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dege angle Blla.l)ha scattenng process (LABS) has an 1mportant role in ete~ col—

~liding beam phvsncs [1]. - First, it is tradltlonally used for ca.hbratlon because it

has large cross section and can be recognized easily. Second, it might provide an
essential background ina study of quarkonia physics. The result obtained below
can be used also to construct Monte—-Carlo event generators for Bhabha scatterlng
processes.

In‘our previous papers we con51dered the followmg contrlbutlons to the large
atigle Bhabha cross section: pair production (virtual, soft 2] and hard [3]) and two
hard photons [4]. This paper is devoted to the calculation of radlatxve corrections
(RC) to a single hald photon emission process. We consider the kinematics essen-
tially of the type 2 — 3, when all possible scalar products of 4—momenta_of external
particles are large compared to the electron mass squared.

Considering virtual corrections, we separate gauge-invariant sets of Feynman
diagrams (FD). Loop corrections, connected with emission and absorption of virtual
photons by the same fermionic line, are called as Glass-type (G)-ones. The case,
when loop includes exchange by two virtual photons between different fermionic
lines, are dubbed Box-type (B) of FD. The third class includes the vertex function
and vacuum polarization contributions (I'TI-type). We see explicitly that all terms,
which contain square of large logarithms In(s/m?), as|well as those, which contain
the infrared singularity parameter (fictitious photon mass A), are cancelled out in
the total sum, where the emission of an additional soft’ photon is considered also.

We note liere, that the part of general result which is connected with the scat-
tering type diagrams (see Fig:1(1,5)) was used to describe radiative deep inelastic
scattering process (DIS) with RC taken into account in the paper [5] (we labeled
it as the Compton tensor with heavy photon) Similar set of FD can be used to
describe the annihilation channel {3].

The problem of virtual RC calculatlons at the 1-loop level is rathér cumbersome
for the process :

et(p) + e (pm) — e (Pz) + e (py) + v(k1). (1)

Namely, if at the Born level we need to consider 8 FD, then at the 1-loop level
we have as much as 72 FD. Besides, performing loop momentum integration, we
introduce scalar, vector and tensor integrals up to 3 rank with 2,3,4, and 5 denom- -
inators (a set of relevant integrals is given in Appendices A,B). A. hlgh degree of
topological symmetries of FD for cross section can be exploited to calculate the
matrix element squared. Using it, we can restrict ourselves to the consideration of
interferences of the Born level amphtudes (Fig.1(1- 4)) with those, which contain 1-
loop integrals (Fig. 1(5—16)) ‘Our calculation is simplified since we omit the electron
mass m in evaluation of the correspondlng traces due to kinematical region under
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We found that some kind of local factorization took place both for thc (w and
B- type FD the leadmg logarlthmlc contrlputlon to the’ summed own spin-states
" matrix element squared arising from an interference’ of one of the four I'D at thr‘
Born level (Fig. 1(1-4)) with some 1~ loop corrected FD. (Flg 1(0—16)) tmns out to be

’ proportional to an interference of the correspondmg amphtudes at the Born lvvd
The latter has the form:" ,

: , N 16 1 S T
'EO‘ L= 47I'a) 3 Z 'M |2 = —— —Tr(ploll’ploll’) . ZTI'(PTYGP;"I,;) 5 .
BN E 16 "‘“’° ;-- . e 7 i [N ‘ g
iy : tXlX (u +ul+s +32), . E T , o (1)
SO = 8¢ s s u up -\ - '
Oy = 47ra) 3 M = ———( + + + )
e ( Z BERSRTH Xixz. XiXz x:x'z : xzx’l :

(el s +s2),

"1(',*‘:=’ ‘(47ra)"3ZM1(M3+M')——(1+Z) { 4u1,\z+4u(31+t1)(9+t)

-Xl ' | XeXa,
[2suu1 + (u + ul)(uul + 331 - ttl)] + [2t1uul + (u + ul)(uul )

Ptk ‘,3-;1;"“ :
+ ttI - 331)]}7 Oll’ = 7p X, 17# ~ T le 1797 Oll' = Oll’(P Hj/‘)a

where Z-operator acts as follows:
S m 4—)p; s?‘—\)s‘l
Z=Ipr+¥py u—ru
‘ ‘ ky - =k tt, =t
* One can be convinced, that the total summed over spin states matrix element

squared can be obtained using symmetry proper tles whlch are mah/ed by mcans
of the permutation operations: R
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Fig. 2:" Content of the notatlon for Flg 1.
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Exphcxt form of P Q,R operators reads ',‘qéﬁ_' AT g
R L Rt - TR o Pz‘—>—m”-~‘ -
P =lp e =p} et | Py py _(s,z—u
e k1 —)kl Cu ul - U | pLk = pLk usu o wy
.‘ PLe— P .;3‘—” o T
R="p|—p s+ 1 » R ' T (6)

B Pﬁ;ki —>P2,k1 u y UL U, U

he dn‘ferentlal cross section at the Born level in the case of large— an[,le l\menmt—
ics (2 ) was found in Ref [6] by F. A Berends et al., ;oom

a® ,,/d3 d3 nd3k,

$132s7m2i 0% glghuy ©

dGo(P1,P2) 5“"(;:1 +P2 —pp ki), (7)
where ¢y, €3, and w) are the energies of outgoing, fermxons and photon, respectively.
The collinear kinematical regions (real photon is emitted along the direction of one
of charged partlcles) correspondmg to'the: case when one of invariants y;, x4 of order
m? gives the, jmain; contribution to the total cross section. They require separate
investigation; and w1ll be considered elsewhere. » o

: Our paper’is organized as follows. In Sect. 2 we consrdel the contubutlon due
to the set of FD Fig.1(5-8) called here as glasses (G-type diagrams).- Usmg the
crossing' symmetry we construct the, whole G-type contribution from the gauge
invariant set of FD drawn in Fig. 1(5) Moreover, only the set of FD deplctcd in

- Fig.2(d) . can be considered in. practlcal calculatlons due to an a(ldltlonal mirror

symmetry of diagrams Fig. 2(d,e). So, we start from a check of the gauge invariance
.. of the Compton tensor described by FD Fig.2(d, e) with all fermions and one of
" the photons on mass shell.. In Sect..3 we .consider the contrlbutlon of amplitudes

~.containing. vertex functions and polarlzatlon operator of v1rtual photon shown in
Fig.1(13-15) and Fig.2(f,d). In Sect. 4 we take into account the contnbutron of

- FD with two virtual photon exchange drawn in Fig. 1(9-12), called here as bozes
o (B—type dxagrams) Again, using the crossing symmetry of FD, we show. how to usc’
© in calculations only FD- “Fig.1(9). We show that the terms containing th("mflatul

smgularrtles as well as ‘the ones contammg Iarge logarzthms can be wulten ina
,sxmple form, related to deﬁnlte contributions to the radiative Bhabha Cross scctum

V-,:m the Born' approximation (4): We'control also- the terms in’ the matux elenlcnl
_«’squared, which do not contain’ large logarithms' and are’ mfrared fimt '.‘. lhus our,
o vcon91dera.t10n permits us to calculate the cross section in the l\meuram al region (2),

in’ prmcrple to the power accuracy, i.e., neglecting terms of the order N

am? L\ . : “
o as compared to the terms of order unity, calculat(’d in this pap(l Note that
. the terms in (8) are less than 10~* for a typlcal moderate lngl\ cn(lgv (olhd( s

=
L .l

A Bl I’S) u nfmhuml(‘lv lll(‘ form of llx(' non:lcadmg l( s is
be pn('s(-nl((l andl\'ll( ally lllcu‘f()l(- we have perfornied ouly -

06 Con plual((ll :

: Hl(‘ll(dl o5t mmtl(m ()I' them. Tn Seet. 5 we (()Ilﬂl(l(‘l entission-of an- d(l(llll()lldl s()fl-

photon’iti onr. process of mdlalnv Blml)lla pmcoss In: (onclusnon wenote that the
:(‘\l)l(\\l()ll fol the total correction ldl\lll"‘ into account \’llllldl and l(dl soft: ph()l()us
emission in the: l(‘d(lll][., logmlllnmc dppm\mlalmu has ‘a very elq,anl and lran(l\
forni. though does not-look.as one worild ('\p('(l in tlle approach based on renor-

“malization group ulcds Besides analytic _expressions, we give als() its uuln(ncal.'

valies along with lll(‘ 1non: lcadm«r e nns for a f(‘\\ pmnls in tvplca] (-\p(um(‘nlal

(on(lmons

2 Contrlbutlon of G type dlagrams
\\t sl.ut n(m l)\' c \])ll( lll\' (hc( l\uu,, lhv bang(' mvmmn((- yof lh(' l('nsol =
"(P) w“(m) 1 ’, e f RO

: Ihls (h('( l\ was (lonc m(ln(‘( llv in Ilu‘ paper [5], where ( onlpt()n l('usm \\|lh heavy
photon was written-in: terms ol'( \])ll(l”\’ gange m\'armul l(‘nsm slnl(tmvs ‘We us('-'
the foll()wmg (‘kpl(‘ssl()ll : : N A

: 270"17;1 t o=y

: +'»vvf,\ll”—K)va(J)n—kn—k)*ru(i"n*’»)?‘}
e OO

. \Vll_(;l'("'j [ BT

() =k = w

= (,,, 2 i
: l ".A \1 o .
((I) = (7)1 = /n - /») - m 3‘12 x— .\T Iz\," E. ,“l’l.f”‘. |l| m ST
'I lie qnautlty RNt cor r(‘spomls lo ()} depicted in I'lg ’((l) \\lnlv It"l (m'r('-;pomlsrv

t() D drawn in Fi ig:2(e). The first term in the right hand side of Kq.(1 l”)(()ll(‘\])()ll(l\

to lllc I"lsl hvo I* I) of lig.2(d): llll(l(l (‘on(lltlous (2)- Qno can ‘convinee himself, that

tllc g,aug,(‘ l|lleldll((‘ (‘on(lltl(m It’"“ I.,, =01is ﬁllhll(‘(l even inc the-matrix form in .
the pure dlgclnal( way. As for gatge invariance (()n(hll()n regarding the heavy
photon Lorentz index- it provides some (h(‘( k of loop mome nhnu infe gml\ t.,n( i in

the A])p(n(ll\ A T T St SURRI It T

. ‘t'_‘A:-r.x‘L‘:rr[
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o‘ilv ’sh( Il-plioton

So. the gauge, m\almn(‘( xs fulfllled (lLl( to, lol(,ul/ (‘on(hllou f(n ;

((l.,)l., R Ld aJ)ov{‘ tllo use of ssing’ s\mm( s of amplitndes
permits us’ to coxm(lel ()nl\ ll\l FOI mtﬂ ferenee of. dmphlml(s at lh( Born lexel
(see I 1g l(l 1) and Ilg 1(5- b)) \\e ol)tam in 1(|ms of the upld((m(nt ()p(ldl()ls

._\JAII ‘37’0’/.?(1+P+Q+R 1+/)[f’,\r'_" + 0 = [3"—1,\l ' (H)
v \nth : - ; " o
X : l() 1’ 1‘7‘ i »_; ) ]
CES = —Fr( lf"mOw) : Z'Ir(_l)zf/pl_)éjn),
,,\;,: T l6 [ e P S
O3 = ™ _'“rl(l’ 1y /,,) —'11‘(1)2%1'5022'), (15)
1 N I G R ;
L= -7 Fl(p I Ouaprvabyre)s, ad = 7T ProyPacka D50 100) -
51 s ;
Oll’ = Al'pl] 7 lA/u - ‘Tﬂﬂ—_l—ﬂ/p; 0'22’ = "/u_z‘,—l"Yp - ’\I/p'_z_—_l"‘l';n
X1 X1 5 X2 X2
by — ke —potky 5+ k —p =By
O = e il 170 e P2 1’\/#7 01’2’ = 707_{——_17/1 + 71;%.2—1—‘7111 :
I S X : Xz ACE \2 B
In: l()“d“thmlc appxommanon the G-type amplitudes coutubut:on to Lh( Cross se (I.—'v
tion has the form: T e
o doy « 3 3 3 A
dog = <0 P T(1+1 +Q+[2 [—-Ll,+ [,tl+‘)[,,, m2], oL, _1“—71— (16)

3 Vacuum polarlzatlon and vertex 1nsert10n con-
trlbutlons ' e

L ot us examine a set of I'll-type FD. A contribution of Dirac formfactor of ferinions
~and vacuum polarization (see Iig.3) can be parametrized as (141',)/(1 =11;), while
a_contributions of. Pauli formfactor are plopoxtlonal to fermion mass anid omitted
hou Then we obt.«un )

5 l 'v ) - A,‘v.‘ B SR Y .
don= 2 22014+ P+Q+ RY(C+1)e, (1)
e m . 1 - ’] S EA R P
R () (LR AR VR A 1 R (L
oty a1 5 ) =1 ‘ . B
: o L “[ : ;«<—[lt - §) ) Lt =In —.

In realistic computations the vacuum polarization caused by hadrons an(l muouns
can be taken into ac count in a very simple fashion ( see [r] that is just by adding
it to'll,.

4 Contrlbutlon of the B——type set of Feynman d1-
o agrams AR A S

The procedure lesemblmg the one used in the prev10us sectlon bemg applled to the
B-type set of FD (Fig.1(9- -12a)) permits us touse in practical calculations only part
of 1-loop diagrams, namely ‘three of .those in the scattering channel ‘with uncrossed
exchanged photon legs

(AlMP)g = >5a47r'~’Re(1 v P + Q + R)[(l - Pn:)[ + (1 + Pn:) - 1], ’(19)
where o A
R p2 > —ph" ' S —ru’
Py = | pre=rp s euig, o 0 0 (20)

pllykl _)"pllakl titl.‘l_* tatl -

and
d*'k 1 16 1
= =T B O '
LT /r”f? 0)(q)((p2 # K)B=m?) ¢4 x4 B p1Og)..
X —Tr(ﬁz’ra(-ﬁz—k)’mﬁ'z’rp), B
. &k 1 e o161 N I
[29 . /m.z (0)(q)((p2+k).-m2)t 77 r( B Pl’)’p) e T
RS -Tr(Pz’Ya( Pz—k)’y,\I)gOzzl) S T R
a1 ot 13a ( d L mh
I = /17‘_2 W{ Tr(Pz’YpplB’“mOl'?pz(A*'B) S (21)
; + "';ZTI(onl'zlp,l_BXlﬁi'ypﬁz(A +B))},‘ .
G ) P S 1\ G /i) s R
: (2+k)2_m2,ﬂ ( p-l-k) 1_m2’_§'f ’
Here - .o x e v
(1 ;7;?1‘ — ];’)’)’a (131 - ifl)’)’u (P~ /;51 = ]:’)’7;(131 = l;)')'a U ;
Bx1, + 29) -
() @) 22)
py + k Py — K)o .
+ 2t ,1),”(’)1‘ L (q )=(P2 P2+’~) ‘—/\2 B

d) = (m— kl — k)? —m?, (1 ) (pr —k)* = m‘ ’ (0) : k M

The result of analytical evaluations shows the absence of -both &enble logarithmic
(~ L?) and infrared logarithmic (~ In(A\/m)L) terms in 'box contribution. In spite



B of exphcrtly seen proportlonahty‘of separate contrrbutlons to: he structulcs u ()(,,

10, the total" expressmn reveals to'be somewhat tangled though having faclou/v(l g

“form’in each gauge invariant subset of. dlagrams We | parametuze the'c
—;comlng from’ the B type F D as follows S ~

,,’ AB 2ln—+—((I>Q+(I>R)ln ”'l.,f
: 51

",The total v1rtual correctlon to the cross: sectlon has the form

‘ drf‘"" = dch + da’rn + dO’B (""

S

LN
(<I>ln +<1>R1n—-+q>qlnt—+q> ln“) ,
N 1 :

here <1>P = P<I> <1>Q = Q<I> and <1>R = Ro.

3 The soft photon energy does not exceed Ae < 61 =& = £~ € ~ ey In mde
'to calculate the rlght hand 'side of Eq (25), we use the master formula [8: "

47ra d3k (a)*

'—e—ln(.Ae'"f), w;v\/k2+A2;« (26)

T 16w W (qgk)? w<ae T A
I 47ro &k 2qq, : a 1‘n2(A‘e)2 1 : | SR
] - ele() e
el 1671'3 / w (le)(k(h) w<le m [ 7 n( /\26162 )+ 2Lq 21“ €2/
AR ﬂ,z 0 : TR ‘ ;
== + le cos? - ]]. : , C L (2T)
s 8

= —[—L’+L( +4ln“—+AGrl-Arn+Aa)+‘(9‘(l)] ()1);,!

5 V_Contrlbutlon from addltlonal soft photon emls-‘}_ .

jConsnder now the process of radlatlve Bhabha scattermg accompamed by emission
of the addltlonal soft photon in the center—of—mass system reference frame. Soft wef
mply that its .energy does: not exceed some. smal} compared to the. energy of thc
mtlal beams € quantlty Ae. The correspondmg cross sectlon has the form. e

,A’,.z, = Lyn (.(_A._‘n_r)) +_lLﬁ—-“—’lnf(-—’ :

de on = doy - et
'qurt : S dra / &Pk i Spy Pll p2 B 2 : 1'('25) i
9. ; 167r3 : Wy plkg plk2 p2k2 p2k2 W2<AE-— : 2

Here we used the f()llo\\'ing notation:

IR AP
I ¢

R 2 - N .
‘I et fg P A RN !
L, =In=—= gy = ¢, =m°.
m? A Y

a2 T'(CI.Z-QI.2)7 - 0. =q’,l\12 :

where g4, 29, 0 are the (‘ncr[,ii -and angle between 3-momenta q;. qz respectively.

s thie h(llllous photon mass (all is'defined in"the cenfer-of anass sy stémn).

Below we put the concrete (onlnl)ullon of (‘d(‘ll possll)le term in l]l(‘ n{.,hl ]ldll(l

side of Eq.(25): B R e TR O N i
: %o‘-"f’," N P S Yy A’Q + i+ A?';' ¥ A'{“{r +“A"~zzr“— Az = iy
'.'Xl - A Zn A&t
S A:‘ m .
5 = .5 -9 Uty i 3 } g
‘. All -,'I' h}l E/\ +, v EELE S T AR
_ .A»;irzv'] L= = I:lz ( = A =
‘A“v_ v= + "12_1(.' ‘-)’ _“ rh .
o A“, = , le ( ‘. )

BRI ,;_,; ’ ‘, 1,,)2‘ e L :
Ser = (S5 s - (2) -

+ !
\:.:2/\? 2 2 g2/
SR g BT gy
L,=lnv— Ly, =In——, Liy(z
iy = _17_1.2 s, 0 n|: = »»}l‘ll,z ¥ d (

\\h( re gy, ey o are the C(‘m(‘x of mds\( li(‘l[.,l("v oftlw smll( l(‘d (‘I(‘(lmn dll(l |)os|llou
respectivelys 0,: 05 are their scatte ring angles (mcasured ﬁom lh(' nmml clectron

" momentum (lu('(hon), (),:y s lhv an[Je l)('l ween th(' SC dttmul N I(‘( ll()ll dll(l [)O\lll()ll -

mom(‘nhx.f . . i =
< Extri ‘hn{., l(ug loyxulhnls we ohlmn _ P
R ,”A , Cen s
PRl = ;{n’l(l,, )ln -—/\—— + I Tt [,. ln —_ + I | —;—'—2— U(I)} (ZH)

( |12: ‘,‘ (()\()Ir v,

NN

It can be \\'nH('n jit dll()”l(l folm usm{., the (\p('mn('nldll\ m( a.sumbh (|nm|l|l|(~
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"6  Conclusions
The doTxblP kl_oga.lriiih_mric_teﬂl.jm“s‘ of th:“er‘typ‘le LZand phﬁ'(‘)se,lprmploi'tibn’a,l'to’I;s In(Afin)
cancel out in total sum with the corresponding terms frg’)m'tll(:_‘sr(')ft#phk()ton"c:oul,x’"i-
bution (31). Omitting Vé.Cqu‘Q polarization, we arrive to the result whicli i the
logarithmic approximation has the form: - ‘ e '

e e g g N e N e o
‘da_soft-{-wvrll_‘.; :;"‘dao';'[lia(fllﬂ '?6+‘AL)+A(yl,y2yclyc2)]v e ' R

e (I—ea)l=c)  yidy=1 [ & st
AL = 341 el 1 Yl ;—[<1>1 L gpm il
RER A, ! (L+ea)(l+e) Sy 2 FL-T tty +ep n”x
, 2 Wk §8) 2 tt
4 ®oln L 4+ dp] -—] 2In —F =(¢ (0] =L (3
- H ‘:Q\ nS.ﬁ +r I.l's.sl + n uu, + F.( Q7,+ #)In $8) “(33)

The function A(y,,y2,¢l,_cz) is qu'ite complicated. To compare it with A;, we give
theig numerical values (ov"mitt;ing vacuum ”ploklarization') for a certain set of points
from physical regions (34) and y, +y, > 1, D > 0 (see Table 1). Considering. the
kinematics typical for large-angle inelastic Blhabha scattering we put the lowest

comptited i this work:™

ordercontribution that was obtained carlier jn [9] ‘and the radiative corrections

“After fierforming'lddp‘integrétio‘n‘and ‘sh“ift;ing”l(‘;gérvi'tﬁlnys (L,- '=k'L;—fL,‘s) 91_‘1;: Cd‘l‘l

sce that the terms containing infrared singularities and double-logarithmic terms
~ L2, are associated with the factor, equal to the corresponding Born contribution.
This is valid for all types of contributjons. '

"The phase™volume - ‘ e :-’
e P d %,
I = =5 ==+ pr — } —py — k)
T R LA T e T e e
> .10

can-be transformed in different ways [9]. We introduc‘é'.vérjabl'es {see Eq. (32))

yi==t, c=cosb;, O=pLp;, O<y <l ml<eap <1, 0 7 (34)

which parra,metrize'th‘e Kinematics of the"oui:‘going-'ﬁérti,clés; ‘(t_h‘eééﬁdyéwnot incl'ude,
common degree of freedom — the rotation around the beam axes). Then, the phase

ﬁ'olixmé takes the form: e e e
TS : e : S Y
dyldygdC[dQe(yl + v, __1)Q(D(y}_’ Y25€1, CZ))v . (35)
2\[ D(ylvy2acl)02)' ’ Z " R . h_ . )
* v o (T =y (=)
D(y1,y2.¢1,¢2) = P2 - Cf - Cg —2¢jrgicicg, P2 =2(1- 01'2')(“1/;);&25
v . - » L N1Y2

ar=

The allowed region of integration is the trianglé in Y1, y2 plane and the intérior of

“the ellipse D >"0'in ¢, ¢; plane. °

Let us discuss now the relation of our result-to the renormalization g!roup ap-
proach. The dependence on A¢/e in (33) will disappear when oneé takes into account
the two hard photons emission. The leading contribution arises from the;kinematics
when the second hard plioton is emitted close to the direction of motipn of bn’eirovf
the incoming or.outgoing particles. Tt reads: ~ . = T i gl

a [l14z2

—~L,{

2m:

o 14
ot

‘d"’.hard &—_;(ddo(épi\;;iiz,ping)‘ + dU,o(zAhr, zp2, P'lb,"?;)) dz" . (36)
AT .

ldf?o‘ (pl,pz,&»p§> dzy+4

a N AT ]

+z2. A A S R P
—2doy (plap%plnpl‘) d22],,- .
v22 D ’ : 422 ti

1—2y, 5= 2 Ty = 22,
=l=2, fi=—F—, z=-—
Yit+ g e

%%

The energy fraction of the additional photon varies within. the limits. Ae/g.< £, =
wz/e < 1. This formula agrees with the Drell-Yan form of ’fadiati\'lé'Bhabha sc'atj

tering (with switched off vacuum polarization) = -+ » b

: . ’ - i . I 7 / e
do(py, p2i b}, ph)= /dxldxm(xl)D(xz)dao(ml,.zzpz,,’zi;, g)D(zl)D
L ; . R ’ - 21

(23)dz1d2,(37)

where the non-singlet structure functions D [10] are

D) = 61— 2) 4 ZIPO(m 4 (ELV Lp@ay i
D) = §(1=2)+ 5o LP (z)+_(27TL) TRAUOREE
PU(z) = lim [1—_22—9(1 Sz A)+6(1="2) (21nA ¥ 5)} 20(38)

In our calculations-we see explicitly a factorization of the terms containing dou-
ble logarithmic contributions and infrared sirigle logarithmic ones; which arise from
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G- and I‘H—type FD To be preclse, the correspondmg contubutlous to l]u cross
~section have a structure of the Born cross section (7)., But we faced with that
'the above claim fails'to be true for the terms containing single logarithms. Hence,

the Drell-Yan form (37) is not valid in this case, and the factorization theorem
is'Broken down, because the mass smgularltles (large logarrthms) (lo not factorize
before the'Born structure.” That is because of plenty of drfferent 1\1)0 amphlnd(s
and kinematical variables, which describe our process. The réason for the viola-
tion of a naive usage of factorization in the Drell-Yan form -has presumably the
-'same origin’ with' that found in paper [fl] where the authors claimed, that it is
necessary to study independently the renormalization group behaviour of leading
logarithms' before different amplitudes of the same process. Note, that in-the case
of the ey '— ewy reaction, which can be easily extracted from our results, the fac-
torization does take place.” We see also from (33) that the factorization will take
place if all the logarithmic terms become equal, i.e. , In(sy/m?) .= In(s/m?) =
~ The. source for ‘the violation of the factorlzatron theorem, we found, might Imvc a
relatlon to some of the ones, have been found in other problems [12]:

Numerlcal estimation (see Table 1) for ®-factory energy range (Vs 2~ 1 GeV)

; shows that the contrlbutlons of the non-leading terms coming, from virtual and
soft real photons emission could reach 35%. The process of addrtlonal hard photolr
emission will also contribute to Ay, and A. To get an explicit form of that cor roctlon
-one has to take into account a definite experlmental setup.,
T Obvrously, -an analogous phenomenon of the factorlzatlon theorem violation
" takes. pIace in'QCD in processes like qG: = qgg and qq9 = 94y A° cousrsteut in-
, vestrgatlon of the latter processes, with taking into’ account the phenomenon found,

© can give a certain correction to predrctlons for large—angle jet prodm tion and direct
hard photon emission at proton—antlproton colhders : :
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Appendix A’
Loop integrals for G-type Feynman diagrams

In this and the following appendices we used partially the results of our previous

work [13] and refer tG it for further details. After this digression let us turn to the

12

7
¢
i
i
;

problent. Two types of FD require different approaches. l'ol the set of F1. labeled
as . qln-nn (G), only three uJ(va( ndent_external lllOIll(Illd are relevantidie to the

: (()ll\(‘l\dll()ll law: py + = p + l., ¢ hoosmg., M, 7 we us(' the |olal|ou:

’ PRV T e :
.I;‘. = TS TN, N TN cdorzg = TYEEYS IV
E ./mzmm(m /,T, O
IIA ’__ u - l'“' ’
o= f = I~ “’””’ ’””"’
(] I\ ln"ll”:' R

T = En '*li;') " ‘+"., PO n'."n’”+r f/"r/" CA)

ol ()" B () +al (p’ W
d¥ l-"l-"].\

E /Tn?w(lw(',

+ 'I\mlhp, p + l\ -zz[), p'l’ I"x‘ + l\,mq" "q + I‘lll(l’ll’, )“"

L + [\lzg(llll)”)‘m + "””(p (I)[“l\ + I‘Iq!’(l’l(l )uu + I"ZZ:}(I’ (I)]'l/
O I’;n\ );no\ AL e e ; ,4'\ :

peN
}UIZq =

AJ.(qmr \ b Katai, ye + Ky (qq)“' g
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We put here the complete list of these integrals (in approximation Inq.(2)):

“ .]01. = 7vll}\:+ le ) ']ll] = L.\ - 177 J‘Zq = I;A _ FI‘I + 11‘ )
Jog = La—Ly+1. Jia= L~ Lo, + 1. Jog=Ly+1,

~ 1, L ) Lol 3
g = gri(la=g) Jh= = gk (0 - >
' u 1 i 1t /it L T g i I . I !
B = g =K (B =t ). = = (5hi - o+ 2.
: 1 1 1 P Iy ;
T o= W (Gha - gha b g)o et (3l (A5)
where
= b AT
Ly=Le=1In oy Ay =In= s L\; = lumv—— im, . Lax =1n m
The scalar integrals with three denominators réad
1 4 :2’ 7? : 1 72
Joiz = TN —2LaLy, + Ly — T e gy = m(lq I{,, ),
Jorg = — [Lt(Lt )+ (L=t % +‘>L| ( ")]
% T+ Ly, e ,
g = =il —‘L, le( )=~ /—lln(l—z) L\=1n’\— (A6)
‘ 2¥ 3x1 ‘ Somo “m? '
R TS N N R
I‘h(‘ coefﬁcu nts for v<(t01 mtegrals with three denominators are
. o
o1z = 6012 = l—Lt,; co1z = 0, Tet oy o
!
, ' 2 . ‘."_' \,3'.“ . - - 1 ¥
dotg = Jog+—(Ly, ~ 1), boiy = —Co1g = —(— LX1 + 2) ‘ ;
‘ o X R RO PRI ¢ ST e e
W X1 CotL, (Xl — )va S ‘va;;?_v_ Ly
Upoy: = ‘O, ' b = e—— = - u y 3, = k. S S .
o T G g g o X)L
Nl [ {‘?(l +tl)Lt —‘QtLt . 2 o ‘ ‘
= ——,] y 1 b = e . .
(flzq (—¢, 1% oo ;(l —.in)?ei ; -+:l T l~2q.;~-'»"]lr2'q R ARRRIRAR
o tl —(t‘l‘tl)Lg‘{'QtlL[ . N R [N
Crizy = ——=Ji,, — ! (AT
USRIy gL C-np Ty 1(1 ")
The tensor integrals for G-type F D (seo Fq (A 1)) have the following form:
o '3 . ' o 1
«(/(fl2 = X(LA = Ly) + 8 “012 bgn (Lt. —‘ )_3 aé:z = %,
Ve o= B, =Y2=0,, e (A.8)
7

14

. I -
gglq = Z(LA—an)'*'é‘, a’Olq J01q+ Lxu ,E‘s
1 F 1
bglq = Cglq = —‘)’oqu = —T“(Lx: -2), ﬂmq T 00y = EX_I('LXI - 3'),':
R x1 o, 0t 3
= =Ly— Ly, — L +
G = g T G T 2 ) o
3G — 4ty — 2 tt+4x), t—xi X3
b2 = — L Jozer
bory = 2At+x1)2 ¢ +.(t+x1)3 ‘+2(t+x1)? (t-l-'xl)? 2o
; Li—L, ° t+ 2x1 1
ro.oo_ T 1A o -
('I)Zq - .(t+ )’ 702:1' 2(t+ ) ( th § ) 2(t+x)
ag;q = 002q :BOZq i
1 tily, —tL 3
g = gt Ta Ty T
324 Aty — 12 32 Ab—t, - 2 A
T _ 1 § ,
T (t—tl)aL‘+(t—t1)2+(t—t>2 e
—12 4 4tt) + 382 t(t —4ty); 3t 2
T _ n J “;
Pag = 2(t—t)* | ‘L * (t—t)°; ‘+(t—t1)2 (t— t»)2 ok
SRR —4th, =32 -t -2 o
e = L + + Ji2, . (A9)
Cizq A=ty Lt1+ 2 — 1) ¢+ =t = 125 - ( ’
t2 4 4tty 4 2 t(t+24) 2+t L th S
T = — L - Ji2ar
I 2t = t))3 L"-j'..(t.—tl)i’ AR TN T (R e
(5t 1) t(t + 5t) 3(t+1y) tty S
e = 5 e L - J § e Doy
Py = 2(t — )3 Ly = 2(t=1,)* '+2(t e =)
. 2
T “h ‘ U
LTI T (R T PR (t-—t e
Four-denominator scalar integral reads: - } st \ CA
1 ’ o ,t 7!'2 ‘ .
Jorzg = __)I:_‘L/\'L;tl + 2L, Ly ;= L? - 2Lk (1 —;E)’r— ?] v (ALL0)
Vector 4- denommator mtegrals are: L v : ‘
Qo12q = [ (tX1+t1X1)J12q+(t+X1) Jozq X1(X1—t1)J01q—t1(t+A1)Y]
bozg = E[(tlxl+tX{)-l12q_(t.t1.+X‘1X1')J02q+X1(X1 f.tl){01q»+t1(tr—X1)Y],
1 ’ : :
Co1zg = E[—tl(xl+X1)J12q'l;;tl(t'*j,Xl)t{ozq;iixltllquTf?y]--,»v» (A.11)
15"
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Y = Jou2 + x1Jo12g,d = —2t1X1X1 . N (A12)

2—rank 4-denominator tensors are:

gonq = ‘;'(Juq — X1Co12g)s

agl2q' = % (t +x1)* (12 — X1€q12q) - (x1t1 + x1t)arze + x1(1 — X))oty
— H{t+ x1)(ao2 + Xlamzq)} -

boleq '= (1_1 (tl = >.<1)2(‘J12q : chﬂl'zq)‘f‘ (X}tl + Xlt)blzq + \1(A1 ~1 )bUlq
— (Lt + XIXI)bOZq +th (t~ Xl)(aorz + Yrbouq)] |

' 7&24 = % ~ti(th ".Xl)(Ji'zq —2X10012q) + (xit: + Xlt)cl2q — (til + Xl»\i)d.l‘lrp :
| S Xl(tl—xl)bolq} -
 °‘9an iz 211' "(ttl + X1X1)(J12q A XICOIZq) + (Xltl +X1t)012q - Xl(\l - t’)ﬂ()llpr“" G

L + ’ t](tl s X])(aolg -[- X1a012q)}

5

+ x;( 3 tl)bolql Lo e

J12q 49012q + tlaOqu + (X:

e ;-

,-f.*xfs.{f= ﬁf~i¥‘—'ft +—>’<'1>’A1 - t;(t +’><’:)‘A‘a+‘(t,t1—+&1x;>“>m],

=

“N‘
]
Il

‘ ’r‘f_[(tt1+XrX1)A1+t1(tL ){1)A$_(t1 Xl) Aw],};_, :
- K = *[“tl t+X1)Al—tzAB'*‘tl(tl—Xl)AlS], L

,l\"lllr = '—-[ (t + X1)2A2 el tl(t + X})Aq + (ttl + X;\ ‘)‘Al‘,]  '

: I\’ilé ":__.—[(ttl'*‘Xle)Az'*‘tl( XI)A (tl_XI) AI‘J] . : :
C Ky, = *—[ tl(t+X1)A2—t2A9+t1(il XI)A,,,]
I}l2q =’ “ t+ Xl [t11‘112 + 7.0'1277_ a(’{lq 9[\ lg]
i 16>

g2 = 7l tl(t, + Xl)(-]lzq = 2X10012q) = (x1t1 + Mt)‘cm + (\1 + t) Cozq T

’ '}tr)ﬂonq + t'7012q} (AM) : .

Ky, = LRy, + 30, — sl ]
Ty /+\1[] Llg 129 0]q] ;
- I T T
A e = ﬁ_[l I\ g + (.|2q - vc()lq]'
KNy = _I—[(Il - \I)kl\.l‘l.q + ("II:Iq nm, - —l\z;]-
N _ _l_ Lo i g = oy
Vigg = [( 1=\ l) ‘qu + "lz«, ‘02(,]~
. p
I“Hfl = [(ll - \I)I‘2n+')|2q "02(,]~
Nayy = "—‘[(ll - \r)l\u, + buq b(’,zq] ‘ v (1)
where - S A
4 - T T 1 Ae = F T
A= ’/lzq Yo24s 1R = ’lmz ‘/m, + \l‘/mz(l 3= (llz, Yorg ‘
.~12 = "”1 II\ ge - A= u",” “Ulq + \.ul,”, Ay = u,’“ - a(’nq (A.15)

We g,l\( be Jow some (h((l\mg, ¢ (|lldl|()ns fox coellicieits before tensor struetures of
G-type integrals.: ”l(‘ complete (h((klng system cair be obtained:by confraction of
general “tensor: (‘\pdnsmn with relevant vectors, slmphl'vm;., the nmmerators of the

integranid - and. using a; set Of vector integ g.,l:t[s giveu .11)0\ ¢ \(I(hnondl cheek can e

“inferred by contraction with e tric tensor.” In this case the scalar integrals” sh()uf(l’
be used T compl('t(’ set of =10 equations ¢ for the 2-rank tensor and ‘24 cquations
. for th(‘ L—an 4—([(‘11()mlnd.l()l Aeusor mh‘gldls for: the G l\p(”\\ds convinced to”
“he fullilled. For (I(‘[mm MOS8 WE; b"“ follr (‘qudll(ms ()f sich a l\p(' “obtained by
,mnluuhon with m(*tn( tensor. 'l ey are: _‘ : ‘

i

1‘1012,, + "'mzq il"(nzq F (\I = tl) ’()Ilq + ({ + \|) Imz., Iu,,
()]\lg - f I\nz + (\l = )I\Ilq + ”\h,q + (f + \I)I\Ilq = U
6N, — L ]\IZZ 4 (\l + /)I\uq + ,I\qu (\I - ll)I\IZq L= by

: ()1\“ +t1\qqq+(\1 — I.)I\.,,,,-{-(t-f- \1)1\2,,,, =4 I\”,,r: = «‘«,2,,> (A 16)

v /\Il()”l(l indirect check is the al)s( nee ()f mfldled dlvou,('n(( (()nl.nnlng, ferms inall

the veetor and tensor mL( 1.,u|ls S

qup mtegrals for. B-—type Fé_}z'm‘ilzi-n' diagraiiié :

We use liere the I'oll()\\mg., set of. (I(' l()nun.\lols o ‘ o
N (m —-/.) —m? (’)_(pl Sy —I.) —mn? 'h(3) = (py A = k.
(h (m =k — ) —/») =M (B) =4 -0 (B.1)
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1 ‘momentum conservation law we use xr‘d(ls mtpr = p +p2 + ki Scalar plo(lmls
of the loop momentum k-with the exter udl 1- \'o(lms can. be ('\pr(‘%(‘(l b ferns of

the deuommdtols

2pk = (5) = (1), 2pk=(3)=(5), 2pik=(1) = (2)—1—\,.
2k = (2) - (1
Using these relations one can consider only one type of integrals with 3 denomina-

“tors. namely the scalar one. Using the elegant. technique developed in the paper of
° Van-Necrven and Vermasseren {14] |l. can bc -expressed in lhe form:

Ji23s = _7])'[[)['123!15 + Dle.'slﬁ + [)3-11255 + [)4-112:;5 + DsJigad]. D = 25500y \',.
D= Sli[—t(-S —51) — SX1 — Slel - \'l,\',llv ’
Dy = stlt(s —si) +sxi+s1x7 = xivil
Dy = xaxi[=t(s +s1) = sx1 + sixy + vl
Dy o= salt(s=s1) +sx1 = sixh — i),
D, = s,y’llt s—sl)—sx1+91\',+\'1\',] B ‘ T , (13.3)

, Itis mtl‘u’stm[, to note that the method described above to calculate the cocfficients’
of the tensor structures cannot be applied to the tensor imtegrals 'with 5 denomi-
nators given above.' Soiie addmonal mfm mdllon is needcd to cIOs(, lh(‘ svsl(‘m of
dl[,('lncuc equations. : :

-+ We.mention a trick which permits: to obtam additional cquatlons for vector and’

tensor:integrals whose denominators do not contain the term &%=
shlftmg a loop miomenturmn. Thus, for Ji5,, we liave

Tt Consists in

d'k k=R
| O hcps = L T iy =+ et + ok

() =i -m? () = (k=k)*~m?, (3) = (hi+pa+k)? —mz (3 = (k —7) —k)?.

The: comparison of right hand side of this equation with the standard expansion

oz = (aﬁl + 51’2 +cky + dpll)fzsm,.

leads to the new relation: _
1234 = Jy2314 = byazq .

Analogous uscful relations can be obtained for te usor integrals as well \Vc put

below the relevant, scalar, vector and tensor integrals with 3 and 4 denominators

ﬁom (B.1) and introduce the parametrization:

14/6 l d"k: ku ’
ho = [UE L Ak R
== e %= gy = e e
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)t bk =) = () +L By

Cijder + dis. 0},

o ""’/dq LR ( +aTp L+b’T +;Tkk +dT
gL = = a
2 (z)(]) g g P1P1 P2p2 151 P1P1
+ ol (pip) + ﬂT(Plkl) + 7T(plpl) + pT(plpn) + UT(kan) + "'T(Px k)
‘v\/u t01 ‘3 denommatm mtegrals are: N P wi e A S e, e
0245 = —0245 = J245 + 't—;—* b245 = 0
d Xl gt S 2x1Ly, (Xl‘*“ tl)Lt S
2t = i t+ 2"5, (t+xl) ﬂ(t'+ ) o
e 2x1Lx, LootEXD
Qrgs = = J RN 2Lty
Saxi—th (tl_Xl) =t
] Sz I, , M .
b145 = 0 Cl4s5 = d145 = '——,"—:,
o ooxant -
L, LoL,
0345 = —0345 = —d345 = T b345 = —J34s + tt .
i = ot i
a5 = .lesj'(#, bias = di2s =.0, c125 = XL )
"8 = 5 . ; X1
‘ o Ly —L
© @235 = —Cy35 = 2% d3s =0,
- 5 — X2 B .
bopge = XL g 2x1Ly X1 s
ba3s S— 235 (S—Xz)z_ "G =xa)? 515
@135 = —by35 = f, c135 = di3s = 0y v
e e g5
Q34 = —Ca3q = Jagg — —=, bygqg = — =2 = —Jos + 2,
S1 “ i 51
- La—L, - '
@123 = Ji23 + D123, biaz = #, d123 =0,
o 81 :
ooz S g 2y ke (o4 sl
B N e N TR T)
| Ly—2. Ly
“argq = Ji24, br2a = 0 cf = —J124 + =4 ull
X1
- 19




2x1Lyy — (s +x1)Ls

o bizi=a13s =i,

G134 = ——','J134

Csmxe L Xt
. ; s (X, + )Ly +2sL, )
cam=dig =gt (13.5)
S—X1 (s =x1)
v :"Vector integrals with 4 denominators read:
A " . . A3c,
a1245 - = Aa » b1255‘= 0, Ciggs = A,
digas = A—ad, VA3 = 2 XXy )
3

Sz = xila(2h +75<11\;'):J1245 + X1J124 — X1J1'2“5 = (t+ x1) 225 + (&1 +xi)as),
Az t[- X1X1J1245+X1J124+X1J125“ (t+x1)J2as + (£ = N1)1as)s
Asy = x1[- X1X1J1245 - X1J124 +X1J125 + (X1 —t1)Jaas + (¢ ~ Yl)Jna] (,B'G)

Ayq - AT LAy

@y235 = A’ b1235=A—7 1235 = A4’
4 . -

digas = 0, By = 2sx1X2,
Ay X2[-5X1J1235 —(s— 31)J123 - (S - X2)J235 + X1J125 ¥ 5J135}
k. Ay = X1[3X1J1235+ (3—31)«]123- (s+ X2)J235—,\’1J125+-SJ135], )
. A4c = [—SX1J1235 +: (X2 — Xl)lea + (S = Xz)J235 + X1J125 - SJ135]

APH o Ay R Azc

Coanms = ==, b= " 61345=.¢{1345 =
. A2 ’ Az : “ A

Ag =2slu,

2
By = _si(s +_t)J1345 +'t(s +ft)J345 + s(s +1)Jias + (utv —sx})J1as
S s — ix)) oy
Ny = —st(s + u)J1345 + t(s - u)J345 + s(s + u)J135 (s +u)?Juss ;
7 ' o +(‘u,\"1 — st)J1a4,

» . Agc = S[SiJ1345 —_ tJ345 — SJ135 + (S + U)J145 + (i — U)J134} . 7 - (B.S) ’

"‘12345 = —Czgs = Lo s boags = él—b, dyzis = Dz y
B AN LAy A
oAy = =280, . . TP

S A = —s1uitdazas — ur(t + x1)Jaas — wrs1daag + u!(s = X2)ass + tuyduys,,
e ':'_,Aib = —s1t(t + X1)J23is + (t +.X1)2J2457+ sy (t +‘,\’7,1')J234 + (s + 51l aws
o A(ug = s1)Jas, '

Ay = —Slt(s—X2)J2345+(u1x1 +slt)124o+sl(1¢1 ‘—'t)]2';4 +(s— Y2 )2 lass

o (s - Xz)J:Ms ' ‘ ‘ (B.9)

A)H : A';»” ’ : A'}
) ; : +

-
2
I

‘ VIIZH'*' A blzn—_-A—’7 ‘(|zs|——1|z%|—“f—-_
R Am A PTR V i ; i.}f:"v:' : ; )
gy = ’“.Jiz‘avl,f*",—A—_- W Af»: 23.,1\"1\-} : \/2 =S ~| - \,

A-., = : \z[ (*— ‘l)llu+ (*- \])]Hl+ \1J|2|— 1 (zn + *l\lllnll
: ‘\1[(""‘l)]ln+("l —*+\;)/n|—\1]1u~‘~l llil"f“l\][llil]
4 A: = st \z"’ \|)/ru-— (* = \|)lln+ \r]12:+ ‘lllll = ‘1\1112311

I

We pul now the t(‘ns()l (0(‘”1( l(‘nts f(n B t\'pe mttgld[s \nth d(fuommal()rs.-r

—

b= l”m—am; U M)

“ lv

: ,"?24.5 = ‘[—\‘-r[;\,ﬁ';(f-/:z~e__f+‘f'n-z?x._ ~Ctas) H s = (L4 \y)ags

+f|\1"uﬁ _\:(l+ \|)n‘,“r.], * ’

-/“_"-(l;“-f-(lur'*'('“s-f-(t +'\|)(I[21.. .‘ i

l 7'1124 \ ["]lu+(lzqr+\1(‘n| —-(t+ \1)(!1“]

,1 T X
, bm,,_—n”,,_p,“,—012,r+0 o (B ll)

z\s a (h(‘( k.one can use 1h(' lmull of ((mhd( h(m by th(' nw!n( lcnwm

4‘1121"*' \m’.,,r ln.z. +\.r,“, = 1.,. S (B.I‘.!)‘

:~!/;l-'z. = —Pllu '-ﬂlz;+ blu - \1(12;4 .

p Cefies : v .
“|l'z:m = :_\T=[\2J‘:?:1 - (\:l + \2’)71112:; + \|“|2.ﬁ-) - \1\2"12:;{']:
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. ] ;
b{”ﬁi; E[\I(JI%'_ “gss) + (1 “!',z\z)bl-g:; - \z[fzzi.-‘, - \fc'.;;;;-.] .

C;I:zrxs = ) X )f (s — \é)“z:m'+ \2C123 ~ S\1C1235) -
. \i\2 . :
’ “;r‘z:;.-, = ":['-‘-/123 + iy~ g5 — byzs).
a1 L
Fgas = \f[z‘-llzzl T+ a2z + \1caas)
\1
R (s S HET R : : - Ty
Tyyys = T[—'IIZ.'} + azs — by + \1(‘-1235].
T .
. dl2'33- /123)'—/)1“-,—7'12;'—0 (“|;)
One of the checking relations here has the lorm
. 'Iv e L - g :
Y135+ '50{235 + \’1/’{235 + \'2‘711235 = Ji23. (B.1.)

1
_(]IT:;‘;,—‘; = 3[-/131 + teyaas),
G = ra Tl OMis U = s = s = (s(s4 1) + 1
ot Xl(S + l)((‘ms — cusg) + Us + 1) ciags], .
b’lrszas = ‘[bl"M = bass — (x} )P1345]
o S (" :;[(\I —l)((’ Lile )_ s(bi34 — Leraas))
1345 1345 15 g — s — )L N C145 ;lstli : )134 C1345) |
C’lT34s = W[ ¢( X1 = Dazss + X1 (x1 = t)(c1as — 134)
= sxi (@31 = J134) + stxiciais), »
T -
Biass = Vins = _—_——_l(,\/'l 5o t)[(s + 8)(b13a — terzas) — X1 (cras — c1za)),
/)1:545\ = Ol = m[—(xi = )%erss + Ux| — s — t)awss
T (XX = 1) = st)ersi + (X — U)bygg — st(x)y — t)eras)- (B.15)
The relation of the same l,ype for the abovc coefficients reads:
1Jl 345 T \1('134' + “0‘134' + (‘(1 -4 )ﬁl 345 + (X2 '““l)o';l:‘ns = J”"f (B.16)
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Y2345
T
2345

T
=b2:§45
T
dosas
L
Q3345
T
Y2345

T
P2345

The above coefficients have to satlsfy J:he relatlon

1
;[J234 + Y1@2345 + (t + x1)d13s5],

I

T

1 |
Caa5. = —Bais = s—l‘t[",tas45 = (814 x1)az3s + s12a2348], ¢

[31'5(5235_:;—éb,a‘ts)xi Xl(Xi*;+ t)azss— t(t + x1)azss

sit(xa +'s1 + t)

sit(x1 + t)baass], e S
1 ) ] 'Xl +VS'1 = TR SO e

SO N (PR L 8 T

X1+ 81 +t[ e T sit(x1 4+ 61 +t) Stz ‘azaé) o

(X’l + 31)0345 + (x1+ s1)* @235 — Slt(Xl + 81)02345)]

o .
02345_3 [ Xlazas—taa45],

—~Tangs = )[Slt(az45 - 0234) +t(xa + 31)0345

s t(~<1 + 51 +t
(X1 + s1)%azss — Slt(Xl + 31)02345]

. 1
YT s1t S t
Sit(xa+ 81 + t)[ 123 + Xl(Xl + 1)‘1235 +tlx + 31)a345

S1tx1a2315 — slt(Xl + t)d2345] (B 17)

A5a45 — X18335 + (3 X2)C’2345 . (t + X1)72345 - "1."2345 = J;34
Vg, = 2AA(2) i b, 7T

Class = % - QAA(a) + Ji234 + broas + Eraaa— 2’)‘1234 ;

i = % - éAA(l) + J1234 + bizaq + 01234 - 201234 ,

Olgay = AA@) +baas | )

ﬂ1234 AA(B) - 2% — Jizzg— :5.1234 + F1234

Tasd = % - 2%‘21 — Jizas — 5i234 + @234
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A(z) .~1 o : Co O : e e T vi . g
Plins = ——Z— = bygss + Gygsi e B Tl v T » ) 3-deilominator scalar-integrals are "2 ¢ 't

AR e o ’ RERE TN . ) LT g - :
ohon = - ~ _v,b12?4+7l234 R O IR o - " Jy2s = m(lz ISI). Sy = " [Elf-}- ;;——} ERCE T
AR A ABY sl , 2 : e , »
B ST A 3y - K | [T & FEET SR 1. 2 e v
T, —2—f————+J +b +,B —a 234x(3-18 - Jygy = e g T S Tl ER P LRI RN R 1t
1234 A A A 1234 + 01234 123{ | 1234 - 1234:( - 18 ){ R /Fz.l | N [2 I.\; G ] s = - [—21,\l - —;] . :
where th tities wth the sign ~are deﬁned as follows L L [ P R R EAREVAY
' erev © quaniitics Wi vhe vlen, gre 0 , R : S = — \,v[;l,_f+ SIA =20, Ly o 2L, (.1 AN ] .
1 ' ST . R L L . : [ A Lt . s .
‘a =-——(L,=~L,, — L), - ) - - - : ) 7 1 3 | R N s
1234 = sx'l.(, = b .,f") ST A e = — - [;I,; +5l2 = 2L Ly, 2Liz(l~+’—i) Al
o : 1 A(?) T La . Ls S i : ; 1 S L = ] ‘ S 2 .
bigzs = [th"“ +—— X1 i34 +. : - =+ Xl( L Xz)(L\l L)}, i TR S B B SI I 73 RN 1“ TR BRI 0o ER CRE T
S Xg A - x1 sy 5—x1 sl(s—\ )? : : Jis = = | =L Loy e ] Sy = L2 I SR
[ ] . ; . [t T delas 3 234 T2 anly=—=1.
S IR s,A(z):-s,” ~ s °2—L, - S L S
G2 = A *‘—"TJ124_'E(——,'+ )J123+ e e L 1 E 5 Vi RSB L SRR
S XalXz Bl Xz RD ¢ et S : =S ey ; A YT\‘T ;l: I\,ri" 112 (1+7)] BRI VE YR
L2k 2a ‘(L,"_'L,J]f,“ B e Lo, o, v
. X\ | (57‘75,1).2_ ] o R ~ R & s = Y ;Lv\: _;;]‘I _',7‘._ 2Li, (l,__ _Ii)] R
s B L;xll.'_ L, 75y o ‘AB) L, __le/ e , SR i ) R 1’\“ ”“ - "’ o RS T I
Q234 —-‘k—“—sl(s -’ | 1234 A ,,——-A X_—l(s ) , ’ o . | s A-denominator scalar integrals réad: ' S . _ : i,jw ;‘ .
R -1 ,FA(3) : L,,—f'L,l - —L . D O ( < | : : . RN
‘.‘7;234 = [Xl—A *'J123+ S —'51 +” p "'~X1 S AR (?;1.)) lm, —" o [ ], - , — 1} ¢—-2I,\1'L\,v+'2'l;\ L + 2L ,[, +‘“_‘;_
One of the checkmg relatlons ta.kes the forrn B Ll - SIS R ‘]“ = — [ L”I L )I/s. L\; + le Li— )_(T_}
29154 + Xlﬂ1234 + X2‘71234 + X17'1234 =134 = ‘1234 + Xlal234 : St S l 2
e ‘ R f ,-‘me=—, L,L\—’I I «+>1 L,+,——}
At the end of thlS Appendlx we glve the table of scala,r mtegrals w1th two threc s » 6
I

f and four denominators.” We 1mply‘ the real pa.rt everywhele and the ultravmlct 7 '/”;r =k ,[“ + I,.,I e ..L.,L\, + le ( : 1) L
: a.syrnptotlc is assumed as well.. : - ; - 81 k : ’ ’

J12=’-1+LA, J13=17'+LA-VL

: s . . iy 1
/up = — L I,.l I,\ + I,,I L\, = )le ( : ) = TL} :

§|x,1_

Ju=1+Ly—Ly, Jis=Ju=Ju= = Jy5 = LA +1, : R : g
Jo=l+Lla=La,  s=l+ln=Lg, = References. -
Jus =14+ Ly — Ly, ) ' : o T (BB.20) e e R R R e
N L B PR 1] s l)()lilqu)' et al., Phys. -‘Tl(‘p :202 "(l“‘)‘)[) 99. o ‘ ,i '
~ where : o
’ . . , [2] A '\{])ll/()\ ot dl l’lns Alonerul ‘60(1‘)‘)4) )‘)l
Ly =1n ol L,= .ln o L,\ =In et ; : ‘ [3] A. \rI)u/()v (l al Nutl l’ln 'B> 474 (l‘)‘)() .’.7{
Ly, =In %’ L = l“:fz_llz L,=h Xl;»’ Ly = l“;_;;' | (13.21) ’ H] A 1\1'|)u'/ov ol al' Nm'l' l’llv B‘483 (l‘)‘);) h 3
{5} K. Kuracv, N. M(unl\ox V. l.\dm \d(l I'iz. 45 (l‘)\;) T82,
) ~25™
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