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Abstract 

Higher order electrotnagnetic radiativf' corrections to neutral current deep 

inelastic electron proton scattering are studi!"'d in collinear approxim<Jtiou. 

SPcond order corrections show qualitatively ne;y f!"'atures compared to th(' 

first order ones and an· non-negligible for large y and small 1'. \Ye also 

show how kinematical cuts on the recoil quark jeL in particular the j<'l 

angle, will allow a strong reduction of the <ontribution from radiatiw 

t>\'ents for small :r and large y. 
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1. _Introduction 

Deep inelastic lepton nucleon scattering provides an important- f.ool for stud_ying the 

in_ternal structure of nucleons. The HERA machine will extend the energy range ac­

cessible for cp scattering considerably: elect-ron and proton beams of 30 and 820 Gel', 

resp., will allow measurements at Q2 values up to several 104 Gr-1" 2 and ~ 1.-alues 

down to 10-4 [1 ]. High-precision measurements of structure functions and tests of the 

eledroweak standard model. as well as the possibility of observing new phenomena 

require a detailed understanding of the standard model predictions. 

To first order in o. complete calculations of the elect.roweak corrections for the 

neutral current process within the standard model were performed independently by 

t·wo groups (2.3j. Their results agree numerically within 0.5% for the kinematical 

range 0.02 ::: x. y '!:_ 0.98. RecentlY these results ha,·e been confirmed by calculations 

performe~ in thl" leading logarithmic approximation ~4.5~ as well as with the help of 

a !vionte Carlo event generator [G;. 
Tlw CJ(o.) corrections for ;;-c scatt-ering are large for small :rand large y. These 

large corrections origin<Jte from bremsstrahlung from the lepton line plus correspond­

ing Yirtual contributions (Fig. 1. leptonic corrections). Other 0( o:) contributions lead 

in general to much smaller effects. There are two reasons for the importance of these 

leptonic corrections: i) Their order of magnitude is determined by a large logarithm 

of the electron mass lnf Q2 /m;). and ii) t.he emission of energy Yi<l bremsstrahlung 

from the electron line. particularl;· in direction of the electron beam. can shift the 

effective momenhun transfer at the quark line ({2 = -(p,- p~- k) 2 t.o values much 

smaller than the mou1entum transfer Q2 = -(p, - p~ )2 measured from the mon1en-

tum of the outgoing electron: Q2 Q2 . This leads to an enhancement. of the cross 

section for radiative en•nb. The minimal Yalue of Q2 that can be reached by the 

emi,::sion of a photon is determined by the proton mass_ Therefore there is also an 

important part of the leptonic corrections which is not determined by _a logarithm of 

the electron mass. but inst<'ad by a logarithm of a ha.dronic mass scale. This part, 

which is contained in the first two diagrams of Fig. 1 (describing photon exchange). 

can be YiewPd as arising from <ollinear photon emission from the quark line, followed 

by Compton scattering q ___, q. Its contribution is significant at large y and small 

x because of the backward peak of the Compton cross section. 

The mass singularities of the leptonic corrections can be separat€'d into parts that 

lll<lY be associaif'd to the external fenuiou lines. There are mass singularities pertain­

ing to the incoming as well as to t.he outgoing electron line. but also to the incoming 

h<Jdronline_ In <l parton modellauguag!"' these separate parts correspond to structure 

functions for the external fermions that describf' the emission of photons. fermions. 
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etc. The mass singularities arising from t-he Feynman diagrams of Fig. 1 are visualized 

in Fig. 2. The first two wntributions (Fig. 2a.b) produce electron mass singularities 

ln(Q 2 /m;) which han· to be included explicilly. The remaining contributions would 

generate quark mass singularities whic.h should however be absorbed into the hadron.ic 

structure functions. 

The fad that. O(o) electromagnetic mrrections are large obviously requires t.h<' 

investigation of higher order C-ontributions. For such a purpose it is helpful to realize 

that the exad CJ(n-) corredions <"an be well reproduced for not too small Q2 by a 

collinear approximation [4.5]. Therefore, a le-ading collinear approximation should bt> 

appropriate for a study of higher order <"ont.ributions as well. It is the aim of this 

paper to supply the formulas that are relevant for the calculation of corrections up to 

order O{a 2 ) and t.o study the effec-ts t.o be expected numerically. 

In the part on model, deep inelastic scatt-ering is described by a sum over eled.ron­

quark hard sc.att.ering subpro<"esses 

d{T(t:P- c\") = L j dx'Dqj/P(z')d&(eqf- eX) 
I 

(I) 

where Dq,;p(x1
) is the probability distribution Of a quark with flavor f inside the 

proton, and dU is the cross sedion for the corresponding electron quark scattering 

with rescaled center-of-mass energy. Leading logarithmic QCD wrrections are taken 

into acc.ount by the introduction of Q2 dependent parton distributions Dq,;p(:r, Q2 ). 

This Q2 dependence, controlled by Gribov-Lipato;--Altarelli-Parisi evolut-ion equa­

tions [7 ,8], is a remnant from absorbing mass singularities into the structure fund.ious. 

Non-leading QCD corrections lead to modified evolution equations for the parton den­

sities, as well as to finite higher order contributions to the partou cross sections. In 

particular, new- subprocesses involving gluons will app_ear and Eq. (1) will receive a 

contribution which contains the gluon distribution. 

The modification of the electron-proton cross section by eledroweak corrections 

can be described with the help of a generalization of the parton_ model relation Eq. (1) 

[9]1: 

d"(eP ~eX)~ L j dz,Do~o(z,) j dz,Dw(z,) / dz,lJ,j,(z,)dii(ab ~eX). (2) 
ab.r 

D.,1c(x) is t.he densit)· of a 'QED part.on· a inside the incident electron (a = (_+, 

c-, ')',···,u.,-ii,···), Db;P(x) is the distribution of parf.on b (including the photon) 

inside the proton, and .D~fc( ;;:3 ) describes the fragmentation of the QED part.on c into 

the observed final state electron. Singular parts of the electromagnetic corrections 

1This formalism of describing electromagnetic corrections in terms of structun· functions has alread~­
been used eJttensively for electron positron annihilation. s~ [10~ and references therein 
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can be- collected into the (process independent) structure functions whereas finite 

contributions modify the parton subproc!:'ss cross sections dir(ab- eX). From the 

analogy to QCD corrections, two important properties of the QED corrections are 

then understandable: i) corrections describing bremsstrahlung from t.he quark line 

(which are not considered in this work) also modify the Q2 dependence of t-he parton 

distribution functions and ii) the photon appears as a hadron \onstituent. too, with 

c"( Compton scattering as the corresponding subprocess in Eq. (2). 

The leading second order parton modd diagrams are shown in Fig. 3. A qual­

itatively new effect appears in this order. Using a QCD termin?logy this would be 

described as the appearance of a 'sea' c.omponenf of the electron structure function, 

i.e. a 1/ x term. It corresponds fo the production of an c+ e- pair where the secondary 

electron undergoes the hard s<"at.t.ering (Fig. 3f). Additionally, fermion pairs may be 

radiated from the electron line in this order (Fig. 3e). Predominantly, these fermion 

pairs will be produce-d in forward direct-ion and would be hard to observe. Logarithms 

of the fermion masses arising from these diagrams cancel partly against logarithms 

of the same type coming from the 0( o 2
) diagram describing a var.uum polarization 

insertion in the one-loop vert.ex corredion. Therefore we include these parts as a 

contribution t.o the 0( o: 2 ) corrected indusive eP cross section. Our numerical inves­

tigations show that. the inclusion of O(o: 2
) electromagnetic radiative processes still 

increases the corrections in the large y region considerably. 

It has already been demonstrated in Ref. (11] that the high y peak could be 

removed completely if the corresponding photons could be tagged. It should be easily 

possible to separate the Compton contribution to the high y peak by experimental 

cuts. The events pertaining t.o this part have a clear experimental signature: the 

transverse momentum of the electron is essentially balanced by a hard photon. In 

contrast. to this. direct measurements of the small-angle hard photons are presumably · 

not feasible. It. has. howewr, been pointed out in Ref. (12] that cuts in the angle of 

the recoil quark jet should allow to remove such hard photon events very efficiently. 

This will be demonstrat-ed in detail in Chapter 3. This method will work at very 

small x as well, where without cuts very large electromagnetic c.orrections would have 

to be applied over the whole y range. 

This paper is organized in the following way; In Section 2 we define our notations 

and provide the 0( a) and 0( a 2
) expressions in leading logarithmic approximation. 

The 0( o:2
) contributions include two-photon radiation, fermion pair production and 

the leptonic 0( a) correction to the Compton part of the 0( a) corrections. In the 

final Section 3 we discuss numerical results. We emphasize the possibility of removing 

large corrections by imposing suitable experimental cuts, in particular on the jet angle. 

Although we concentrate on the machine parameters of HERA, several results are also 
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given for the wnditiom< of a possible future lepton-hadron collider in the LEP tunnel 

(50 Gel" electrons on 8 Ttl- protons). 

2. Factorization of mass singularities 

Up to CJ( o 2
) the contrilmtions to Eq. (2) describing electromagnetic radiatiw correc­

tions originate from either electron-quark or electron-photon hard subprocesses. For 

the cross section differential in :r and y this equation reads: 

J2cr [ 1 d:: 1 t d:2 [ 1 d:3 - y J2h _ 
d"""d: = L Jo ----=-D<t<(:J) Jo ---:-Db;p(::.2) J~ ----:-2De;e(::3)--;:- d'J" ((/,----> t.\ j 

1: y b-=q.q,-. 0 -1 0 -2 0 -3 y ;r y 
(3) 

In the following the 4-momenta of the incoming (outgoing) electron are deuot.r;-d by 

Pe (p: ), that. of the nudeon by Pn- The momentum fractions .::, define the 4-momenta 

of the generalized part.ons in the corresponding hard subprocesses acwrding to the 

convention 

p, = ~tp., Pb = ::2P,.,, 

As usual we int:roduce the kinematical variables 

Q' ~ -(p,- p;)'. Q' 
:r = '2P,(p,- p:)' 

~r 1 1 

P, = ---:-P,· ., 

E,(p, - P: J Q2 
y = P,p, = xS 

(4) 

(5) 

with S = (p€ --7-- P,y. S,i:.fl and Q2 denote the corresponding variables for tlw hard 

electron-parton subprocesses. 

~l.:-3 
Q' ~ "Q' (6) S = z 1 z2 S, i = :;l;ry 

Zz(z1z3 ---t- Y- 1) 
iJ = :;,.:3---,-- y- 1 

z:~ 

In the following we assume m} <:: S, Q2 and negled fermion masses where possibl('. 

In leading logarithmic approximation it is sufficient to use the hard-scattering 

cross section diJ-( eb ----> (X) in lowest. order of o since the large logarithms are proYided 

by the structure functions. The Born term for unpolarized electron-quark scattering 

is given by 

JZ&(o) 2, 0 2 _ 

-. -. (c'q ~ c'q) ~ -·. (A 111 + (1- !i)'[ ± B 1[1- (I- y)'.!) 1(1 - i) 
dxdy · i2f/S ' · · · 

17) 

where the plus and minus signs refer to quark and antiquark scattering. resp .. and 

A' 
Bf 

c) '2r~efl'J xz\Q 2
) + 

2a,t: 1a.1 .\z(Q2 j + 
lr?- a;)(rj- a]) hziQ'i)'. 
'2r,.a,2rfaf (\zfQ2 J)

2
. 

The rZ interference and the pure Z f'Xchange contain the reduced Z propagator 

Q' 
xz(Q

2
) === Q2---,- .ur 
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18) 

(9) 

l'J and a1 are the vector and axial vector c.oupling c.onst.ant.s of the fermions to the Z 

boson given by their charge e1 and isospin I{ 

I{_ 2s~rCJ _!L__ 
~-'j = - a., = 2swcw 

The weak mixing angle is determined by the gauge boson masses ( cw = cos 8w ): 

.Mw 2 2 
cw = --, sw = 1 - cw. 

Mz 

For Compton scattering we have 

J2&(0) 

didY (q ____, q) = 
")' 2r.a21+(1-y 6(1-X) 

S I if 

(10) 

(11) 

(12) 

In leading logarithmic approximation the electromagnetic contributions to the parton 

distribution functions are generated by the evolution equation 

2 d 2 a(Q2)1l~dt3 r 2 

Q dQ'Db;olo,Q) ~ 2~ 0 

f,- /fhw(f3)D,,;.(o 1 B.Q ). (13) 

To leading order the fragmentation function Da.;t.(z) is equal to the parton density 

Dbja(z). The running fine strudure constant is given by 

, a(O) 

a(Q )oo l-(a/h):C1 rjln(Q'/mj)0(Q'-mj). (l4 ) 

The 9-function guarantees that. only fermions with masses below Q 2 contribute to 

the running of o. P(.:) denote the Altarelli-Parisi splitting functions 

1 + z2 

P,;,(=) ~ (I_=)+. (15) 

1..L.(1-z)2 

Po;.,(=)~ . (16) 

and the (+)-distribution is defined by 

1' 11 1 ..!.. =2 1"' 1 + .:2 
d=P,,,(o)f(o) ~ do--. lf(o)- /(1))- do--.J(I). 

7 "' 1-_ 0 1-_ 
(17) 

2.1 First order corrections 

0( a) expressions for the structure functions are obtained from Eq. ( 13) supplementing 

it. with the zeroth order init.ial condition D~~~(:) = li(1- .:)li.,t.. For D,1, one finds: 

with 

(1) 2 0 
D,1,(o,Q ) ~ 0 L,P,1,(o) 

-~ 

L, = ln Q' m; 
6 
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ln case of the phot-on distribution in the proton the initial values D-.,'p(::.,Q~) at 

some referenc-e momentum Q~ could only be measured but not predided with present 

theore-tical techniques. To first. order in a Eq. (13) •an be rewritten al' 

\1) 2 2 . oc} 1Q' dQ'z JJ d,3 -'· ,z 
D,1p(o.Q ) ~ D,1p(o.Q0 ).,. L 0 , -Q" _ -

8 
P.;.,(;l)D,,w(c' 3. Q ). 

I _r, Q. -
(20) 

In the leading logarit.bnU<" approximation D 1 ;p( z, Q~) should be ignor('d sinn:• it d<)es 

not. depend on two vast!~' differing mass scales (if Q~ is chosen of the order of the 

proton mass) which would be required for a large logarithm. \~'e use as approximate 

solution 
Pi z ,a(} qzJJd_3 - 2 

D_,.p(:;,Q ) :::::: . -In 2 ~1 P'"ltq1 (.3)Dq,.'P(-/!3.Q ). ·' f 2~< Qo ~ l. 
(21) 

which is obtained by neglec-ting the Q2 dependence of the quark distributions in the 

Q'2 integration of Eq. (20). :Kumerical calculations show that not neglecting this 

Q2 dependence can c-hange the final results for the Compton contribution to the tP 

cross seC'tion b~- about 10/'(. The same amount of uncertainty is found when the value 

of Q0 is C'hanged from 200 ..U d-" to 400 .~H c Y. T~is leads to errors in the final results 

for the CJ(a) c-orrfftions of the order of 10'7<. only where the Compton part reaC'hes 

the order of magnitude of the Born cross sedion, which is the case for small ;r: and 

large y, e.g. at ;r: = 10- 2 andy 2: 0.96 or at ;r: = 10- 3 andy? 0.93. In this n·gion the 

unCertainty in the results for the CJ{a) C'Orrections is donrinat.e-d by the uncertainty of 

the- photon distribution in the proton. 

For t-he cP cross section, :first order C'.orredions are obtained from Eq. (3) by in­

serting the. 0( o:) result for one of the generalized densities, leaving for the ot-hers the-ir 

initial '\---alues. The resulting t.hree wntributions to the differential cross sect.ion are 

visualize-d in Fig. 2. Insert-ing formula (18) into Eq. (3-) we obtain a first. c.ontribution 

to the O(o) radiative corrections de-scribing initial st-ate radiation from t.he eleC'.tron 

d2u i(ll __ , 
dzdyJ; 

with 

o-o( z~, ZJ) 

~L. d:z~--1 (o-o{=J, 1)- uo(l,l))---:--- S(.:;""')u0 (L1) o {1' I + ,, } 
21t - =i'"~ 1 - =l 

I 
S(z) ~ 2ln(l- z) + '+ -c'. 

2 

y /,t dz2 A2 tfl&IOJ - -
- _2A L -----:-DqJfp(;;2,Q) d'd- ((" q----+ c q) 
""l"'JY 91 o -2 z y 

{22) 

(23) 

(24) 

_
2
:;_';_ L D,,;p( ,,, Q') ( A1 I! + (I - y)'] "' B 1[1 - (I - y )'I) I 

"'1-JY S qf 1:
2

=_:
2 
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::_l;ry 
(25) Zz = 

ZJ.:J + Y- 1 

and 
I- y 

.;;~"'n = 1- zy. (26) 

Besides kinematical factors, O"o is just. the Born expression for elect-ron prot.on scat­

tering with appropriately rescaled variables ( x, y, Q2 - i, if, Q2 
). 

The c-orresponding expression for 0( a) final state radiation from the electron 

reads 

d'u l'n a {J' I+ z' . } --~- = ~Le dz3--3 (uo(l, z3)- u0(1, 1)) + S(z;''n)uo(1, 1) 
dxdy If 21r ~r·ft 1 - z 3 

with 

z;"" ~ 1- y(l- z). 

For the Compton contribution we find from Eq. (3) and using Eq. (21) 

, I''' do 

dxdy c 

da-'o) I 
-jdzzD(l)(z2,Q2)-. ~(q-te))i 
- z2 '"1/P dxdy lq=.:.=I 

21to-2 1 + (1- y)2 D(lJ (< Q') 
-r/P ' xS 1- Y 

(27) 

(28) 

(29) 

Although this part. does not. c.ontai.n a logarithm of the electron mass, it should not. 

be- neglected because it increases with an inverse power 1/(1- y) as y -t 1. In an 

exad CJ( a) calculation of the leptonic corrections shown in Fig. 1 it is automatically 

included. The results_ of Eqs. (22), (27), and (29) agree with those of [4,5]. 

2. 2 Second order corrections 

2.2.1 Two photon radiation from the electron line 

Inserting the 0( a·) results for the electron structure function into the evolution equa­

tion Eq. (13) one can determine a first contribution to the diagonal electron density 

in 0(o:2 ): 

(2'"1) 2 1 (")' 'l'd/3 D,1, (z,Q) ~ z 2~ L, , /JP,1,({3)P,1,({3/z). (30) 

After evaluating the integral in the last equation and inserting the r.esult into Eq. (3) 

the contribution of 0( a 2 ) two-photon initial state radiation from the electron (Fig. 3a) 

·s 



may be writt-en as 

d'u I('J ~ ~ (-"-)' L' 
dxdy ; 2 211" ' {1, [ 1 ~ _, ( 3) 

d.:::1 2----1 2ln(1- -=d -ln(.:::t) +­
";"'~ 1 - Z] 2 

x ( o-o(.~1- 1) - o-o( 1, 1)) 

+((1 + =,Jln=,- 2(1- =.l)uo(=,.1)] 

~ {[51 .m>" 1]' ~ 4L. (1 - .m•• I~ ,mm( .m>o - ')1 ,mm 
' -1 12 -1 ' -] -1 - Il -1 

- 1 I .m'" I' - ( .m'" I' - ( m>• I' - .m>" ~ ~) I 1 1 I} 
4 

-I ""t Z1 -J ,-
4 

O"o ' -

(311 

The corresponding expression for final state radiation (Fig. 3b) is det.erm.ined by tlw 

same expression with the replacement 

.:::;""',ao(-=t-1)-+ -=:;'"'.o-o(l..:::J). (32) 

The contribution from initial-final st.at.e interference (Fig. 3c) is obtained by inserting 

the CJ(o:) contributions to both the electron density n;~;r.:J) and the fragmentation 

function .D!~!(.z::d in Eq. (3). The result can be written in the form 

d'a I[Z) a z 

dxdy . = (211") L; 

'"' 
{ 

' 1 ~ -' [ J d.:!---1 T(.:-I)- T(l) 
""~ 1 - -=t 

., ~5i=;"·(=,Ji(ao(=,.11- ao(1,11)] 

1' 1 ~ -' 
...._ d.:3_____:___:_1_(ao(L.:::s)- ao(1.1J)5!.:;""') 

;"'" 1 - .:3 
1331 

+ f~,n dz1~ ~ :: (S(.::;'"'(.:t))- S(.:;""'J)o-o(1,1) 

~S(=~'" 15i=~'"luo(l, 1 I}. 
with 

1' 1 - -' 
T(Zt) = d:3----.:.l(ao(ZJ,Z3)- O"o(.~t,1l) 

~""(:,) l-z3 
(34) 

and 
-~x-y..:. 1- y 

~;"in(.:J) := - _ • • 

• :J 
(35) 

Another second order contribution describing two-photon en-llssion from the elec­

tron line is obtained as O(o) leptonic corrections to the Compton part of the CJ(n) 

corrections (Fig. 3d). This contribution is derived with the help of t.he O(o) ex­

pressions Eq. (18) for the electron density and t.he electron fragmentation function 
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applying the same formalism to the q -+ q subprocess. The resulting contributions 

t.o the differential ep cross section have the same strudure as the CJ( a:) leptonic c.or­

rections for initial and final state radiation, Eqs. (22) and (27), resp., provided that 

the lowest order cross section q 0 (z1 .z3 ) of Eq. {24) is replaced by the corresponding 

expression for the Compton part of the CJ(a) c.orrections Eq. (29). 

y 11 dz2 (1) • 2 d2cT(o) - - -
o-c(z~,.:::3 ) = ~ --::-D-,1p(zhQ) d"d- (c 1-+ ( /) 

"'l""JY o ""2 x y 

-"-n(lJ (: qz) 27Ta2 1 + (1 - y)z 
- =t=5Y -r/P "'"

2
' S 1 Y 

(36) 

with Z2 from Eq. (25). The order of magnitud~ of the resulting sec.ond order contri­

bution is determined by ( a/271" )2 Le In( Q2 /Ql)-

2.2.2 Fermion pair production from the electron line 

Additional fermion-pairs come from two sources (Figs. 3e, f). Direct fermion pair pro­

duction (Fig. 3e) combined with the diagram describing a photon self energy insertion 

in the one-loop vertex correction can be respected by the use of the running coupling 

constant Eq. (14) in the evolution equations to second order. This c.orresponds t.o the 

replacement 

a qz o: Q2 1" 2 (a Q' )' ' ' -ln------->-ln-+-L..e! -In- 6(Q -m1 ) 
211" m; 271" m; 3 J 21r mJ 

in t-he 0( a) contributions and results in 

Jf ~ _1 2(-a qz)' ' ' D,1,1-l- -L;c1 -In-, 0(Q -m11P,;,(z). 
3 1 271" m 1 

(371 

1381 

The other source is the hard scattering of the electron from a produced e+ f- pair 

(Fig. 3f). In QCD language this corresponds to a sea contribution. A similar situat-ion 

occurs for the fragmentation of the final state electron. The corresponding term in the 

second order electron density is obtained by iterating t.he evolution equation Eq. (13) 

twice, with the kernels P-.1~ and P~h: 

v·;··(=,Q')~ -ln- (1+z)ln=+-(1-zl+=--· 
(

0 Q')'[ 1 '1--'] 
' ' 271" m; 2 3 .::: 

139) 

These results are in agreement with Ref. (9]. The important point to realize is the 

oc.curence of a 1/ z term charad.eristic for a sea distribution. 

The c.omplete result for th!:' electron structure function to second order is 

nPl = Dh + D 11 + D'"~,-. 
ef• ,;. </' ~1• 

(40) 

Together with the contribution from initial-final state interference and the leptonir 

corrections to the Compton part this determines the completf> 0( a 2 ) corrections in 

leading logarithmic approximation. 
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3. Numerical Results and Discussion 

In this section we present numerical resul1s for first- and second order corrections to 

electron proton scattering based on the formulas of the previous Sf"cfion2
• Fig. 4 shows 

a comparison of the O(o) leading leptonic corrections with the corrf'd.ions including 

also the O(o 2 ) contributions. In this ami the following figur~s we have use-d the 

quark distribution functions of Ref. [13, and .Mn· = 80.0Gcl-, A{z = 91.1 GeT. T_he 

hadronic mass scale in the- photon distribution function Eq. (21) l't"a.S chosen to be 

Qo = 200Mc\". 

The features of the 0( a) correC'tions are: 

• At large :r and small y the combined cont-ributions of virtual and real _soft 

photons lead to large negative C'orreC'tions. These are described by S( =~m) in 

Eq. (22) and ( 27). They fadorize from the lowest order cross seC'tion. For y ----+ 0 

one finds <"m ----1 1 and the log term inS becomes large. In t-he region where this 

term is dominating. thf' corrections are insensitive to the details of the part.on 

distribut.ion functions and the weak interaction parameters. 

However, at. small z. the non-factorized parts in Eqs. (22) and (27) are important 

even in the limit y -----1 0. For small y, energy-momentum conservation restricts 

the energy of bremsstrahlung photons to small values compared to the elf'ctron 

energy in this case. But these photons must. be considered as hard photons 

because their energy is large enough to induce a large variation of the underlying 

non-radiat-ive noss section. The non-factorized parts in Eqs. (22) and (27) are 

very sensitive to the shape of the part.on distribution functions. In particular, 

t.hf'y arf' responsible for the inc.rease of the C'orreC'tions withy -----t 0 at small x. 

• The corrections are large for y - L especially at small z, due to emission of 

photons with high energy which shifts the momentum transfer to small values. 

Not only emission into the forward direction but also the Compton part is 

increasingly important with increasing y. Both contributions behave like 1/(1-

y) withy going f.o 1. Already at r = 0.1, y = 0.9 t-he O(a:) corrections reach 

the 50% level. 

It is seen in Fig. 4 that the O(a 2 ) corrections are also largt' for large x and small 

y. They are even larger and certainly non-negligible in the small x - large y region 

(see Fig. 5b). For x = 10-2
, y = 0.95 the- O(o 2

) corrections reach 30%. 

2 The results presented her,. do not include self energy corro:-rtions to tho:- gaugo:- boson propaga­

tors although thi'S(' pro-\-;do:- another source of laxge logarithms and should be included in a comp],.te 

calculation of radiati\-·e corrections. 

II 

In order to discuss the origin of the O(a 2 ) corrections we present in Fig. 5 results 

for the separate contributions. There it can be sf'en that. the large CJ(o:2 ) contributions 

at large z are due to_ the direct 21· parts of Eqs. (31, 32, 33). An inspection of the 

formulae reveals that it. is essentially the soft part [I:; S(zi;nW /2 which leads t.o 

positive contributions at small y. In the small 1: region, however, the main effed. 

comes again from hard radiation, first of all by additional c" ,- pairs Eq. (39). This 

contribution increases like 1/:r(l- y) 2 • Also the O(o 2
) contribution to the Compton 

part Eq. ( 36) gets large at small x and large y. 

For large ;: and small y the hard contribution is small and the behavior of the 

corrections is essentially det~rmined by tht- soft contribution ex S( Z;) ln( Q2/m;). Ex­

ponentiation of these IR parts !14,15] would improve the predictions for the cross 

sect.ion. The e.xponentiation of these- t.erms can in fad be derivt-d by an iterative solu­

tion of the evolution equation Eq. (13). The full prescription of !14] would include in 

addition to this also IR contributions not proportional to a large logarithm. However, 

at large y, especially for small x the c.orrect.ions are mainly due to·hard photon and 

fermion pair emission and exponentiation of the soft part does not. lead to an inclusion 

of the dominant higher order corrections. 

'\Ve stress again that. the large positive corrections are due to the fact that. the 

corredions include cross sections for new processes, i.e. one-photon, two-photon, 

and fermion pair production. These new proc.esses are integrated over the whole 

phase space available to the additional photons, fermions, resp. because an analytical 

calculation with cuts is in general much too complicated. These contributions should 

not be included as corrections if they can be separated experimentally. 

There are several possibilities to identify experimentally events of these new types: 

• Large angle emission of photons can be directly observed, unless the photon is 

inside a jet.. In the latter case it is probably not possible to separate photons 

from decays of hadrons. Events of this type are, however, expected to be rare. 

Cutting out events with a high PT photon will reduce the bremsstrahlung cross 

sedion. Especially the Compton part. (Eq. (29)) will be eliminated by such a 

cut. leading to a C'onsiderable decrease of the corrections at. small ;r and large y. 

• To some extent, photons coming close to the eleetron direction will be seen in 

the H1 and ZEUS experiments at HERA with the help of a forward detector, 

originally designed for luminosity measurements. These detectors will cover the 

range of polar angle up t.o about 1 m.rad. This will reduce but not remove the 

large y peak in the correction. 

• There is also the possibility to indirectly identify events with additional photons 

or fermion pairs by comparing the measured current jet angle with the one 
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exped.ed from the elec.tron measurement. Measuring the momentum of the 

scattered electron and assuming that the basic scattering proc.ess is a 2 --+ 2 

process one can determine via 2: and Q 2 the angle and the energy of t-he scattered 

quark. In case of 1 emission, the momentum of the scattered quark depends 

also on the energy and the emission angle of the bremsstrahlung photon. If the 

phot.on is emitted collinearil~- with the iuc-om.ing electron. one finds: 

(y + .::-1 - 1)2£,- xy(l- y)Ep 
cosO•= . 

'I (y + Z] -1)2£,-'- .ry(l -- y)Ep 

;ry(l- y) 
Eq' = E,(y+ .::I -1)...!... __ .- Ep 

Y T _:::1 - 1 

(41) 

where Ep and £, are the energies of the proton and the electron and .: 1 = 

1- E,j E~ (see Eq. ( 4) ). 89, is defined with respect to the elctron beam direction. 

ln Fig. 6 we show the effect of emission of a photon collinear with the incoming 

electron on the energy and the polar angle of the scattered quark ( whic.h is 

closely related to the energy and angle of the current jet). It is import-ant that 

the polar angle (J'I, is always increasing with the photon energy. This also means 

that for ver;v small values of 7 where according to the non-radiative kinematics 

one can not expect the jet to be fully contained in the detector, photon emission 

will turn the jet to larger angles. 

In Fig. I we demonstrate the influence of a cut for the- difference of the true and 

expec.t.ed quark scattering angles 

D.fl9 , = 89.-
09 .(.::: 1 = 1) 

on the C'J(a) corrections. Using Eq. (41), the condition !::J.(J'I, 2!:::. restricts the range 

of integration over :.:-1 for initial state radiation and thus reduces the corrections. In 

these figures the dashed lines show the corrections where besides a cut on !::J.()q, also the 

Compton part is left out {bt-cause this part is alway>' charact.erized by events with a 

photon oflarge transverse momentum). In addition to this also the final state emission 

is reduced with the help of a cut on the photon energy of 2 Gd. The corrections 

come out to be always flat function~; of y of the order of 0 t;-(, to -20 )·(·. The step-like 

behaYior at small y is due to the fact that the cut on the photon energy for final 

state radiation beconws actiw only abow a certain threshold iu y. The dependence 

on the actual value of D. is not strong (see Fig. 7h). Therefore. it is not required 

to determi-ne the jet axis to high precision. An ae<·uracy of the order of 15 degrees 

would be sufficient, although the jet axis can in facl he determined with much higher 

precision (few degrees). In Fig. 8 results of a similar calculation for 5 = 1.6 X 1 fl 6 GcF 2 

are shown. 
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The effect of cuts of these types have also been studied using the Monte Carlo 

event generator HERACLES. The results obtained with HERACLES confirm the 

conclusions found here and will be published in a forthcoming paper [6]. 

Of course, these results only indicate the potentiality of reducing the radiative 

corrections by suitable cuts. We have passed over a discussion of the actual feasibility 

of the cuts. but we believe that experimental details will only change the final amount 

of the reduction but not the conclusion on principle. A full study needs the inclusion of 

fragmentation effects and must also take into ac.c.ount the properties of the detectors. 

In summary, we have shown that 0{ a-2 ) electromagnetic. corrections are signifi­

cant- in some regions of the accessible phase spa_c-e, and cannot be ignored. The origin 

of these relatively large terms is well understood. From this point of view we do not ex­

pect large c.ontribut.ions neither from higher order leading terms 0(( aj1r )3 ln3
( Q2 jm 2 )) 

::::- 3 x 10-\ nor from non-leading logarithms3
• Uncertainties in the calculation of the­

oretiCal predict-ions for the deep inelastic elect-ron-proton scattering cross section are 

thus not due t-o an insufficient knowledge of higher order electroweak radiative correc­

tions but the reliability of predict-ions is limited by the precision with which hadronic 

structure functions (espec.ially D-riP) are known. In this sense one could say that the 

limit where radiative corrections are under control has been shifted to much larger y 

and smaller x. However, mort' work is required t-o study combined effects of strong 

and electromagnetic corred.ions. 

As a main point of our analysis we have shown that the huge radiative C-orrections 

can be reduced dramatically by appropriate experimental cuts. 
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Figure 1: Feynman diagrams for O(a) leptonic QED corrections to eqf ---4 eq,. 
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q/ ~q/ 
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Figure 2: First order leading logarithmic corrections to eq1 ---4 eq1 arising from the 

diagrams of Fig. 1. The vertices emphasized by a bold point describe 0( a:) mass 

singularities contained in st.ruct.ure functions. 
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Figure 3: Sec.ond order leading logarithmic corrections to eq1 ----l eq1 using the same 

conventions as in Fig. 2. 
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Figure 4: Leptonic corrections for e-p -+ e-X at S = 10~ Ge:V 2 in the leading 

logarithmic approximation for z = 0.5, :r = 0.1, :c = 0.01, and :z: = 0.001. The dotted 

curves show the O(a) results and the full curves include also the CJ(a2
) contributions 

from Eqs. (31, 32, 33, 36, 38, 39). (Mw = 80.0 GeV, Mz = 91.1 GeV, Q0 = 200MeV, 

quaik distributions from [13]). 
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Figure 5: · Separale contributions to the O(a2) leading leptoni' ("Orredions for 

S = 105 GcV 2
• x = 0.5. and J: = 0.01. The full lin(' C"ontains the 21 C"ontribut.ions from 

Eqs. (31: 32. 33), the dotted curve- shows the 2i part from Eq. (36) (Compton scatter­

ing). the dashed line is for the J j contribution (Eq. ( 38) ), and the effect of addit.ional 

e+c- pairs (Eq. (39)) is represented by the dashed-dotted line. (Afw = 80.0Gcl-, 

Mz = 91.1 Gel', Qo = 200M eY, quark distributions from (13]). 
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Figure 6: Dependenr.e of the energy (a and c) and the polar a.ngle (b and d) of the 

scattered quark on the photon energy in c.ase of photon emission collinear with the 

incoming electron. a) and b) for x:::: 0.1, c) and d) for X-= 0.001. E~ = 30Gel', 

Ep = 820GeV. 
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Figure 7a: Reduction of the O(o) leptonic -,orred.ions by a cut. on the differeme of 

the true and exped.ed quark sC"at.tering angle for :r = 0.001, x = 0.01·, x = O.L and 

;r = 0.5. The fulllim·s are the e_omplete O(o) result:-; for 5 = 105 Gd,.z without C"ut 

and the dashed lines for a cut. of fl.= 15''. IK. · 2 G(F for final st.at.e emission.) 
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Figure 7b: Reduction of the 0( o) lept-onic corrections by a cut on the difference of 

the true and expected quark scattering angle for x = 0.01 and~ = 5° (lower dotted 

cune), 10" (dashed curve), 15° (dashed-dotted curve), and 45" (upper dot.t.ed eurve). 

(E, S: 2 Gd' for final state emission.) 
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