spectra as given in Ref. 67 for annihilation
diagrams only and write the cross section under consideration as follows

1—z—

H 2 A
E _Jo(z,l)<%> Lo / d?x{gLO'F(ZQ-i-(l—x)él)X
A

(1-2)?(1—2—x)

x In tzr(l—z—x)—2*(1—z—2)*—27(1—2)|,

E=z2(1-2)Q—-2z—-2), y=1+1—-2)? 7=224+1-2)°% (14.17)
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Here the variable = under the integral sign is the energy fraction of one hard
photon. The quantity 1 — z — x is the energy fraction of the second hard photon
provided that their total energy fraction equals 1 — z. We write the index cl in
the left-hand side of Eq. (1.4.3) to emphasize that this contribution arises from
the collinear kinematics, when the additional hard photon is emitted along the
initial electron with 4-momentum p;.

The integration in the right-hand side of Eq. (1.4.3) leads to the result

dofl aN’Lo [ | 14 22 3
5 = 00(2,1)<27T> 5 Py (z)+21_ Inz 5 2InA ) [Lo+
+ 6(1—z)+3+221n22—4(1+z)21n1_z (1.4.18)
1—=2 1—2 A [’ o

where the quantity Pg) (z) represents the so-called © term of the second-order
electron structure function:

21+22
1—2

PP (z) =

)2
(m(l zZ) +g)+(1+z)lnz—2(1—z). (1.4.19)

1.4.3.3. Additional Hard Photon Emitted Outside PD. If an
additional hard photon, emitted from the initial state, does not hit the PD situated
in the direction of motion of the initial electron we distinguish the case when it
is emitted in the direction close, within a small cone with angle ' < 1, to the
direction of the initial positron. In this case we obtain:

dol  « 1=9/= ¢
2~ 2Pz L L Pl —2,L)o0o(z,1 —a)d 1.4.20
T2 LRGL) [ ROl -adn (1420

where L' = Ly + In(0'?/%), 6 = M?/s, and M? is the minimal hadron mass
squared. We suppose that z ~ 1.

We have introduced the additional auxiliary parameter #’ < 1 which, together
with 6y, separates collinear and semicollinear kinematics of the second hard
photon. Contrary to 6y, which is supposed to determine the PD acceptance, 6’
will disappear in the sum of the collinear and semicollinear contributions of the



QED EFFECTS OF HIGHER ORDERS IN DIS 527

second photon. This last kinematical region gives

doft a2 d*k;  16m%a?
B%c — (LN Pz Ly [ S8 D27 Y 1
dz (277) 1z 0)/ 21w3 (1 — ¢2)22 (e,2,2),
H o (g2)dI'(g2) {5 2 2 2
T(c,z,x) = / P —((z —x2)* + 2°(1 — 1)) gpo +
(€:2,2) s(¢3)?|1 — I1(g3)? =z =) (=1 g

+ 2(2(1 = z1) — 22)(2*p1pP1o +p2ppza)] :

T T
T = 5(1—0), x2:§(1+c),
qQ = zp1+p2— ki, c=cosk/151. (1.4.21)

The phase volume of the second photon is parametrized as:

5 & or 1-65/2
d°k d d 2(z—0
/ : :/—x/—d) / de, i-——2G"0 (14
27w x ) 2w 1+z+¢e(l—2)
A 0 —1462/2

Explicitly extracting the angular singularities we represent this expression as

z—0
dolf o\’ 4 dz 22 + (2 — 1)?
Dse — (L) pi(z, Lo) |2, I [ EETEZLS
’ (%) (- 0)[ wl) gy [LEEED
A
1-6/z
4 dz 9
Xao(z—x,l)—f—lnw ?(1+(1—x) Joo(z,1—2)], (1.4.23)
A
1 @
5. - 8w22a2/dc/d_a: [T(c,z,x)—T(l,z,a:) +T(c,z,1:)—T(—1,z,a:)].
z T 1-c 1+4+c¢
1 A

1444 Complete QED Correction and Leading Logarithmic
Approximation. The final result in the order O(«) for radiative corrections
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to radiative events can be written as follows:

do « « a)?

_ = — = — ]_ B

e 27Tpl(z,Lo)Uo(z,1)(1—1—7’) 27TP1(z,L0)00(z, )+ <27T> X
1-6/=

X {LO (%LOP@)(z) + G) oo(z,1) + Pi(z, Lo) l / Ci1(z)oo(z,1 — x)dx +
0

z—0

+Lg / Ca(z,2)o0(z — x,1)dz + X }, (1.4.24)
0
where the last term is defined by Eq. (1.4.3) and
3
Ci(x) = P(1—2,L)O(x—A)+(L;—1)(2InA 4+ 5)5(3:),
2 2
— 3
Cy(z,z) = %@@ —A)+ 2IA+ 5 —2In2)(a),
2
1
G(z) — 11+ =3Iz — 2Lig(2) + 5(1+ 2) I » -
-z
2(1+ 2)?2 1—-162—22 4zlnz
- — - . 1.4.25
1=, In(1-2)+ 0 —2) t1, ( )

In order to include the higher order leading corrections to the tagged photon
differential cross section and to show the agreement of our calculation with
the well-known Drell-Yan representation for the total hadronic cross section at
electron—positron annihilation [31]

1

1
o(s) = /dxl dzo D(21, cesr) D(x2, ot )o(21225), (1.4.26)
(S 6/1’1

where the electron structure functions include both nonsinglet and singlet parts
D(21, Qot) = DV (x, ctert) + D (1, ), (1.4.27)

it is convenient to introduce the quantity

1 1
E:D(z,deﬁ)/dxl / dzo D(z1, Qesr) D(22, Ger)oo (221, 2).  (1.4.28)
6/z 0/zx1
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Note that the shifted cross section in Eq. (1.4.26) has just the same meaning as
in Eq. (1.4.4): o(x1228) = 0o(x1,22).
The structure functions [68,69] entering RHS of Eq. (1.4.27) are

<O‘e“> PE"(2), (1.4.29)

=1
DN (2, 0e) = 0(1—2) + > "
n=1 "

2 3
D5 (2, ) = %(‘;—:) R(x) + % @:) [2131 © R(z) - %R(m)},

21

(1.4.30)
where
. 1+ 22 3
Pi(z) = ilgo{1_$@(1—A—x)+(§+21nA)5(1—x)},
1—
R(z) = 2(1+m)1nx+3—xx(4+7x+4x2),
1

®n x\ dt

Pl = P1($)®®P1(J)), P1($)®P1(J))= Pl(t)Pl ? ?,

n z

and the effective electromagnetic couplings in the RHS of Eq. (1.4.28) are

—37rIn <1 - iL()),
3m

_ 1—5L,

Qeff = —37ln 1_77‘—-[/0 5

boip = —37r1n<1—3L5>. (1.431)
3T

Qloft

ol

w

At fixed values of z (z < 1) the quantity 3 defines the leading logarithmic
contributions into differential cross section for the events with tagged particles.
That corresponds to only © terms in the expansion of the structure function
D(z,aer) before the integral sign in Eq. (1.4.28). If we consider photonic
corrections (as do in the previous sections), it is needed to restrict ourselves to
the nonsinglet part of the electron structure functions and with the first order
terms in the expansion of all effective couplings, namely:

Qoff — aLg, Qeg — aLg, g — als. (1.4.32)
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It is easy to see that in this case the leading contribution into differential cross
section (1.4.3) can be obtained as an expansion of the quantity ¥(z < 1) by the
powers of a, keeping the terms of the order a? in the production of D functions.

If we want to include the contribution due to ete™-pair (real and virtual)
production it is required [70] to use both nonsinglet and singlet structure functions
and effective couplings defined by Eq. (1.4.31). Note that the insertion into
consideration of higher order corrections rises additional questions about concrete
experimental conditions concerning registration of events with e*e™ pairs.

The total hadronic cross section in eTe™ annihilation can be obtained by
integration of quantity ¥ over z

1 1 1
o(s) = /dz D(z,Qer) | day / dxe D(x1, Qo) D (T2, ot ) (211125).
5 6/z 6/zx1
(1.4.33)

We can integrate the expression in the right side of Eq. (1.4.33) over the variable
z provided the quantity zx; = y is fixed

1 1 1 1
/dz D(z, Qesr) /dxl D(z1, Qer) = /dz/dy D(z, Qo) X
) 8/z 4 Y

XD<Q, aef‘f) = /dy D(ya Qeff + aeff); Qeff + aefT = OA‘efT~ (1434)
z

Using this result and definition of &.g we indicate the equivalence of the Drell—
Yan form of the total cross section as given by Eq. (1.4.26) and the representation
of the cross section by Eq. (1.4.33).

Let us show now that D functions in expression for the quantity ¥ have
effective couplings as given by Eq. (1.4.31). By definition the nonsinglet electron
structure function satisfies the equation [71]

S

1
B 1 dsy dz T S
D(z,s,s0) =6(1 —z) + 277/ . a(s1) . D(z)D(Z, 80)’ (1.4.35)
S0 xr

where a(s1) is the electromagnetic running coupling

—1
a(s1) —a(l - i111‘(5—12) ,

3T m
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and so(s) is the minimal (maximal) virtuality of the particle, which radiates
photons and eTe™ pairs.

The structure function D(z, @) describes the photon emission and pair pro-
duction inside narrow cone along the electron beam direction. In this kinematics
sp = m?, s = £203. The corresponding iterative solution of Eq. (1.4.35) has the
form (1.4.29) with aeg = @eg. The structure function D(z1, degt) describes the
events, when emitted (by the electron) particles escape this narrow cone. In this
case s9 = €203, s = 4e2. The corresponding solution of Eq. (1.4.35) gives the
structure function with qeg = Qegr. At last, the structure function D(z2, Ges)
is responsible for the radiation off the positron into the whole phase space. In
this case so = m?, s = 4e2. Therefore we obtain D function with qeg = Q.
The analogous consideration can be performed for the singlet part of structure
functions.

When writing the representation (1.4.33) for the total cross section we, in
fact, divide the phase space of the particles emitted by the electron on the regions
inside and outside the narrow cone along electron beam direction. Therefore we
can use this representation to investigate the events with tagged particles in both
these regions. As we saw before the differential cross section for events with
tagged particles inside the narrow cone is defined by the quantity X(z < 1). In
order to obtain the corresponding differential cross section for events with tagged
particles outside this narrow cone we have to change the places of q.g and deg in
expression for X(z, 1). This follows from the symmetry of representation (1.4.33)
relative such change.

1.4.4. Conclusion. In sum, the formulae (1.4.34),(1.4.28) are the main results
of this part.

Thus we calculated the cross section of e™e™ annihilation with detection of a
hard photon at small angles with respect to the electron beam. The general struc-
ture of a measured cross section, from which one should extract the annihilation
cross section gg, looks

2 2 2
o = oy a1gL+b1g+a2<g) L2+b2<g> L+02<g> ] +(9(a3),
T T 0 T T
(1.4.36)

where L denotes some large logarithm. We calculated the terms a4, b1, as, be and
some contributions to c. The generalized formula (1.4.28) allows one to involve
the leading terms of the order O(a®L3). In this way our formulae provide high
theoretical precision.

Similar formulae can be obtained for an experimental set-up by tagging a
definite hadron. By using e™e™ machines such as BEPS, DA®NE [72], VEPP,
CLEO, SLAC-B/factory and others with luminosities of order 1033 cm? - 571,
one is in principle able to scan, by measuring the initial state radiation spectrum,
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the whole energy region of hadron production with an effective luminosity of the
order of 103" cm? - s~1. Let’s hope that further study would be pursuing on these
issues from experimental as well as from theoretical point of view.

2. OUTLOOK

Results given in Sections 1.1 and 1.3 could be applied to elastic and quasi-
elastic scattering off nuclei. Among possible there are channels with nuclei got
excited or even broken apart.

At the moment a tagged photon set-up in DIS as well as annihilation channels
(Sections 1.2, 1.4) are of some perspective to high-energy physics in testing QED
(SM) predictions for effects induced by virtual corrections. The formulae given
here guarantee the theoretical error to fall down to 0.1%.

We did not touch the problem of evaluation of Z, W bosons contribution,
which was considered elsewhere, as well as that of double-photon exchange be-
tween a lepton and nucleon and a real photon emission by a nucleon (nuclei).
The latter has not been investigated in detail up to now. An almost thorough
numerical analysis of the RC to DIS was given in the papers cited in the intro-
duction. Nevertheless, the results presented in the review could be used to create
more advanced MC generators with accounting for RC at 0.1% level of accuracy.
To the moment this programme has been carried out only partially.

APPENDIX A. DETAILS OF MATRIX ELEMENT CALCULUS:
THE CASE OF SINGLE PHOTON BREMSSTRAHLUNG

Using the Sudakov decomposition of the 4-vectors in the problem

pll = 04/1}52 + bp1 +plu_, k1 =a1p2 +z1p1 + k11,
q=p2 — Py = agp2 + Bqp1 + qL,
Py = AP + ByP1 + Py, vipr =vipy =0,
2 2
PL=p1—p2—— P2=P2=Pi—_ (A.D)

we have excluded parameters o, o), B, using the on-shell conditions

p22 - M= —50q(1 — ag) — q’ - aqMQ =0,
p2=sbal —p2=0, k¥=szi0q—k>=0, (A.2)
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besides
1 A ~ - o
et = Sp{(py + M)y (B2 + M)Topfp},
2 Tupq" 2
Lo = Fi¢)p + — () (A.3)

Here F} 2(g?) are the Dirac and Pauli form factors of a proton. For ® we have:

1 ~ A AV
7 = — 5 Sp {P1 0 O},

_p1—k Py +k
O,y = po——— ————D2, A4
p = D2 _2p1k1m+m 2P D2 (A4)
and then
¢ = -Qf = —y——la" + Maf] ~ ~[a’ + Q. (A.5)
q
with Q2 given in the text. The matrix element
1 (1) = (0! po
M = q_g‘]a u(pQ)FPu(pQ)g ; (A6)
using the Gribov representation for the metric tensor
po po 2 SP 50 =0 P 2 =0 =P
g7 =9, + 3 (P5P7 + P3ph) ~ 5 ) P21 (A7)
may be put in a form
2s (1 , 1
M= <;p2 Jé”) <;u(p’2)Fpu(pz)p’f> : (A)

Note that each expressions in the parentheses on the r.h.s. of Eq. (A.8) do not
depend on s in the limit s — oo. The expression for ®” may be transformed
using the following reduced expression

1 1 1 1
O, =z {sbw <5 - n—1> + n—lbvquz - Ewpzq}

z = 1—b (A.9)

to take the form given in Eq. (1.1.8).
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APPENDIX B. DETAILS OF MATRIX ELEMENT CALCULUS:
THE CASE OF DOUBLE PHOTON BREMSSTRAHLUNG

Let’s first demonstrate that the matrix element of the process

Y (q) + e(p1) — e(p)) + (k1) +v(k2) (B.1)

is explicitly proportional to q for small values of the latter, which is in fact the
requirement of gauge invariance with respect to the virtual photon. The matrix
element is described by six diagrams. With regard to the gauge invariance this
set can be separated out to the two subsets in each of which the gauge condition
is satisfied independently. Introducing the photon-permutating operator P12 we
bring the matrix element to the form:

M= (1+P12)Q, Q=M+ My+ Ms, (B.2)
where
1 ~ N
My = Eﬂ(pi)ﬁQ(ﬁl — k1 — ko +m) x
1
X e5(p1 — ky +m)éjulpr), (B.3)
1 .
My = ﬁﬂ(pi)éé(ﬁl — k1 + ¢+ m)pa x
1&2
X (p1— k1 +m)éu(pr), (B.4)
]‘ )\ A% [ A 7 ~
Mz = ——-u(py)és(pr — k1 + 4 +m) x
ad,
X €1(p1+ ¢ +m)pau(pr), (B.5)
and
d = d1+d2— (.131];2—1)2/;;1)2,
T1X2
d = d/l + d/Q + ($1E2 — J)ngl)Q.

T1x2
The permutation operator P;o for the photons acts the following way
Praf(ki,e1; ko, e2) = f(ka, ea;k1,e1), Py =1.

The quantity () is gauge invariant regarding the virtual photon k since all
permutations of this photon have been taken into account. Therefore @ is pro-
portional to ¢, in the limit of ¢, — 0. Indeed, making use of the relations

Q = pqu” , qHQH = (aqﬁQ + QL);J,QH =0, (B.6)
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we immediately obtain (neglecting the small contribution B,p, Q" ~ 1/s)

Q=-—Trgn, (B.7)

Qq

Then transform the quantities M; to such a form that the noticed low ¢
behavior is present in their sum () explicitly. The reason is that in this case all
individual large (compared to ¢, ) contributions are mutually cancelled. The first
step is to use the Dirac equations piu(p1) = muy, @(p})p; = ma(p}) and to
rearrange the amplitudes M of Eq. (B.3),

P N 7. ~%
My = ’E(Pll){dﬁllez(l?l — k1 +m)éy —
1 A AAm (A 7 P
- d_1p2q62 (Pp1 — k1 +m)é7 pu(pr),
s(1—21) .. - o 1 ... ..
My = u(p}) +(7,1)62(p1 — k1 +m)é] — —é3paé] +
d1d d
1 Ak AN (A 7, Aok
+ ﬁegqu(pl — ki + m)e1}u(p1) ; (B.8)
1to
— S w/a 7 A~k Sk aax
Mz = U(pi){d,—déez(pl — k1 +m)eT + d’—d’Qquel +

1 ... . ke nn
+ d'd" 62(])/1 + kQ + m)elqu}u(pl) .
2

From these formulae it can be noted that the last terms in My, M3, M3, up to
terms of the order of

2
m m
ﬁ ) 92 ) E 0 )
are proportional to ¢,
P2 = Pa(agPy + Beb + G1) = Pods = — Py - (B.9)

Next, one can see that the sum of the first three terms in Egs. (B.8) is also
proportional to ¢, since (for more details see [73])

b 1—1‘1 1
A= — —_—
o "o T

Aly, —0=0. (B.10)
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Finally we consider the sum of the second terms of the quantities My, M3 given
in Egs. (B.8). Using the relations ([73], Eq.(21)) and

(ph + k1 + k2)? = (p1 — k)* =m? — k% — say,
one immediately gets

_1%_2 s(agPy + 4u1) _ 84 " P2’

df d'd, ddy, dd,’

Therefore, from Egs. (B.9), (B.10), (B.11) it is clearly seen that the property
illustrated by Eq. (B.7)

My +Mo+Ms3)|g,—-0=0

(B.11)

is evidently satisfied and consequently the quantity () = E?‘:l M became a sum
of terms explicitly proportional to ¢,

0 - u<p3>{As &3 (51 — by +m)e; —

1., . .
- d—1p2(JL6§(P1 — k1 +m)ey —
9 xS
Ak oAk X Ak A Ak
- d/d/2 G;CTPQ + d/d/2 €241€ +

1 koA A A 7 A
+ WGQQLPQ(PI — k1 +m)él +
2

1 Ak (A 7 koA X
+ Ta 2 (P + ko + m)equpg}u(m) . (B.12)
2
Calculating the contribution of the trace Sp{p’lQmQ} we neglect masses
whose contribution to the quantity 77 may be restored using the general pre-
scription [37]. The corresponding correction has the form:

Am? @3y1 (1 + 1)
d,12 (1 — 1'2)2

Am(I)'W = (1+P12){—

q2

(a—yip))2(a—pi/b)?

4m? B321(1 + 22)q? }
d? (q—p))?(p) — (1 —B2)q)? )’

(B.13)

where
1-— i) To b
Yy = Ta B2 = 21

1—],‘17 :1—1,‘1.



QED EFFECTS OF HIGHER ORDERS IN DIS 537

APPENDIX C. EVALUATION OF 2-DIMENSIONAL INTEGRALS
The azimuthal integration may be performed making use of the following
equality:

2

Ji2..n do H[ai +bicos (¢ — )] =

= Z T H by + iry sin ¢k —¢;) €D

J#k
with
ri o= \fai=b7,  ai > |bil,
bij = bi(lj — bjai COS (¢z — d)j)

It is curious to note that the absence of the imaginary part provides an interesting
algebraic identity. For n = 2,n = 3 it looks

1 b b

Jia = 7 —( 1b12+—2b21) d12:a§2—7"%7'§a
12 T1 T2

a2 = ajas — b1b2 COS (d)l - ¢2)7

2 2 2 2
b1 a12a13 —riags | b3 aziazs — rya13

Jiozg =
1 dy2dy3 T2 di2da23

2 2
b3 asiage — r3ais

+
T3 ds1dso

(C.2)

This form is convenient for a subsequent integration over dk?.

APPENDIX D. NLO CONTRIBUTIONS FROM VIRTUAL
AND SOFT PHOTON EMISSION

To avoid the misprints we use here the notations of the paper [33]

s = dllv t= _dlv u = _QQa
s+i+u = ¢, [f(s,t)=[f(ts), a=s+t,
b = s+u, c=1u-+t. (D.1)
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The quantities 7;; encountered in the text (see Eq. (1.1.12)) may be written as

u? ~ b2 2 2u
1 = —G<1+8—2>—G<2+t—2>+2|:§+;+
2 b2 2u —
+ g(uz—bt)}lqu+@(2c+t)lqs+ Y Slqt+

1[4 b?
+ —2[—(bt—u2)—4u—2q2+t——],
Q| a c
ug? 2u-—s+t
— +

c 1, ~
= — — — — — 2| —
T12 = (u—s8)G+ e (ug” — st)G [ o + -

2 2c+1t U
1

c 4, 4 2
— E(2u—s)lqt—|—q—2[a( —cs)+8u+3t—s+zus}, (D.2)

and the additional notations look

2 2 2
4q —q q U
lqu n .’ qu n P th n P Lut n P
. t
G = lqu(lqt -+ lut) =+ 2L12 (1 — q—2> _
q2
—2Lis (1 - —> - 2Li2(1). (D.3)
u

APPENDIX E. SEMICOLLINEAR KINEMATICS OF PAIR CREATION

The matrix element in the kinematics (1.1.2) may be put in a form (we extract
the coupling constant):

1
M = q_QJVIug“’“, Ju = u(p-)yu(p1), (E.1)
1

where the current I describes a pair production by the photon with momentum
q1 off a proton. Using the Sudakov form of the 4-vectors p_ and ¢ with basic
4-vectors p; and ps,

P =a_Pa+P-p1+p_i, q=agPe+ BeP1+4quL,

the representation of the metric tensor

2
Gvp = Gopl + ;p2up1u
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and the gauge condition

Iq:I(ﬁqu"‘QJ.):Ov ﬂqﬁ—ﬂ,:l,

we obtain for the matrix element squared and summed over spin states of electron:

2
1 8
MM = —2¢°1? + — (p_I) . (E.2)
2 MO = e | il
To calculate the quantity I?, we again present it in the form

25|q]

I = eQ1I_e/;1 925, pQPY/)u(pl)Olwv(p-i-)a
sio= (2t+a)’, Y, =ap)lpu(p)). (E.3)
The phase volume is transformed the way to take the following form
1
dry = (27) 8 ———d?qd*p_da_. E4
4 = (2m) a0 1P B (E4)

Using

L l/ 6
S () Oyt ey P = 8 5+ 5 |
B+

we obtain the result for the cross section given in the text.
For the kinematics of bremsstrahlung mechanism the matrix element has the
form

1
M= k_%Il"Juguuv ki = py +py. (E.5)
Here it is convenient to use alternative basis vectors of Sudakov parameterization
P+ = apq+biph i1, ki =aig+biph + ks,
2 p + m?2b?
gy,y - g'u,yJ_ + Equ1H7 k% - erli_ll > O. (E.6)

Quite the same manipulations give

2
8

D M) = 2k71 — = <k11> .
1

Performing the integration over d? (p+) . to alogarithmic accuracy and expressing
the parameter by in terms of the standard Sudakov decomposition with basic 4-

vectors pi, p2

1-p6-
b )
we immediately obtain the result given in the text.

by =
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APPENDIX F

In this section we collect the results of the angular integration of the definite
structures of the Compton tensor in [33,46]. Using integrals similarly to (1.2.12)
and retaining only terms that contain at least one large logarithm Ly or Lg, we
obtain

%Q—E;/(;—S:CTEI = —p %(Lo—l)—i—l +%[Alnz+3]—
/d—Qan = ﬁpLo—W(Alnz—f—B)—

- AT T e )
2 [T = oGt o) e e

_ 22(1(—;2_(12)12)2)(A1nz+3)—A%—i— (F.1)
2¢2 /dz—?rkTgl = (12_21)4(A1nz+B)+%A+

i (12_L2«)3<_1+4Z1_—4z22_423lnz_222_22+1>’
Qa/dz—?r’“ﬂz = 2(1(2_7_))(,4111“3) (13__;)3A+

+ %(i_—_gjlnz—l—%),

where p, A, and B are given by Eq. (1.2.13). It is remarkable to see that the
relation

dQ
/ o k [4zT + Ql (T + = 2o + 2T1o + ZTQl)} =0 (F.2)

is fulfilled, leading to the factorization of the virtual corrections in Eq. (1.2.13).
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APPENDIX G

To perform the angular integration in (1.2.23) we first represent the integrand
in the form

52042( gc)I’Y _ F(f,l,f,g), (Gl)

éc t1to

where t12 = (1 —c1,2)/2, c12 = cos 012, and 6 5 are the angles between
nontagged photon momentum ko and the momenta of the initial and the scattered
electrons. Note that F'(¢1,t2) behaves regularly for t7 — 0 or ¢t — 0. This can
be easily seen by considering the limiting cases for the quantity I7.

For the case ¢t — 0, which corresponds to the second photon being emitted
close to the direction of the incoming electron, one obtains from Eq. (1.2.24)

2

Dl = %(22 + (2 — 22)?) | 20 P21, Q2) x

x <M2 - i) - Fl(xt,Q?)], (G.2)

Q_% x2y2(z - $2)

while for the case s — 0, corresponding to the second photon being almost
collinear to the final electron,

¥ _ Q% 2 2
IMsmo = ——— 1+ (1 +y2)7) | wpFa (s, Qp) X
Yas
M?2 1—y 9
x (Q—ﬁ - m) - F1($b7Qb)] ) (G.3)

see Eqgs.(1.2.20) and (1.2.27) for the notation. The r.h.s. of Eq. (G.1) is easily
seen to be

e?a?(Q3) 1
4
sc

e?a?(Q3) 1"
4
sc

1 a 22+ (z—x

tits 16723 2(z — x2)

2
) S(ze, yr, Q7), (G4

t—0

1 a 14+ (14y)?
tito 16723 1+ yo

(o, 5, Q1), (G.5)

s—0

where a = (1 — cos 0)/2.
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For the phase space of the photon we use the following representation:
Bk, / dt, dt,
—— =¢" [ x9dx2dQ :462/xdx/ (D),
1= 2 day 40 N

D= (ty —y )ys —ta), yx=t1(1—-2a)+a+2a(l —a)t;(1—1t).

(G.6)
The region of integration is determined by the conditions
03 0,2
o1 <t <1, o9<ty<l, D>Q0, UlzZO, 0’22%. (G.7)
Using the substitution
—t1)2(1 + u?
ty — to(t1,u) = (a—t) (2+“ ) (G.8)
Yt +uly-
and the identity
1 1 P
(t1,t2) 7r a a
dt/ : D ——[Fa,O In— + F(0,a)In —
Jan [anBew) = T Faojm E + FO.0)n "
o1
h d
tq
——— (F(t1,t2) — F(a,0
/1 o neoL/tlnl—a|( (t12) ~ F(a,0) +
0 n
dt
+ / - - F (O,G))]7 (G.9)
tla

n

which is valid for 01,02 < a, we obtain for Z from Eq. (1.2.25) the following
expression:

1

1 —e 7 du / dt,
7= _%
1+ u? ?7—>0 t1|t1 — a|
0 n
Imd a d x'md
) t x
< [ @t - @)+ [ 12 [ 20 - 50.0)|,
T2 tla To
0 n 0

(G.10)
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where

a2(Q3? )stI”
D(ty,t2) = % . (G.11)

se c1=1-2ty, 02:172152(151,’[1,), c=1—2a

The upper limit of the xo-integration, x,,, may be deduced from [42]. It has the
form

S zle+p)— A, —Y(e+z2)—(p—2)Yec e:&

" z+e—Y+(p—2)a1+Yer e’
P, M 2 M?

p = =2 Amz( + ma) : (G.12)
£ 2¢2

This finally leads to Eq. (1.2.25).

It is important to note that while calculating Z one encounters neither collinear
nor infrared singularities.
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