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Introduction

The investigation of deep inelastic electron-proton scattering
at HERA requires a good quantitative understanding of radiative
corrections. QED radiative corrections for this process 1-3/ are
known for a long time and there is very good agreement of results
of different groups. Since 1978, electroweak radlative corrections
(EWRC) in the standard model have been studied at Dubna /4-6/
main parts are distributed in two FORTRAN codes. The program
AsyMETR 7%/ caloculates the complete electroweak corrections to

6, = d;[e (A)P—*eiX(J)} (1)

whereas the program TERAD 86 /6/ takes into account QED radilative
corrections and the ;{ ~exchange Born dlagram in lepton-nucleon
scattering at SPS energies. Both the programs treat the photon pro-
duced totally inclusive.

In a recent study 7 , numerical results obtained with
the program ASYMETR could have not been confirmed. This disagreement
together with improvements both of technical character and 1in the
formulation obtained during the years motivate us to perform a careful
reanalysis of the existing results. The investigation of the charged
current cross section

(-,
0;, d‘fj [esm)p — X @) @
will be added, tég.

Before golng into details, we would like to give a general comment.

In contrast with other authors, the Dubna group uses the unitary
gauge. In that gauge, certain single contributions show a more singu-—
lar behaviour than in other gauges. Nevertheless, summing all the
diagrams contridbuting to observables leads to unique gauge-~independent

and

/8/

answers., Results for neutrino elastic 9ee9 inelastic
scattering, ior static quaytities (muon decay i s gauge boson
5,411

masses and widths ), and in ©*e”- annikilation

show very good and sometimes absolute agreement with predictions
obtained in the 't Hooft-Feymman gauge. Numerical programs developed
with the unitary gauge results have been successfully applied by



several collaborations at CERN (NA4, CDHS, CHARM), With no doubt, it
would be very valuable to demonstrate the coincidence of EWRC to
ep-scattering calculated by different groups with the use of different
gauges. For this aim, we started a recalculation of the EWRC to neu-
tral and charged current deep inelastlc ep-scattering at high energies
which is completely independent of the 1977/81 results and developed
the new numerical program DISEP (Deep Inelastic Scattering of Elect-
rons and Protons). Another aim of our new study is to present results
in a form ensuring the possibility of comparison of contributions
being gauge-~invariant separately.

In the calculation of EWRC we use the quark-parton model where
the ep-cross section is assumed to be an incoherent sum of electron-
—-quark scattering processes dependent on quark distribution functions
inside the nucleon., These distributions are assumed to be known here.
We consider the following contributions to the neutral current
reaction:

(1) The Born cross-seotion 62 (Fig.la)

G =0 (1) +G (1) +03 () ©

(11) The photonic vacuum polarization G;P due to fermions
(Fig.1b);

(111) The QED~radiative correction GBED (except for G}p here)
which contains photon bremsstrahlung and loop corrections with
one additional vhoton propagator (Fig. lo).

(1v) The remaining genuine weak one-loop correction, O , which
may be prescribed by independent form factors;
se¢ below.

A similar decomposition into Born, weak and QED terms may dbe
defined for the charged current channel but deserves some further
comment which will be given in sect.3.

I. Born cross—seétion and one=loop corrections for the neutral
current reaction

We propose to use the following notation which 1is very compact
and exhibits explicitely which parts of the cross section are
separately comparable if calculated in different gauges:

d*6 ()

dxd;

=0 +6pp , )
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Fig.1.
QED-contributions to the neutral current cross—section.
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The 5) x SLI’ U 025/ are the usual kinematical
variables, i'= /:t (j , the quark charges;

and )\ s the 1ong1tudin {polarlzat on of the lepton beam; @(C):il

The photonic vacuum polarization is contained in Fg
)

-f
= (1-%3;)) (%)
. 2
Som =’31; cf%z(&b@f,g)‘ (1)

411 the genuine weak loop corrections have been collected in
a small number of gauge-invariant form factors.
The form factors &y ((2 e Q’ 6¢) may be understood
as process—dependent modifications by EWRC of the weak neutral current
vector couplings

L= 1-4sé(q e, ()
V$ = {- 9s¢ /"71/35;) (12)
= 1- 455l - 455l 1o + 165 (8.6 %0, a»

Without EWRC the Ve_ and V become the usual weak couplings Za '
and V' of electrons and quarks with V ° (the axial
couplings are fixed at (o = (17 { ). ﬁe expllcit form of the xa.,
will be given elsewhere. As an example, we express two of them using
the notation of earlier work /11/ as follows:

%= B/57 , %= /T o
The dependence on a heavy t—quark mass Y/ may be found in /12/.

Due to box-dimgram contributions, the form factors J€ » /A of
e*p -soattering are different from those of e'i - socatter s Gofe
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xy(e: 7):xf(€t ‘7):”)67 (Sx) 0? Ul)’ (15)

35}, (6: é) =, (Ef?) = xy (”a’; (‘72) 5&'), 16)

One remaining form factor fz has to be discussed in close connec-
tion with the definitlon of the Born cross section which is dependent
on the calculational scheme used. The original definitions of f
and JOZ in the one-mass-shell renormalization scheme (OMS) are

2
= {1 _a*
k= T & o an

JDz - ?,z, (18)

- 2_ 4 ct M /
where we additionally fix, as usual, j = e/S,, ) Cw = l'Su/ ’-’MW )
and again use ?2 from 711,12/ Two popular calculational schemes

use the following definitions:

fo- M2 ), o

V’ Sl Q%ME
A 2 I_ 72
Jr= e 00 , =77 (20)

é\l‘-[m X (21)

where X is introduced in /114 12/ The corresponding Born approxima-—
tion is obtained by setting F —fz =xa— 'f Q-é’ 9, )
The following relation, e.g., holds, in accordance with eq. (

3):
65(()':07[(/:@":4). (22)

In the above definitions, the ]1 is the OMS definition of the
relative strength of electromagnetic amd weak neutral interactions,
whereas in the modified OMS (or, shortly, MOMS) the ﬁ}

)ﬂﬁ)&’(/—?f) f (23)
effectively includes already a finite renormalization mainly shifting
0((0) to o((:‘f:) thereby lowering thc numerical EWRC considerably.
Of course, the praduct . is independent of the calculational
scheme. Finally, we only rémark that we do not discuss the problen
of choice of 3 independent input parametcrs oul ot the set



{"( M MW ‘Sm Qu/} This has been discussed for ep—
715-18/

scatterlng in ; see also .

For illustrational purposes we use the following set of
parameters as proposed in 77

Mz = 93,0 cev,

My =82.0 GeV, corresponding to sin? Ou/ =0,2226,
My =100.0 Gev,

M, =M= 0,030 GeV, M =0,150 GeV, /Mg = 4.5 GeV,

m, =1.5 Gev, My = 30 GeV, (24)

and the parton distribution functions _-{ f the Duke and Owens /19/,
type I (Q‘t =4 GeV2 Aac_p 0.2 GeV).
To set a scale, in Fig,2, the e‘p Born cross-— section is

% presented for A =0,
O } For comparison,
@{() is shown,too.
Figure 3 contains
the correction from
the photonic vacuum
polarization due to
fermions, 8/-},,,' ’
for the mass para-—
meters as given above.
The net effect of the
electroweak form
factors is represen-
ted in Fig.4 both
for the OMS-. and
MOMS~.schemes through

Fig.2.

Neutral current
crogs—section in the
Born approximation
with parameters as
fixed in (24) in the
MOMS scheme for A =0,
$5=10% GeV2, The QED
Born cross~section is
also shown (dashed
line).




Vb o Fig.3.

10 ~ 8 p’ /0 The photonic
vacuum polariza-—
tlon due to

o fermions for the
parameters of

i (24).
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&L dx df

(fae ) &6, -1 (25)

d:ra:;

The different behaviour of the two curves is due to the different
definition of the Born cross section in both the schemes.

2. QBED — corrections to the neutral current reaction

The photon bremsstrahlung due to diagrams (1c) 1s also treated
in the gquark-parton model?

Ogep = ZﬁﬁEP(A a=tig; A={ 12

We make a ’cwofold analytic integration over the photon angles using
/

scHoonscrrp / 20 . The last integration is performed numerically,

folding in the parton distribution functions X,

The gauge-invariance and infrared finlteness are guaranteed
separately for corrections to the electron legs aA=e ), tothe

quark legs ( @=¢ ), and to their interference ( @=¢ ), They
are also separately fulfilled for the photon exchange (A = v )

X In fact, we neglect here the smooth ~dependence of quark
distributions. Nevertheless, the result remains very accurate for
the/cg}-rections 5 to be introduced below; see also the discussion
in /1 .
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The one-loop correction 8‘(, of (25) to the AC oross—section
in the OMS (Fig.4a) and MOMS (Fig,4Db) schemes; the linearized in
ol IL (dashed—dotted line); the corresponding quantity taken
trom /17 (dashed 1ine). Parameters as in Fig.2,

Z-voson exchange (A=Z), and for their interference (A= I); for the
last two items, independent vector and axlal vector terms appear. In
sumy one has to deal with 15 independent QED-gcorrections. 2

T411 now, the three photon exchange contributions %E‘D (J/)
have been recalculated. As is to be expected, the 6‘055 (J’) depends
only on the electron mass via &(Q‘//ig) s the interference temm
60551) ({) 1s independent of any light fermion mass, whereas 5:953) {d’)
de'pends logarithmically on the quark mass parameters:

dz(y;, 3cnt vy
- ey oy ALY
i { (S
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(27)

MF being the proton mass,
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In our opinion, the best presentation for a comparison of QED
corrections of different authors is to show them separately relative

to the QED Born term?
a 00 () / d'85(y) (30)
OE da‘};; m; .

These corrections are presented in rvigs.Sa-c.

At the end of this section we only remark that in our naive
approach the bremsstrahlung from quark legs 61?2’” depends on
quark masses which have no definite physical meaning. In principle,
it is known how to cure this drawback by a redefinition of "bare"
quark distributions at 02::0,,‘2 /21/. Evidently, this point
deserves further discussion to be presented elsewhere.
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Fig.5a.

QED rad. corrs. (30) from photon exchange diagrams due to
radiation from (a) lepton legs, (c) quark legs, (v) their

interference. Parameters as in Fig.2.
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3. Born cross section and one~loop corrections for the charged
current reaction

Here we consider the cross section

- 40 [+ ) (1)
%::" @‘[@ (/\)P———aVe“X(d/)J

In analogy to the neutral current process, one would like to
separate QED-contributions from genuine weak loop corrections,

But a simple collection of dlagrams with one additional (virtual or
real) photon does not lead to a gauge-inmvariant expression, May be
the simplest example of this well-known fact is W-decay 12 .
Nevertheless, there is a unique possibility to separate what is
mainly QED from weak loop corrections. We propose to consider
as the QED—contribution the sum of bremsstrahlung Q:?and those
parts €T:§H%‘L of the loops with an additional internal photon
which are essentially connected with the IR-singularity: the IR-pole
terms and all logarithmic mass singularities. The OE££D>" is
well-defined up to a constant. If one uses at any place of arbitrari-
ness one and only one dimensional parameter ﬁ4w; as normalization,
then the proposed separation is unique and evidently gauge-invariant:
QED F QED Ik ér
6\«: = 6:<.IL +6;c ) 6;c D: Occ +6\cc . (32)
So far, we have calculated the one=loop corrections to the
charged current reaction in the MOMS renormalization scheme:

5,”‘_-_—: M.._G:S / 1+ Q. A (33)
C 7 dedy T T (@M 2

12 fbr,tur sy + (Y pfos s, al,

where again the connection with the OMS scheme may be expressed by
the function 57‘:

I = ST
FhE g s AT e
Jo=(1-50)F

and 9; may be baken from /11s12/ 1, defining f, and 7
we excluded the above-mentioned singular QED~terms: ¢

K22 AGE0) -Rr 8],




A (S q a) 02+04+01+2/0 Q{Mﬂ,,wu /e «/ '2/00/ Mery
B= OJ@LMJ, +0]”ZIZ +0¢ W +g(€>“)*g/e'¢)'é{%d)’(35)

(4 l ‘zmllz /”/”‘(,
ben)= Q_,OJ&%W + zi’: #Z " 3;” ‘54;5?)
wo_
@&;,T_é/-+2‘2{+€ft2m=5z7“—’) (36)

where /\ is the finite, small photon mass used as IR-regulator by
some authors.

The Born cross section in the MOMS renormalization scheme is
shown in Fig.6 . In Fig.7 the corrections due to the weak-—loop
terms are shown both for the MOMS and OMS schemes. The S;L
are defined in analogy to the neutral current case (eq. 25).

N

(6]
>
s
N‘OE X
10°

10° |
10'10
10." i 0.9
102}
1 1 1 1 1 1 1 i I | -
05 10y
Fig.6.

Charged current cross—section in Born approximation in
the MOMS scheme. Parameters as in Fig,2
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Fig.7b.

The loop correction S{L to the CC croas-seotion in
the OMS (a) andMOMS (b) schemes. Parameters as in Fig.2.
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4, Discussion

We have restricted this study to a careful presentation
of intermediate results. Some formulae being dropped here together
with the recalculation of massive gauge boson exchange bremsstrahlung
will be published soon, with a greater emphasis on the physical
contents.

Now, a few comments will be given on questions of the
reliability and representation of EWRC,

1.

An interesting feature of the weak loop correction S;L
of the NC—cross section may be observed in Fig.4. Figure 4a shows
a rising with y (i.e. rising with Q2 for fixed S and X )
difference between our result and the corresponding one of 7 s both

being calculated in the QS scheme. In search for an explanation
we linearized our egs. (6-9) totally with respect to powers of o« .
As a consequence, our 87L is shifted towards that of 7 and for
5; 0.8 the agreement is very good. Thls shift is mainly due
to’large contributions from 7 . In the MOMS scheme, instead, the
cross sectlon is completely stable agalnst that linearization;
see Fig.4b., The EWRC are smaller in that scheme since large
corrections from 9/" are absorbed in 6 « Taken these facts
together we conclude that from the point ‘of view of EWRC one should
prefer the MOMS scheme. Further, we emphasize again that the form
factor notation proposed here for ep=—scattering is a quite natural
generalization of Born formulae allowing a simple, gauge—invariant
representation of the EWRC,

2.
Similar observations may be drawn for the CC loop corrections,

Pig.7. The SL is again much smaller in the MOMS scheme. From
the explicit tunctional dependence one could expect a constant

difference due to only (l— 8/‘)1' of the order of 14% and
completely independent of the kinematics. But again this is true
only up to terms linear in o( s which explains that there is not
simple a shift in scale between Figs.7a and 7b.

3.

The dominant and most rapidly varying bremsstrahlung contribu-
tion i1s due to the lcpton leg as is seen from Fige5. There are two
reasons for this dominance. One is due to the small electron mass,
leading to logarithms é;z (Q%Ah%z) which cause large negative E}-
-values. The other is of a kinematical origin. At large the
electron can loose a large parl of its energy by hard photon radia-

tion and afterwards may scatter a;(a lower average energy leadlng
)



to an enhanced cross—section and, finally, to large positive E% -
values. So, EV varies with é/ (and X )'very rapidly, a
feature not being visible in the figures cf/{/.Further, the 83
is in our calculations about four times smaller in absclute values
as that in /7/. At least at small Qz where vthoton exchange domi-
nates the EZ ~exchange this is a discrepancy which should be
studied further. We stress the importance of using identlcal quark
distributions in programs to be compared, espscially at small x .
See also /21/. Or course, we have checked the stabllity of
numerical integrations. Further, we proved *the analytical agreemernt
of egs. (27-29) with formulae of a considerszbly more complexity
published earlier 4/. Finally, there is a very good if not
excellent numerical agreement of the QED corrections 824 of Fig,5
with those obtained with TERAD86 if equal quark distribugﬁcns are
used. For Er s the lepton leg correctiony this is true too,
although 82 in TERAD86 has been determined in an approach independernt
of any parton model approach.

In sum, we see no argument against the further use of
ASYMETR till the availability of a more modern FORTRAN code, e.gz.
the DISEP under development at Dubna which i3 documented here to
some extent.

We are indepted to W.Hollik and C.Kiezssling for the
exhaustive information on the activities of the working group on
radiative corrections at HERA and for support. Helpful discussions
with and comments of A,Akhundov, M,Klein, J.Bluemlein, W.Lohmann,
JeKripfganz are gratefully acknowledged.
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Bapauu O.10. u gp. E2-87-595
Hayuenne snekrpocnalelx pagdanMOHHLIX MONPAaBOK

ona rnyB8okoHeynpyroro ep-paccesHun

npu 3Hepruax ycxopurensa TEPA

Hanarawrca peaynbTaThl HOBOTO AETMAIBHOIO uMccnefonanus
anexTpocaabuXx pAOUAIHOIILIX MONpaBok K ranyGokoueynpyromy
ep—~paccesilidio B KaHAnax Hef#TPanbHOro H SApAXCHIIONO TOKOB
npu sHepruax yckopurens I'EPA, UYucneiliibie pesyabTaTsl fonyde-
HH C McrnonbsoBaHueM HoBo# dopTpaHHolt nporpammut DISEP.

PaBora BumnosiHeHa B JlaBopTaopuu TeopeTnueckol ¢usuxmu
(0]34:1708

Mpenpiunt O61enuHEHHOr0 HHCTHTYTA AREPHBIX HccnenoBauuit. Jy6Ha 1087

Bardin D.Yu. et al. E2-87-595
Study of Electroweak Radiative Corrections
to Deep Inelastic Scattering at HERA

Results of a careful recalculation of electroweak ra-
diative corrections to neutral and charged current deep
inelastic ep-scattering at HERA energies are presented.
Numerical results are based on the newly developed For-
tran code DISEP,

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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