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L. Introduction

The electron—nuclear r~=actions are very successful tools
for investigation of fundamental structure of nuclei Although
the weakness of electromagnetic interaction allows to resolve
the electromagnetic property of nucliei hy less distortion, the

smallness of electron mass requires to carefully take nto

account effects of bremsstrahlung both: in the field of
nucleus on which interactions take place (internal
bremsstrahlung) and in the matter of tarqet (external

bremsstrahlung) through which electrons passed before and after
interaction.

Since the available electron accelerators allow to
effectively investigate mainly inclusive processes, there are
more detailed considerations of the radiative corrections to
inclusive electron spectra (1,2,31 and elabor ations of the
methods to restore the nonradiative cross sections from
experimental data (unfolding procedure see chap.3 1in [2]). The
coincidence processes up to now were performed mainly at not so
large value of 0° and in the kinematical range of quasielastic
Scattering (e.q. see Refs.((4,5,6]) where the mass of undetected
final bhadron system is known, which allows to fix the value of
bremsstrahlung photon energqgy. For these conditions the
radiative effects are small and can be sufficiently described
in the framework of the one - photon approximation (at the
moderate values of the bremsstrahlung photon energy).

However the designed facilities at CEBAF (7] and SLAC (8]

significantly extend the possibilities of coincidence
experiments, where apart from quasielastic processes the
inelastic processes at the large range of a? can be

investigated. For such experiments the radiative correction for



all kinematical ranges (quasielastic, nelastic,
deep-inelastic) are needed. Moreover, it is essential to take
into account the distortion of scattered electron spectra by
radiation effect of processes with lower mass of final badronic
state (radiation tails).

In this work procedures of radiative corrections obtained
by Mo and Tsai [L31 for inclusive (ee’) scattering 1in the
cantinuum  are modified for the coincidence processes and the
r adiative tail from guasielastic peak is obtained.

in Section 2 a brief description of the main process and
the cross sectinn of coincidence reactions in the Born
amr oximation (in general form} are presented.

In Section 3 the coincidence process by bremsstrahlung
phatan accompanied are considered. At first we restricted
ourselves to oane photon emission and the corresponding diagrams
for infrared singularity reducing are considered. And then
similarly to 1,33 takes into account the corrections for
multi—-photon radiations.

In Section 4 the effects of radiation in the target matter
(stragqgling effects) are considered. The coincidence cross
sections by taking into account the internal and external
bremsstrahlung are obtained. Besides these the radiative tail
from discrete excitation levels is described. At the conclusion
the same model calculations allowing to estimate the dependence
of the size of radiative effects on kinematical conditions of
coincidence processes and the restrictions and deficiency of
radiative correction calculations are discussed.

The following designation is used throughout (33

p_l=(EL,B,l) ~ four momentum of the incident etectron

pr=(Ef,6[) - four momentum of the outgoing electron

p‘=(H‘,O) - four momentum of the.target particle

k =(w.K) -  four momentum of the photon emitted

pB=(En,BB) - iour momentum of the detected particle

B {in coincidence to electron)
pc=pi+pA—pr—k - four momentum of the undetected final hadron
system

<
[

-».
= (u _u)y= p_‘+ PP PP + k

it

-
(q,.qa) = p- p,



.2 _ — 2 = _ 2
qQ —-(p.L P, Ky (pc+ Py pA)

Se — electron scattering angle

95 - angle between EL and ﬁa

© — angle between (f;ﬁr) and (a_lBBJ planes

<] - angle between 33 and transferred momentum q = (pL— pr)

9k - angle between

HA,HB,HC,HN,me,mn -~ are the mass of target, detected particle,
undetected hadron system, nucleon, electron and pion
respectively.

Ze - target nucleus charge.

a = 1/137 ~ fine structure conctant

2.Cross section of Basic Process

In general we’ll consider the following process
(see Diagram 1a)
e +A > e+ B+ C © (2.1
where the scattered electron e and particle B are registered

in coincidence.

Diagram la Diagram 1b

In the case af ane photan exchange approximation (Barn
approximation, Diagram 1b) the invariant cross section for the
process (2.1) in general can by presented as fcllows (see e.g.
Ref.l9D:

4,2

e’z i a?pr d?Ps 1

|7,
((pipA)z_ m:Hi))’/z if 2Er 2En (2n)°

do =

(2.2)

where

1T 12=t"17 s q

(2.3)
uv

f



in (2.3) t** is the tensor composed by electron currents:

e sy M Gpy P =
t 5 Lup) T up ) -ulp) rulp)

+ popk - (plpf)g“”)) (2.4)

where T“D is the tensor cansisting of A,B,C particle
electromagnetic currents. The tensor T;.n/ in general can be
expressed (using the gauge and Laorentz invariance) as tfollows

(see Refs.f10,l4]):

Tuv= guv":o+ pA,LlpAV.'FI.-‘- pnupav.Fz+ %.(pn,upnv+ pAvpau)'Fa 2.5
where FL(E Fi(q,pA,pB,H:), 1=0,1,2,3) are the invariant nuclear
structure functions. In the (2.9) terms proportional to q“ ar
qv are omitted (by taking into account the current
conservation).

Note that for the case of discrete excitation state of final

hadron system the structure functions are expressed as

follows:

- 2
Fi(q,DA,pB,HZ) = Fa,pp ) SUa+p —p) - NZ) (2.6)

3. Bremsstrahlung Process in Coincidence

Reactions

As  mentioned above, the investigated process (2.1) is
always accompanied by real photon ewmission and the following

process actually takes place:

e +A e'+B+C+y. 3.1
In the lowest arder of the perturbative theory  the
bremsstrahlung procéss corresponds to the case of one - photon
emission. In the calculation of the one -~ photon emission cross

section, to avoid the infrared singularity, it iIs necessary to

simultaneocusly consider the following diagrams (Diagram 2).



Diagram 2

The cross section of the corresponding diagrams was calculated

by many authors (see e.g. R s [13,181 and can be expressed as

follows:
d‘o - d'ao . 6e1 3.2
dErde dedQB dEfdededQB
where
&% = a/n- InmE A% (-1n(-aZ m2)  — %-mzr—qzm%) .
2
13 2 =2 28 n
—61n(q/lne)~——§ +E} (3.3)
d‘ao
the W is a cross section of coincidence process

(2.1) 1in the Born approximation. The real photon mass is
brought to artificially, which will be reduced at
simultaneously considered one photon bremsstrablung process
(this is a general method to avoid the infrared singularities
[13,181). )

It can be seen [12] that the main contribution to the
bremsstrahlung cross section for process (3.1) is given by the

‘following diagrams (Diagram 3)




D> D e —_—> T > — e >
) /'/
> > >
o 0=, a[==0=—=; ==
. \\
c d a
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Assuming that A,B,C partizl¥5 have a mass much heavier
than electron. (that are true for! the process of interest), only
the diagram Ja and 3b will be considered. The cross section
corre-spondimj\‘ to these diagrams, in general, can be presented

similarly as e.qs-(2.2) and (2.3) =

4o’ = e*z® 1z 9P d’Ps dik 1 5.4)
2 2.2 s/zl if’ 2E 2E 2€ ] "
W p ) — a1 f B X (2m)
T A e A
where .
r ;2 = HY_T .4
Tl T, /a (3.5)

The tensor of t*¥ after suemation over photon polarization
r
and averéging over electron spins can be expressed in the

following terms [16)

Hy 4 v vopt LY.
= . + -
tr 2e {(p,lpr PPy (p,tpf)g ) x

(Ao L omet  ome 2R
A Iq:r_l (I;pr) (kp.l; (ka)(kpf)
. ma(kp ) ma(kp ) kp. kp
M 'Jw)((""';')ry(ln;:1 B k%) * ; - ; - S - —D
i t (kpr ) (k;:r,L ) kpf kp,t
. o v
: 2 PP 2p’p
o v Y i —~ e v 1 _ if
& PO Gyt meotke) (ke 0 T ®eL T
A9
v
- 2 p.p 2p p
H_v vt me if 1 £ f
+ + k —— - P — — -
&"p, P x( “‘"a’z &p ) (k) + p, )+ %p, } (3.6)

In (3.5) qQ= pi~pf~k and Tt‘v have exactly the same form as in
(2.5), only for structure functions Fi(i=0’1'2'3) one must use



q' instead of q = p,t—pr.
Since in the investigated process of (2.1} the emitted
real photon is unregistered, one must integrate over energy and

angles of such photon. Therefofe one must in fact calculate the

following:
wkmoxz 2 2
d*o” _ e’2?EPd e Kk do .7
dE dQ _dp_dQ 4E M (2m) if 2w "
ff P B LA X
Qko
where ) max is the wmaximal possible value of bremsstrahlung

photon. To perform such an integration, one divides the energy

W, 1s
max
where A are chosen by two following conditions: at first the

integration range into two parts: (O,wkmo) = (Q,A) + (A,

quantity of A must by sufficiently small to neglect structure
functions change in the (0,A) range, and secondly the integrals

in (0,4) range are determined mainly by infrared part of t‘:v

2 2 2-(pp,)
me if ] (3.8)

t‘;‘v(‘mr,red) o [— o ﬁ—%’z MR TN
f i i f

After such dividing of energy integration range and using

the so called "peaking” approximation for the anqular
integration in the range (A,wkm) (see appendix A), one
obtains (simultaneously taking into account eqs. (2.2), (A.2),
(R.4) and (3.2)) the following relations for the radiative

cross section restricted by one — photon bremasstrahlung:

d‘ar d‘oo
= (1+8) +
dE rdf) tdpndﬂn dE rdﬂ rdedQB
E —-A, €
i i PPN fMax s
J- v, da(E;,Er) L da(E_l,E;)
+ —=s " -dE; + J- e = -dE; (3.9)
(E_L E_L) dErdl:)fdpndﬁB i (Er Er) dErerdedQB f
Eisin E~8,
where &6 = 6°L+ :5""" and 6i"°l, ¥, ¥ are presented in
appendix A. The E . and E are determined under
iMin fmax



kinematiral! conditions of (2.1) process.

Note that the formulas in (3.9) come to agreement with the
corresponding expressions obtained in [17], if the latter is
integrated over emitted photon energy.

In order to generalize the (3.9) for the case of
multiphoton emission, one needs to point out the following: the
ratio of the first term to the two remained in (3.9) has an
order = In(Et/A), and therefore the last two terms can be taken
as smallest quantities of the first order with respect to first
term, and that faor each order of perturbative theory, there are
corresponding diagrams (similar to diagrams in fig.2) tao cancel
tl_-»e infrared singualarity in the same order of bremsstrahlung
(13} In the framework of this assumption the radiative cross
section generalized by the multiphoton emission (see appendix

C) can be written as:

s r 4 0
d o - d o
dE rer dpB an dErdn . dedQB

- exp(é(A_L,Af))+

E-a
13 T o
¥ d*o%E"LE )
L t [
(€ -E)) € dndp do_

-exp(SLE, ~E DdE;+

v d‘a°uz_L ED)
€ o dndp_da_

€ - exp(é(E;-E r))dF. ; (3.10)

m
l
B~

f t

4.Total Radiative Correction to the Continuum spectra

and Radiative Tail From the Discrete Levels

Before ' and - after the considered electron—-nucleu
scattering takes ‘place (suppose that the scattered electros
angle is much larger than me/Ei), the electron passed thwough a
medium of target, which have a finite thickness and therefare
lose the energy by ionization and bre-sstrahldn; (straggling}.
The simucitancous accounting of these effects similar to {3] and

processes af mnibewmal bremsstrahlung (see eq(3.10)), allowed

10



to obtain the total radiative f{(and ionization) cross section

for considered process (2.1)

4 _exp T T
Eaera " (?51 : [é—] : [V (T—'ZZTTE] oE ey 4
Ff pb B L f Y L
-RA
1
~Ev T z .
[ (EE)[E ] [E L] [ —E; PR CEVE Yo —E)]F
LMlh(Ef)
EI‘MQX(E'L)
f"’Ef f Ef T
J G E)[E ] [E _l R] [(—: = To((E;~€ V/E; )+?(r: Ef)z]dEf
E + A '

f
(4.1)

where (all these quantities are determined in {1,3))

4 exp

d o -
.- — experimentally measured cross section
€ aa dp s perame! 4 = s
[ SR S N -

4 0

do

2
e F(q,T),
dE ‘dQ‘ dpbdQB

1 _
(Ei’Er)—

F(g?,T)=(1+0.5772 -b-T) x
13
x exp [—_ ¢ 22 - P in-a/md-8(-£ € /€ )-2(E ~E VE )]
PlA/EY = 1 — (A/E) + 3/4-(8/EY (ref3D
T =b-(T/2 + t), t = S .an@Zppsad) — 1
r* r m-b p\.pf e b}
¢ = 0.158-2/A-T-x_(MeV)
b

4/3 (for complete expression of b see [1))
T - is the target thickness in units of radiative length,

2

x,~ is the unit radiation length in qmlcmz
() is the Spence function (see appendix B) and the

HA+2E_L5:inZ (96/2)~E_+p_(cos(80)coS(98) +5in(9a)sint9m)cos(p))

R=
M -2E sin®(8e/2)-E_+p_cos(os)
A f B B

4.2)



The ‘expression in (4.1) represents the foraulas for
radiative correction to contirwuum spectra. As mentioned above,
the E_ and E were determined from kinematical conditions

iMin fMax
of investinated process and for the reaction (2.1) they are as

follows:

M+ M2 - (M%+m )P~ 2M E_ + 2E (M -E_+ |B_|cos(9e)
A B c n A B T A B B

e 2M_ + 4E sin®(9e/2) — 2E_+ 2B P/ ||
A L B B f
= _H: B H: * (H(o:ﬂﬂ,z+ ZHAEB+ 2Ef("A- EB+ (686f)/|6f‘)
iMin M, - 4€ sin®(8er2) - 26 + 2|8 |costos)
14.3)
The A is taken as a segment in the Er value axis

satisfied the conditions described in Section 3. As can be seen
(from derivation of (4.1) by 4), the experimentally measured
d*o®*P N - N
W) is independent of A (with
precision up to O((A/Ef)z)), that confirms artificially brought
of A
Note that in (4.3) M= M) + m , where M is the lowest

cross section [¢

possible final hadron systea mass corresponding to quasielastic
scattering.

The expression in (4.1) allows to obtain the radiative
tail from discrete excitation level. In order to calculate such
radiative tails, one must use the relation of (2.6), which
permits to perform the integration in (4.1). For illustration
we present bhere  the radiative corrections and tails froe
quasielastic peak. After inserting (2.6) to {4.1) and
integrating over Ef‘ and E; one obtains: V
— for radiative corrections to the quasielastic scattering

r

d2o**P _ Ra Tj A 1:'1_ z ) or°“(Ei.El) “.a)
dE_d0) dO E. E (1-2T7)A dE _d( dQ -
[ S i T r r =

whirh agrees to the corresponding expression abtained in [156),
— and for the radiative tail froa quasielastic peak



4 tatl
do
G:E',t‘!ﬂfdpbdﬂB

. i i (8
M 18, 178, + 9 1,178, - a-costeh

x

= oen(Ei—ui,E!).
dE _dQ dQ
f f =B

.2 g
~2€ sin“(6e/2) + M~ E_+ |5 | casten)

dl

I‘-p(uV/E_)'o- £ z] .
1 ot 2w}

- f - f f
+ dso°”(Ei,Ef+nf)_ HA 'pnllEn * qc 'pnl/En Y cos(8)
dE_dq d inZ(Bas > > *
TRt s ~2€ sin®(8e/2) = M+ E_— (5.5 /|5, |
T- T
LA ¥ . i R L
"[ w PO/ E ) v z]} [ E,] [ E + u]' (4.5
T 2“; i f 1
where
z 02
u —-M
w = H <
t -»
2(H‘— Ei(l—custao)) - E' + ]p'] -cos(on))
uz _"o
" = L] <

f »> >
2(""" El(l—cas(ﬁo)) E- + (PBD'.)/Ef)

(note that uf-R = “i’ where R is determined in eq.{4.2))

. .2 . .z .2 i
Lo - - - v 2 Lo t 13
q = Ei w E‘, -q" ME,‘—uiEfsm (Be/2% a, Q. q"
o . = S » i
cos(@) = ((Ei._"i) cus(a,) (p.pfy|p") / q,
2 2 2 2
f _ _ - - 4 - .2 I _ f _
q = Ei. E,- ws -q“ 4El(Efﬂ-f)sm (6e/2) aQ, . q"

cos(e’) = (€ -costd,) - € +w)-@ /|8 |/ED / af
(4.56)
and the labels of “eff" and other quantities (such as R, T,
and p(x)) are defined above. '
The above - obtained expressions allow to estimat> the
dependence of radiative effects on kinematics of = t.:f:ncre&
process to be investigated. As follows from (4.1) at the target



thackness about T ~ 2o/ b -(In{—q Z/m é—-l) the external
bremsstrahlung is of the same order as mnternal one, however by
increasing —qz (at the same target thirkness) the relative
contribution of internal bremsstrahlung wiil be dominant.

In fig.l the events qgener ated from quasielastic (e,e'p)
process 1in quasifree region for the 10mm sz target (with (4b)
and without (4a) radiative effects) are presented. As was
expected in this case, when the one-body quasifree processes
dominate, the radiative effects are small (they contain =~35-5%
of the main proecess), since the quasielastic scattering
kinematirs restrict the emitted photon energy to about 30 - 40
Mev (the missing energy for the quasifree scattering).

However for the processes, whose description lies ocut of
the framework of one—-body formalism (the processes corresponded
to high value aof wmissing energy > 80 #™MeV), the large radiative
effects are expected. In fig 2, for illustration, the radiative
correction to the fast backward proton electroproduction cross
section (calculated by the short—-range nucleon correjation
models  {19]), is presented. As can be seen n fig.2, the
radiative effects are signiticantly large ( =~ 15-20%Z of the
main praocess), that proves the necessity of careful performance
of the radiative carrections in the investigations of many-body
praocess {Meson Exchange Currents, Two—Three nucleon
correlations, etc.).

Iin fig.3 the comparison of calculated (e,e’p} quasielastic
cross section (where radistive effects are taken inta account
according of  formulas (4D ~  (4.6)) with experimental data[zo]
is presented. This comparison shows the applicability of the
considered formalism of radiative correction and allows to
estimate the extent of internal and external radiative effects.

In conclusinn note that expressinns for radiative
corrections  have, i principle, the same deficiency as the
corresponding ones for inclusive processes [1,3], which mainly
is caused by the employment of the peaking approximation. One
of these deficiencies is the unreliability of the radiative
corrections at the ranges o)r ~ Ei'Ef’ whirh requires certain
caution in the use of radiative corrections in  the deep

inelastic region.

14



Besides that, the calculated radiative tails n eqg{4.5)
are relevant to the assumption of &x) distribution for missing
energy 1in nuclear spectral function, which 1is an acceptable

approximation in the case of relatively small radiative tails.

However these expressinns can be safely modified for the other
case of missing energy distribution.

The author wish to thank K.Sh.Egiyan, Yu.5.Sharabyan,
5.6.5tepanyan, M.J.Amaryan and R.A.Demirchyan for helpful

discussions.

Appendix A. Integration over the Emitted Photon
Phase Space

After dividing the range of integration described in Sec.

3 one must perform two following integrations:

da*o” e 27%emPE T2 Kok gk
g€ d% dp_da_ 4E LXEZ T l” o
1 f B X
2z
e22E1Pd r 2 Kodk o
II 4£ R_(zm) ] 1T | E -1

If the A satisfies the assumptions presented in Sec.3,
then the first term of eq.(A.l) represents the contribution of

soft photon ewmission and can be factorized in the following

form (see e.q. Refs. [2,11,13]):

, .
eZEtPn r 2 Kdk &3 _ d o . ginel a2
JI AE M (zm] ”u‘ 20, - dE dQ dp_dO 6 @2

where
o™t sn- [[1+1r-(-§/-q’))- [—1nm’/xz)+1n(£i) ~IndE,) -1n(-z.)]+

1S



+ 12 1nimd/-qY) - 76 + B(~q_/E) + Mqo/Ei)] (A.3)

x
here 2(x) = F—llil——z—l- dy is the Spence function.

o
For the integration of the second term in (A1), note that

the integrand has the peaking behavior (which followed from
eq.{3.6)) at the both values of emitted photon angle: at K |l
6( and K I 61' Such behavior of the integrand makes it
possible to perform the angular integration using the "peaking"
approximation  [14] (according to which the integration of the
function of €(x) = h(x)-g(x), where hi(x) bas the evident peak

at the X and the g(x) relatively smooth, can be approximately
b b

estimated as  follows: Jhtaatxdx a h(xo)fg(x)dx) i, which

a a
gives:

wkmgxz 2 2
e ZEans -[Tr z kdk d{x
4E_tHA(2rt) if I Zwk

QkA

E -A E

i i <0 fMax PP

¥ d o (E!,E ) ¥ deo (E ,E )

=J LI ! ~dE'+J L L aer aa)

(EL_EL) dEfd(?rdpndQB i (Ef*Er) dEfdededQB t

Eiin B4
where

WE j = S {l'ln(—'qzﬂh:’_z) + }-'ln(-—qz/mg) +
. n 12 i 2

+ (E'/E))- [(Ef/E_)'ln(ZE,/me) - l.]]
Ui [ i

_a ez,.2 (1 ., 2 2,V . . 2, 2
w(EL) == (Ef/Ef ) [f Ind—g /4Ef) v o5t indeg /me) +
+ (E‘;/Ef)- [(E;/Ef)-ln(ZEr/me) - 1]

(A.5)



Appendix B. Multiphoton Emission

Similarly to egs. (A.2) and (A.4) the cross section of the

two — photon bremsstrablung can be written as

a‘o’" N . Sinel

- = +
dEfer dpadﬁn dErde dpal:iﬁB 2

E-AT E
v N rr f"axrr 4 T
v;" d'T(E ,E)

v d*c™(E! E )
i i f

1 1
+ 1 - CHE+ = e e -dE’  (B.D
2 (E,l Ei) dErdOfdedﬂn i 2 (Ef,.Ef) dEfdnfdedQB f
Eisin B4y
d‘o-r
where ffah?_pl?iﬁ; is the cross section in the case of one

photon emission. By taking the value of A the same for one and
two: — photon bremsstrahlung (it always can be done, because of
artificial appearance of A) and inserting the egs. (A.2) and
{A.4) into eq. (B.1) for the cross section in the case of two
real photon emission tby +taking into account the assumptions
described in Sec.3) one obtains:

d*o" " _ a*o° )
ifdﬂr dpndﬂn cE‘_er dpadﬂn 2

E—A. E
i i .0 fMax <o
. d o (E ,E) ¥ d o (E ,E’)
+j - L s '+j L .5 .aE
(Ei{i) CEI‘dedpndQI ine (Ef{f) ifdﬁfdpndﬂn ime 1

M B4

(B.2)
The similar expressions can be obtained for thwee and msore
photon bremsstrablung, amnd for experimentally wmeasured cross

section, which represents the sum of the ﬁrocesses e + A - e+

o
B+ LC + D-.-Vr", one can write
n=o0o
4 _exp 4 O 2 n
d o _ do Mt + Sinel + Sinel . - Sinel \2
dE dQ dp_dQ dE d2 dp_dQ 2t nt i
f I B B f f B B - ‘_)m
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E—-A,
it

4 Q.
. ¥, ) do (EilEf). PN 6fnol PR 69;\:L dE* +
(E -€E) cEfdﬂrdp [:]¢] in 2 n—1¢ i

T T B B .- @
Ei.l('Ln

d‘ao
+ [ ief ] = m-exp{émol) +
f f B B

Ei—Ai. o

v, ao%E,ED
J(Et—E;)'dErdofdpadna'e""‘éml"dﬁ * [‘ d ] (8.3)

iMin -

By taking into account the statement according to which
for the each order of perturbative theory there are
corresponding diagrams {like in fig.2) accounting of which
reduces the infrared singularity, one can use in eq.(B.3) the &
= 6%+ & instead of &7°

Note that the latter replacement means, that the cross
sections of the diagram reduce the infrared singularity,
summing to exponent the reliability of which 1s discussed in

Ref. (11.

1
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Fig.t

Fig.2

Fig.3

Figure Captions

Spectra af events generated by quasielastic (e,e’P)
processes on 26 in the guasifree region, {+) -
without radiative effects, (o) — radiative effects

taken into account.

Spectra of gener ated events in the region
kinematically forbidden for quasifree scattering,
(+) — no radiative effects, (o) — radiative effects.

taken into account.

Comparison of calculated quasielastic cross section
with experimental data [20] for a ioﬁm thick carbon
target, (a) - nonradiative calculations, - (b}
radiative calculation without straggling effects,

{cy — full radiative calculation. The calculation

was made using the computer code from [21).
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