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We computed the differential cross section for e e ~— Hgg away from the Z° pole and for polar-
ized beams. Form factors for Z°— Hgg are given. The four-point scalar integral needed for the
present case is expressed in terms of Spence functions.

I. INTRODUCTION

Finding the Higgs boson is undoubtedly one of the
greatest challenges facing the experimentalists now. If
the Higgs-boson mass is below 50 GeV or so, the Z fac-
tories currently under operation should find them
through the Bjorken process Z°—>Hpu pu~.!73 As the
Higgs-boson mass increases, the branching ratio for
Z° > Hutu~ drops quickly and the search for the Higgs
boson becomes difficult. It is then necessary to explore
all the possible channels with reasonable branching ratios
and controllable backgrounds. One possible process is
Z°— Hy, which has been proposed by Chan et al.* and
investigated in detail by Baroso et al.> In a previous
note,® we suggested that the process Z°— Hgg —7" 7 gg
may be useful for Higgs-boson mass my 2 50 GeV. We
intend to provide the details of the calculation in this
work. In the next section, we shall derive the helicity
amplitudes for Z°— Hgg. The form factors are expressed
in terms of scalar integrals. Although the calculation is
straightforward in principle, subtleties arise as all the
relevant momenta involved in the box diagram are either
timelike or lightlike in most kinematical regions of in-
terest. Using the results of 't Hooft and Veltman,’ we
derive in Appendix C an expression for the four-point
scalar integrals in terms of sixteen Spence functions
which is valid when at least one of the relevant momenta
is lightlike. This formula is useful beyond the present

can usually be reduced to evaluating four-point scalar in-
tegrals with one lightlike momentum.’

To make our work useful away from the Z° pole and
for polarized beams, we compute the differential cross
section for e Ye ~— Hgg in Sec. III. The electron mass is
neglected and the diagrams in which the Higgs boson
couples directly to the electron or the positron are ig-
nored. Some details concerning the scalar integrals and
certain kinematical factors are given in the Appendixes.

II. HELICITY AMPLITUDES FOR Z°—s Hgg

To lowest order in electroweak and strong couplings,
the Feynman diagrams contributing to the process
Z° Hgg are sketched in Figs. 1 and 2. We have to per-
mute the external momenta so that there are two triangle
diagrams and six box diagrams for each species of quark
running in the loop. The helicity amplitude m}‘}‘l}‘z’

where A and A,,A, denote the polarization of Z° and the
two gluons, respectively, can be written as
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FIG. 1. Triangle diagram contributing to e *e ~ — Hgg. FIG. 2. Box diagram contributing to e "e ~— Hgg.
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2g2Q/ m2g®—(k,+k,y) (k,+k,)®
ﬁ/_“,a= 4 ng S Zg# 1 ; © 12 2 ﬁg'vo_‘_%ﬁgva 2)
32mm o820y, (ky+k;) —m3z

In the above formulas, color indices are suppressed, k, and k, are the momenta of the two gluons, k; is the momenta of
VA ‘?, g and g, denote the electroweak and the strong coupling constants respectively, Q/=1 for j =u,c,t quarks, and
Q/=—1for j=d,s,b quarks. RT and R denote respectively the contributions from the triangle and the box diagrams.

We have
ﬁ T

wolkky)= A Ak e e e, )t A,Alkqe e e, )+ Ask, Ak kye e, )

+ Ak, Alk kge e, )+ Ask Ak ke e, )+ Agky, Alk kgeye,) 3)

‘7{8

avolK1 kg k3)= A;A(k e e e, )+ AgAlkye e e, )+ AgAlke e e, )

(A gk, + A3k, + A16k3)vA(klk2eyea)+( Apky+ Akt A k) Ak ke e,)
H( Ak + Asky+ Agky) Ak ke e, )+ (A gk + Ayky+ Aysks) Alk kyee,)
H( Ak |+ Ayk,+ Ayeky) Alk ke e, )+ ( Ay ky+ Ayky+ Ay k;),Alk ke e,)
+( Ak ky, t+ Ak ko, + Aok ks, + Ay ky ki, + Ak ko, + Assky ks,
+ gk kot Aysky koo + Aygky ki, + 4338, )8k kyKgey,) 4)

where e, is an orthonormal basis and A(abcd) is the
determinant of the matrix formed by the four four-
vectors a,b,c,d so that

Alke e.e,)=k{e

A;’s are functions of Lorentz invariants formed from the
relevant momenta. In writing down the general form of
RT and RE, we used the identities

+k765#a3+ kaE

auver  €LC. 5

kueaﬂ75+kaeﬁ}’8y+kﬂe 0 , (5)

y8ua paBy =~

gouEaByﬁ + gaaeﬂyéu + goBGyﬁya +gay eﬁuaﬁ+ goéeyaB‘y =0

to suppress unnecessary terms. ©
Color gauge invariance implies the relations
Atk kyAs+k34,=0, @)
A, +kiA;+k -ky4,=0, (8)
kiditk ky Atk kydg=—4Ayg, 9)
kidy +kyky Atk kydy=—4Ay, (10)
k34, +k,-kyA\s+k,kyA;3=0, (1
kidy+kiky Atk kyAdyy=4;— Ay, (12)
kidygt+k kydyy+k kydss=Ay, , (13)
kidsotk kydsytk kyAdyg=Ay;— Ay, (14)
kikyAig+kidy+kykydy=—4,, (15)
kykyAy+kidy,+kykyAdy,,=0, (16)
kiky Ay +kidy+kykydy=A4A,, (17)
kikyAy+kidyythykydyy=—4,, (18)

kl'k2A31+k%A32+k2'k3A33=_A14_A37 ) (19)
kikyAsyy+k3Ays+kykyAyg=—A,; . (20

r

Using Bose symmetry, we get relations such as
A3(k1,k2)= - A6(k2,k1) )
Aglky,ky,ky)=—A5(ky,ky,ky) .

We shall not write down all of these relations explicit-
ly. In our lowest-order calculation, we have

21

A4;=0, i=28,29,...,36. (22)
Together with Egs. (7)-(20), we find
A =A;3= Ay =A4,,=0 (23)

and that we need only compute the form factors 45, A4,
Ay, Ay, A3, Ays, Ayg, A, and A5, The rest are
given by Egs. (7)-(9), (21), and
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FIG. 3. The ratio for the integrated cross section
ole*e  —Hgg)/og(e e —uu™) near the Z° pole as a func-
tion of the Higgs-boson mass.
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Ag=k 'k, A3y, Ay=—Ay, A=Ay, Moreover, we still have Eq. (11) relating 4,,, 4,5, and

Ayglky ko ky)=— A5k, ko ky)

A 5 and have also the relation

Agolky kg, k3)=Ays(ka,ky k) Azy(ki Ky k3) == Ayy(ky kisks) - 25)

Aplky, ko ky)=— Ak, Ky ks) (24)  We note that gauge invariance and Bose symmetry allow

Ayy(ky ko ks)= A, (ky ky,ks)

us to express the naively divergent form factors 4,, A4,,
A4, Ag, and A4, in terms of convergent ones. The need-

Agslk kg ky)=— A,6(ky ki k3) ed form _factors can be read off frqm the Feynman asmpli-
tudes using the method of Passarino and Veltman.® Us-
Atk ky k)= A (ks ki, ky) . ing their notation, we have, for loop-quark mass m,
J
Ak ky;m)=2(Cl,+CHL+CL+C3), (26)
Aglk ky;m)=2(Cl,+C} +Ch,+C%)), 27)

Aotk ,kykyym)=2m*( D) +3D}, +2D), + D3 +3D%,+2D%, + D3, +2D3,

+D*%,+2D% +D}+3D3, +2D3, +D$,+2D%;) (28)
Ak, ky ky;m)=mAD)+2D}, +2D},+4D}s+ D2 +2D%, +2D% +4D3
+D{+2D3, +2D3, +4D3, + D} +2D%, +2D%;, +4D?s
+Dj+2D3, +2D3,+4D3, + DS +2D%, +2D% +4DS, ), (29)
A3k ky ky;m)=2m*( D) +3D},+2D), +D3+D? +2D3% +2D3, + D3, +2D3

—D%,+2D}+2D%+ D3, +2D3s +D§+ D8, +2D%;, +2D%;) , (30)
Ays(ky,kykyym)=2m% D}, +2D}+D2+D? +2D3,+2D3,+D3}; +2D3;
+D§+2D%, +D%, +2D3, + D3, +2D3 +DS+ DS, +2D%, +2DS,) , (31)
Aok kykyym)=—mi D +4D);+4D)s+D3+4D%, +4D3 + D} +4D3, +4D3,
+D{+4D%, +4D5s+D3+4D3, +4D3, +D§+4D%, +4D%) , (32)
Ag(ky,kykyym)=—2m* D};+2D};+D3,+2D3,+ D} +3D3, +2D3,
+D§+3D%, +2D%, + D3, +2D3, +D§+3D%, +2D%,) , 33)
Ay(ky,kykyym)=m¥Dl+2D},—D2—2D% +D3+2D3}, — D4 —2D%, —D§—2D3,+D§+2D%,) , (34)

where

C;=Cy(—ky,—kym),

Cl=C;(—ky,—ky;m),

D;=D;(—k,,—ky,ky;m),
Di=D(—ky, —k,ky;m),
D} =D(ky,—k;,—ky;m) ,
D} =D, ks, —ky,—ky;m),
Dj=D;(—ky,ky,~ky;m),
DS=D;(—ky,ky,—ky;m) .

(35)

C,; and D;; are scalar integrals defined in Ref. 8. We give the relevant formulas in Appendix A. To get the helicity am-
plitude li}‘z’ we still need to compute determinants such as A(k €€ €,), Ak, k,€€,), A(k, k,k;,€), etc. The conven-

tion for the polarization vectors and the formulas for the determinants are given in Appendix B. We define the polar-
ization density matrix for Z°— Hgg by



1412 S.-C. LEE, WANG-CHANG SU, AND JIUNN-REN ROAN 42

P =(N*=1) 3 My s M 1, » (36)
AIAZ

where summing over SU(N) color produces the color factor N2—1.

III. e*e™ — Hgg FOR POLARIZED BEAMS

Since only the axial-vector current contributes to the triangle and the box diagrams in the present case, e “e ~— Hgg
cannot go through the virtual photon. It can go through the Higgs particle but this is suppressed by the small electron
mass. Similarly, the processes in which the final-state Higgs boson is emitted from the incoming beam can be ignored.
As a result, the longitudinal part of the propagator of the virtual Z° coming from e *e ~ annihilation does not contrib-
ute to the Feynman amplitude. It is then needed only to compute the polarization density matrix EZD,;. for the Z°
production by e e ~— Z° with a beam energy E, and to put in the Breit-Wigner propagator for the virtual Z° to ob-
tain the complete scattering cross section for e e ~— Hgg. We let 0 be the angle between the Higgs boson and the in-
coming beam and ¢ be the azimuthal angle measuring from the Higgs-boson-gluon-gluon plane to the Higgs-
boson—beam plane. Choosing the polarization vector e(A) of Z° to be

€(A)=(0,0,0,1), A=0,

1 (37)
)\, == )$ y——.7 ’ k:i ’
€(A) ‘/2(0 1,—i,0)
which has to be consistent with the choice made in computing ?,,, we have
2 _ -
i)xl:——gz—{atl(au.—l,\ )@ =bHU 05 Hiplh ) —[(@*+b2)(PP—P3)+2ab(1— P3P *)]C,,. ) (38)
2 cos“Oy,
where
A=(a’+b2)(1—P*P3)+2ab(P>—P3)—(a?—b2)[(P'P '+ P?P ?)cos2¢+(P'P 2—P2P )sin2¢] , (39)
L, =-— cos(),—‘/L_zsin0e"*",—‘/l—§sin67e_""s L’ (40)
. . 1 ; 1 —i
1, = (P'cos¢+ Psing) |sin@, —cosf e’®, — —=cosfe ~'¢
1A ¢ ¢ n ‘/2 ‘/2 =04 —
+i(—P'sing+ P2cosd) 0,‘%&*‘,—‘%("4‘ o @1
— - 1 : 1 .
1, =— Pl 2. : —_ i¢ —_—_— i¢
21 (P ‘cos¢+ P “sing) sme,‘/icosee "5 cosfe L:o,+,~
+i(—P 'sing+ P %cos¢) 0,‘/Lie””,—-‘/l—ie_"“sL=0 L (42)
Cp=0, C,_=C_,=0, C,,=—C__=cosb,
(43)

1 . — 1 . ;
Cp=C_,= Visme e 'l @y =0C,,= ‘/—isme et .
In the above formulas, P‘ and P ‘ are the components of the polarization vectors of the electron and the positron respec-
tively, measuring in the frame in which the direction of motion of the Higgs boson is taken to be the z axis and the
Higgs-boson—gluon—gluon plane is taken to be the xz plane. a and b are the coupling of Z° to the fermions so that, for
electrons,

a=—1+2sin’6y, b=1. (44)

The differential cross section is then given by

1 1
= > DjpPiy |dPs (45)
8 (4EE—m2 ) +mir? {M, A “] 3

where d ®; is the three-particle phase-space element for the Higgs-boson-gluon—-gluon final state. Let ¢ be the angle
between the Higgs-boson—beam plane and the plane containing the beam and the polarization vector of the electron,
measuring from the latter plane. We have, explicitly,
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1

do= 57 (2,0) [ 3 D,:(6,6,9)Py1(2,0) |dz dcoswdcosfdddy , 46)
2(4r) VY
where 0 < w < 7 is the angle between the two gluons and
172
E; - 81—z +1
Jeam——t AT g SETZTO )
(4Efj—m3z) +m5;I'; (1—cosw) 1—cosw
E m?
=% Tam (48)
E, 4E;

with E}; being the energy of the Higgs boson in the center-of-mass frame. Note that when the electron is longitudinally
polarized we have

P'=(sinf cos¢,sinf sing,cosh), _ ; ; (49)
and when it is transversely polarized we have
Pi=(—sing sinyy— cos@ cose cos, cos¢ sinyy— cosh sing cos,sinb cosy) . (50)

For the unpolarized beam, the formula is simplified if we carry out the integration over 6, ¢, and ¢. We have, in this
case,

2 2 2
do=2"Fb"_¢g J(z,w)[zPM]dzdcosw. (51)
A

6(47)° 2cos’8y,

IV. DISCUSSION

As the possibility of having polarized beams at the SLAC Linear Collider and the CERN collider LEP is being seri-
ously considered, it is useful to consider an example of how to apply our formulas to this case. Assume that the posi-
tron is unpolarized. Equation (38) for D,,. is greatly simplified. For longitudinally polarized electrons, we have, from
Eq. (49), P>=cos6. Substituting D,,. into Eq. (46) and carrying out the integrations over 0, ¢, and 1, we get

_a’*+b? g2

do= J(z,0) [ 3 di Py, |dzd cosw, di=(1,L,3),_04 _ . (52)
6(4m)° 2cos0, 7 [% A @2 @ E080, Ea TR BT a0,
Similarly for transversely polarized electron, we have P*=sinfcosi so that
a’+b® g’ 1
do= J(z,w) d{ P, |—dzdcoswd ,
6(47)° 2cos’0,, [% * “]277 ody
3mab (53)

di=<l,1,1)—3 2)cos¢(6,5,5) .

2(a’*+b

To summarize, we have obtained a formula for the differential cross section of e "e ~ — Hgg for polarized beams. To
calculate 7, ., we have to calculate the form factors for the helicity amplitudes and using the results in the Appendix B
for the kinematical factors. The calculation of the form factors is reduced to solving the linear equations given in Ap-
pendix A and evaluating Spence functions for the C; and D, functions using the formula in Ref. 7 for C, and that in
Appendix C for D,.

In Fig. 3, we plotted the ratio o(e "e " —Hgg)/o(e "e " —pu ™) near the Z° pole as a function of the Higgs-boson
mass. The branching ratio turns out to be too small to have practical significance. Nevertheless, some of the formulas
we derived will be useful in computing the helicity amplitudes of other processes.
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APPENDIX A

Using the same conventions as in Ref. 8, we may rearrange the results there to have the linear equations relating the
form factors C;; to B, B,, and C,
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pr 2p,ps 0 0 0 0
2p,P> 2p3 0 0 0 0
i pi-ph) 2p7 2pypp O 0
pi—pi 0 2p1p2 203 0 0
0 P 0 0 207 2p1°p;
i 3pi—pi) O 0  2pyp, 293

and the linear equations relating D;; to Cy, C;;, and Dy:

Dll
Xy o 0 0 |p,
2t pi-pt piPS Dy
psi—pi 0 0 X;x3 0 0 [|p,
pi—pi 0 0 Dy,
0 P% 0 Dy;s
Pt 2pi—pi) pi—pi 0 Xyy O | |Dy
0 pi—p? 0 Dy,
0 0 p2 D
0 0 P%“P% 0 0 X3x3 Das
Pl pi-pt 2pi-ph) D2
D23
where
27 2py'py 2pi°p;
X3x3= |201'p2 203 2pyps |
2Py 2p2ps 2P}

py+p,+p3+p,=0,and ps=p,+p,. By, B, are elemen-
tary functions while C;, and D, are scalar one-loop in-
tegrals. They are given in Ref. 7. For the D, function,
the result there does not apply immediately to our case
(see Appendix C).

APPENDIX B

For the polarization vector e, (k) of a vector boson
with the four-momentum k =(k°k,,k,,k,), we use the
following convention:

eo(k)zik, mi=k?,
m
e (k)= — L1
! k(K| +k,)
X(0, —k,(|k| +k,) =k}, k Kk, k ([k|+k,)),
-1 (B1)
0= e T k)
X(0, =k, k,,k,(|k|+k,)+k2, —k, (k| +k,)),
1 0
es(k>=—;<lk|,|"7!k> :
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—piCy+By(2,3)—B,(1,3)
(p?—p2)Co+By(1,3)—B,y(1,2)
1[1-2m2Cy—B,(2,3)—2B,(1,3)]

B,(1,3)—B,(1,2) ’
B(2,3)—B,(1,3)
1-2m?Cy+B,(2,3)+2B,(1,3)]

(A1)

—piDy+Cy(2,3,4)—Cy(1,3,4)
(p1—p3)Dy+Cy(1,3,4)—Cy(1,2,4)
(p2—p3)Dy+Cy(1,2,4)—Cy(1,2,3)

—C,,(1,3,4)—2m?2D,
C,,(1,3,4)—C,,(1,2,4)
C,,(1,2,4)—C,,(1,2,3)
C,,(2,3,4)—C,,(1,3,4)

C,1(1,3,4)—C,,(1,2,4)+C((2,3,4)—2m>D,
C1,(1,2,4)—C,(1,2,3)
C1,(2,3,4)—C,(1,3,4)
C,(1,3,4)—C,(1,2,4)

C\,(1,2,4)+C,(2,3,4)—2m 2D,
(A2)

I

where |k|=(k}+k}+k2)'/%. If the particle moves in the
negative z direction, we choose to let k, approach zero
first in the above formulas. The helicity eigenstates of the
vector boson are given by

e(k,A=0)=e;(k) ,

1 .
e(k,AZi)=V—E[iel(k)—tez(k)]

(B2)

for zero, positive, and negative helicity, respectively.

In the rest frame of Z°, we introduce four dimension-
less parameters x =2k,-ky/m2, y=2k,-ky/m3,
z=2k4ky/m%, and I=m}/m% so that the four-
momenta of each particle in the Z°—Hgg process are
given as

mgz .
klsz(l,smel,O,cosB,) )
mz .
k2=Ty( 1, —sin6,,0,cos6,) ,

k;=m,(1,0,0,0) ,

mz
k4=““-2(1,0,0,ﬁ) ’
2
where I =L(1—pB%)z%. k,, k,, k3, and k, are the momen-
ta of the two gluons, Z 0 and Higgs boson, respectively.
The trigonometric functions of the angles can be ex-
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pressed in terms of the Lorentz invariants. We have

cosol—?’g—*(y —x2=p%z%) ,
cosf,= 3 (x2—yr—p2?),
sinf, = zﬂlzxe“2 ,
sm92=ﬁ 12

where ©=[(x +y)*—p%2?][B2z*—

(x —y)?].

The

(B4)

kin-

ematically allowed regions are determined by requiring
the trigonometric functions to be well defined and are

given by

2V <z<1+],

—Bz<x—y<Pz (x+y+z=2).

(BS)

Computing the determinants, we have the following.
(1) For Z° with helicity A =0,

imgz
A(kleelez)z—gﬂ—yzsl(}\,}\,l,}\.z) y
lmz
A(kzée‘lez):*s‘é;z‘sl(k,)\.l,lz) ,
Alksee,e3)= 228, (A, A, A
3€€1€, _4ﬁxyz I ACAZEAS ) 2),
2 (B6)
_ — + 172
Ak k,e€,)=A(k k,ee,) ‘/23 (x +y)©
A(k1k3661)=A(k1k3662)=—A(k2k366|)=_A(k2k3662)
— im% 1/2
= — — e ,
4V'2Bz
A(k1k2k3f)=
where
81 (A AL A,)=—(Ax —App)[( 1x+)»2y (Bz) ], (B7)
(2) For Z° with helicity A=+
]
D 1 B4 Y1
im k (k +h)n, Py P 1yi—n-
— 1’y =y, 4 )*%lnz(
Y2 y2—1
+S —Sp|———
P Y27 Vot P Y27 Y2y
+im0[ —k(k +h)][In(y,—y,4 )—
Y3 V3
+Sp|———— |+S
P Y37 Vi34 P Y3—7yVi3-
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A(kleelez)Zi'zl—Z—Sz(k,kl,kz) ,

8By
Ak, €€,€6,)= SB 8,(A, A7),
A(k366162)=4—3—-—82(?»,?»1,k2) ,
Ak k,e€,)= 16B —Mx —y +ALB2)[(x +y)?—(B2)],
A(klkzeez)=Ti-‘é}\(x —y —AAB2)[(x +y)?—(B2)],

(B8)
-2
Alk k€€ )=im—zx[<x +AA B2 —y?]

1K3€€ 8Bz 1 yol,

2

"n—z(kx —AB2)[yr—(Ax +AB2)%],
8Byz 1 1

2.2
m
A(k2k3661)=—'—‘z—(}»y "kzﬁz)[xz—(k))’ +A'BZ)2] )

Ak kiyee,) =

8Bxz
-2
lmz 2
A(k2k3eez)=—§§x[(y +AAB2)2—x?],
.3
imz
Alk k k€)= v e,
where
8y Ay, Ay) = — 15 (AApx +AAy +A,4,82)0'2 . (BY)

For the e "e ~— Hgg process away from the Z° pole,
we have to replace m; by 2E,, the total beam energy, in
the above formulas.

APPENDIX C

The scalar one-loop integral had been studied by
’t Hooft and Veltman.” They showed that a given scalar
four-point function can in most cases be expressed in
terms of 24 Spence functions in addition to some loga-
rithms. When one of the external momenta is lightlike as
in our case, their formula cannot be applied directly, in
general. However, one can derive from their result an al-
ternate formula by taking the proper limit.

We shall follow the conventions of Ref. 7. Assuming
the external momentum p; is lightlike. In our case,
m,=m, and we have to be careful in taking the limit
m,—m, in the formula for the D function in Ref. 7.
After some algebra, we get

Y=y ) —im0k)[In(y, —y,;4+ ) —In(y, —y,-)]

-1
+Sp y—2 —S L.__
Ya7YVa- Y27V
In(y,—y,_)]

+Hn(y; —y;. )+ 3Hni(y; —y;_)
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+im0(k +h)[In(y;—y;, )—In(y

y
+sp |[—2— | sp | —2—
Ya—"Vat+ Ya—™"YVa—

3= y3-)]

10y, —py i )+ 2y —p )

+imO(k)[In(y, —y,. ) —In(y,—y,_)]

—1
Ys—Vs+ Vs = Vs+
—im6[ —k (k +h)][In(ys—ys,)—
Yo " Ve+ Y6 Ve—

—imB(k +h)[In(ys—yes ) —In(y,

where k =p?,—pl, k +h =p3, —p3,,

Y1=“211)_2[_91_(Zdobz_clel)"?o_l] ,
y3=;},—2[b1—<2cobz—c,b,>n511 ,

Ya Ei?{“(91_1)_[2d0b2-cl(91_1)]ﬂ51} ,
V6= 2b — (b, —1)—[2¢coby—c,(b;— )]s '}, (C2)

yZ:E—‘;—;[_do"”(zaoel _Cldo)n()_l] )
y5=il—do+<2ao<e1—1)~c.do>no‘11 ,

\/cl —4ayb, ,

1 ST R
ylizT _elive%-4b2(f0—l€)] )

y}iz-—;——- bli‘/b%_‘tbz(bo_ls) ] )

y4+=L —(el—l)j:\/(el—1)2—-4bz(f0——is)] ,

(C3)

y6+=—1— (b;— 1)V (b, —1)>—4b,(b,—ic)

’

Voxr =Vs+ = 5 — _doi\/d(z)—4ao(f0—i£) ] .

—1
—Sp Vs 45 Vs
Vs Vs— Vs Vs5s—
In(ys—ys_)]

—nX(yo—yes )= tIn}(ye—ye_)

“Ve— )] » (Cl)

Our convention is such that the imaginary parts of y,
and y; _ be chosen positive and negative respectively. In
the above formulas, a, by, b, etc. are given as

gme b mi mi
0 k(k+h) k2  (k+h?"’
2

mjy 123 2
b=— = b:m R
O (k+hn? ' k+h 2

L3, 2’"% _124 [y
Ok k+h)  k+m? Uk k+h (€4
d L34 2m;
O k(k+h) k2
o=t In
0 k(k+hn) ! k

2

m
fo__4

where /; ——p2 +m2+mJ The substitutions p,1=—p,j
have to be made in Minkowski space. We have assumed
7o to be real which is true if either p, or p; is timelike or
when both are lightlike. For complex 7, the terms pro-

portional to 6 function in (C1) have to be modified in ac-
cordance with Eq. (6.14) of Ref. 7.
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