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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 radiative corrections
(EWRC) in the standard model have been studied at Dubna 146/ 4na
main parts are distributéd in two FORTRAN codes. The program
ASYMETR 5/ calculates the complete electroweak corrections to

6, - ddi; L0 [e2)p — e X (3] @

whereas the program TERAD 86 /6/ takes into account QED radiative
corrections and the ;{ -exchange Born diagram in lepton-nucleon
soattering at SPS energies. Both the programs treat the photon pro-—
duced totally inclusive,

In a recent study /1 » numerlcal results /8/ obtalned with
the program ASYMETR could have not been confirmed. This disagreement
together with improvements both of technical character and in 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

5 = 4% Ie 0)p — X(()] (2)

¢ = drd da P ¢
will be added, too.
Before golng into detalls, 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 contributing to observables leads to unique gauge-independent

answers, Results for neutrino elastic See? inelastic
scattering, for static qua?tities (muon decay 11 s gauge boson
masses 5,11/ d widths 12/ ), and in €*e"- annihilation

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
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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 inelastic ep-scattering at high energies
which is completely independent of the 1977/81 results and developed
the new numerical program DISEP (Deep Inelastio Scattering of Elect-—
rons and Protons). Another aim of our new study 1s 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
reactiont

(1) The Born cross—section 5B (Fig.la)

=6, (1) +6 (1) +64 () ; ()

(11) The photonic vacuum polarization 6;p due to fermions
(Fig.1b);

(111) The QED-radiative correction Oprp (except for Ovp here)
which contains photon bremsstrahlung and loop corrections with
one additional photon provagator (Fig. lc).

(iv) Qhe remaining genuine weak one-loop correctlon, CUL sy which
may be prescribed by independent form factors;
see below,

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

I, Born cross—section and one~loop corrections for the neutral !
current reaction

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

d*6 (3)
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Fig.1.
QED-contributions to the neutral current crogss—
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are the usual kinematical

The S x U QlSl
o ;t= /J: ¢, » the quark charges;

variables, {
and A s the longitudi polariza.t on of the lepton beam; (C)-‘i'

The photonic vacuum polarization is contained in FZ ,

-{
= (1-#8,)) | ©
. 2
5\%‘3&; cf%z(h?gf'f). @0

A11 the genuine weak loop corrections have been collected in
a small number of gauge-invariant form factors.

The form factors g ((L: e, 9, 6%)
as process—dependent modifications by EWRC of the weak neutral current

vector couplings

may be understood

= 1-455(q e )
V, = 1-1s3 (4%, (12)
(13)
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Without EWRC the Ve and l/ become the usual v;eak couplipgs ga
and |/® of electrons and quarks with Vﬁm ! (the axial
couplings are fixed at Qe =a7 e expl cit form of the J‘_’a-
will be given elsewhere. As an exaxnple, we express two of them using

the notation of earlier work // as followss
2 /2 = * (14)
XE:/TTZ/?; ,Xf".s/yfg. ; sy
The. dependence on a heavy t-quark mass , may be found in .

Due to box-diagram contributions, the form factois%‘ X =3 of
€790 —scattering are different from those of e"f - scattering, €.ge

¥ (e39) =0, (e57) - (52, 0% va), .

‘Y?(e:?)=o’fy (€39) = ¥, (ux, @* 5x). (16)

One remaining form factor _P?_ has to be discussed in close connec—
tion with the definition of the Born cross section which is dependent
on the calculational scheme used. The original definitions of

JOZ in the one-mass-shell renormalization scheme (OMS) are

2 2
= {_ @~
j( /6(”” ex 02,412 5 an
sz - g{fz (18)

where we additionally fix, as usual,
and again use ';Z'? from /11s12/
use the following definitions=

oe = e/su/ > Cu;a: /‘Suf Eﬁ;//‘;,

.« Two popular calculational schemes
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where X is introduced in /ll 12/ The corresponding Born approxima—

tion is obtained by setting r fi OEQ'" '{ (Q &9, 27)

The following relation, €.gey holds, in a.ccorda.nce with eq. <3)=

% (¥) < 0,0 (£, =1)

In the above definitions, the jj is the QM5 definition of the
relative strength of electromagnetic aml weak neutral interactions,
whereas in the modified OMS (or, shortly, MOMS) the ﬁ}

Se= Jg (1-%r) ()

effectively includes already a finite renormalization mainly shifting
0((0) to o([l‘(;) thereby lowering the numerical EWRC considerably.
Of course, the product is independent of the calculational
scheme. Finally, we only rémark that we do not discuss the problem

of choice of 3 independent input parameters out of the set

(22)
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{d) G/A—; M'Z, M‘“. Sy=Sun QW}7 This/has been discussed for ep—
~18

scattering in 3 see also 15-1

For illustrational purposes we use the following set of

parameters as proposed in

M; = 93.0 Gev,
M= 82.0 GeV,
My =100.0 GeV,
M, =M= 0.030 GeV, M =0,150 Gev, My
m,=1.5 Gev, MMy
and the parton distribution Ffunctions _«f of the Duke and Owens
type I ( 0.2' = 4 GeV2, AOC.D = 0,2 GeV),
To set a scale, in Fig.2, the e‘P Born c¢ross- section is

corresponding to sin? 6, =0.2226,

4.5 GeV,
30 GeV, (24)

/19/
’

= presented for A =0,
8 For comparison,

%{{) is shown,too.
Figure 3 contains

the correction from
the photonic vacuum
polarization due to
fermions, &gy »

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
fi1xed in (24) in the
MOMS scheme for A =0,

s b a0 L o §210° GeVZ, The QED
05 10 Y Born cross-section is
* also shown (dashed
11ine).
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10 B 8 7/0 The photonic
vacuum polariza-
tion due }o
I fermions for the
parameters of

(24).
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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 (lc) is also treated
in the quark-parton model:
Q .
Ogep = az); Oaep (A) ; Q‘A‘,?/; A=§ L2
We make a twofold analytic integration over the photon angles using
scHoonscHIp / 20/ . The last integration is performed numerically,
folding in the parton distribution functions ¥,

The gauge-invariance and infrared finlteness are guaranteed
separately for corrections to the ‘electron legs ( &=€ ), to the

quark legs ( a=$ ), and to theilr interference ( @a=¢ ). They
are also separately fulfilled for the photon exchange (A = ) ),

X In fact, we neglect here the smooth —~dependence of quark
distributions. Nevertheless, the result remains very accurate for
the/cg;-rections to be introduced below; see also the discussion
in 1 .
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The one-loop correction &L of (25) to the N( cross—section
in the OMS (Fig.4a) and MOMS (Fig.4b) schemes; the linearized in
ol &{L (dashed—dotted line); the corresponding quantity taken

from (dashed 1ine). Parameters as in Fig.2,

Z-boson exchange (A=Z), and for their interference (A= I); for the
last two items, independent vector and axial vector terms appear. "In
sum, one has to deal with 15 independent QED-corrections.

T111 now, the three photon exchange contridbutions 6:?&1) (J/)
have been recalculated. As is to be expected, the 62)51) ((j') depends
only on the electron mass via &(Qz///g) sy the interference tem
6‘0; ({) is independent of any light fermion mass, whereas 6.} (J’)
depends logarithmically on the quark mass parameters:
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Fig.4b
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MF being the proton mass,
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* In our opinion, the best presentation for a comparison of QED -50
corrections of different authors is to show them separately relative .

52 (4) 0,58/ d'0,(y) (30)
QED - dmdf dra{; '

Fig.5a.

These corrections are presented in Figs.5a~c.

At the end of this section we only remark that ia our naive
approach the bremsstrahlung from quark legs tzzéb depends on
quark masses which have no definite physical meaning. In principle,

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

) interference. Parameters as in Fig.2.

it is known how to cure this drawback by a redefinition of *bare”
quark distrivutions at @=@% 721/, Evigently, this point &
deserves further discussion to be presented elsewhere. 4
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" 3. Born cross section and one-loop corrections for the charged
current reaction

Here we consider the cross section
- d%[ *+ - ' (1)
%= ey | 0)p —SLX ()],

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

But a simple collection of diagrams with one additional (virtual or
real) photon does not lead to a gauge-invarlant expression. May be
the simplest example of this well-known fact is W-decay .
Nevertheless, there 1s 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 Gf%mJ‘L of the loops with an additional internal photon

which are essentially comnected with the IR-singularity: the IR~pole
terms and all logarithmic mass singularities. The CEgEDzﬁL is
well—defined up to a constant. If one uses at any place of arbitrari-
ness one and only one dimensional parameter ~ﬁﬂy as normalization,
then the propcsed separation is unique and evidently gauge=invariant:

L QED ©ED QED 14 ér
6(,(. = 626 +OZC ) 6;c = 6;‘? ’ +6\CC : (32)

So' far, we have calculated the one-loop corrections to the
charged current reaction in the MOMS renormalization scheme:

g d‘%‘i(k)__ qis / 1+ Q. A (33)
C T dedy T (M 2

13 f6a ) g + (k) i . @ s), al,

where again the connection with the OMS scheme may be expressed by
the function S/ :

GEyh,a oo f 2 ‘
fﬂwfc "’Q"D[zég?z)z 52; = ,‘}‘?‘(g‘) g{, (34)
‘fc: (4' 8/‘)%

and 9; may be taken from /11’12/. In defining f, and gf
we excluded the above-mentioned singular QED~terms: <

P = 22 A6 8) R 8],
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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 i,L
are defined in analogy to the neutral current case (eq 25),

%
(&)
of x
0*3

}-\\\
01

0.9

1 [ 1 1 I 1 1 | -

0.5 10y

Figo 6.

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

- The loop correction Sﬂ_ to the CC oross—seotion in

the -OM8 -(a) anaMMS (b) schemes. Parameters as in Pig.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 SZL
of the NC-cross section may be observed in Fig,4, Figure 4a shows
a rising with y (i.e. rising with Q% for fixed S and X )
difference between our result and the corresponding one of 7 y both

being calculated in the OMS scheme. In search for an explanation

we linearized our eqs. (6-9) totally with respect to powers of L .

As a consequence, our 87L is shifted towards that of /7 and for
5§ 0.8 the agreement is very good. This shift is mainly due

to large contributions from XT' « In the MOMS scheme, instead, the

cross sectlon is complelely stable against that linearization5

see Fig.4b. The EWRC are smaller in that scheme since large

corrections from ETV are absorbed in é; « 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 epwscattering is a quite natural

generalization of Born formulse' alloﬁing a simple, gauge-invariant

representation of the EWRC,

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

Fig.7. The 04 1s again much smaller in the MOMS scheme. From
the explicit tunctional dependerce one could expect a constant

difference due to only (Y— ij of the order of 14% and
completely independent of the kinematics. But again this is true
only up te terms linear in o , which explains that there is not

simple a shift in scale between Figs.7a and 7h.
3e

The dominant and most rapidly varying bremsstrahlung contribu-
tion is due to the lepton leg as is seen from Fig.5. There are two
reasons for this dominance.’ One is due to the small electron mass,
leading to Logarithms gzz ﬂQ%&n ) which cause large negative 52—
~values. The other is of a kinematical origin. &t large the
electron can loose a large part of its energy by hard photon radia-
tion and afterwards may scatter a§6a lower average energy leading

de wm tta saser ams

[

Lt m

to an enhanced cross—section and, finally, to large positive E% -
values. So, 5“ varlies with ;y (and X /%)very rapidly, a
feature not being visible in the figures of .Further, the

is 1n our calculations about four times smaller in absolute values
as that in /7/. At least at small QE where photon exchange domi-
nates the EZ —exchange this is a discrepancy which should be
studied further. We stress the importance of using identical quark
distributions in programs to be compared, especially at small IC o

See also /21/. Or course, we have checked the stability of
numerical integrations. Further, we proved the analytical agreement

of eqs. (27-29) with formulae of a considerably more complexity
published earlier 4/. Finally, there is a very good if not
excellent numerical agreement of the QED correctlons of Fig.5
with those obtained with TERADS6 if equal quark distribué ons are
used. For Er , the lepton leg correction, this is true too,
although 82 in TERAD86 has been determined in an approach independent
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.g.
the DISEP under development at Dubna which is documentéd here to
some extent.

We are indepted to W.Hollik and C.Kiessling 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.Kleiny J.Bluemlein, W.Lohmann,
J.Kripfganz are gratefully acknowledged.
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Bapauun O.10. u op. E2-87-595
Hayuenne snextpocnalbulX pagsauHOHHBIX IMONPABOK
ona rayBoKoneynpyroro ep—paccesiHus

npu sHepruax yckopurena I'EPA

Hsnaraworcn pesynbTaThl HOBOI'O AETANLIOro Hcclenonaluf
3eKTPOCHASLX PAOMAUMONILX NONPABOK K riyGoKolieynpyromy
ep-paccesnuo B KaHanax He#Tpanbloro H SapAXCHIIOrO TOKOB
tpH aneprusx yckopurens I'EPA. UYucneinwie pesynbraTh nonyde-
HbM C MCNoOnbsopaHHeM HOBON dopTpaHnoft nporpammel DISEP.

PaBorta BhmonHeHa B JlafopTaopuu TeopeTHuecKol buUsMKH
OMsIN.

Mpenpunt O6BenHHEHHOTO HHCTHTYTA ANEPHBIX HecnenoBaHuit, Hy6ua 1987

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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