
PHYSICAL REVIEW D, VOLUME 62, 115006
Pair production of neutralinos via photon-photon collisions

Zhou Fei,2 Ma Wen-Gan,1,2 Jiang Yi,2 and Han Liang2
1CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China

2Department of Modern Physics, University of Science and Technology of China (USTC), Hefei, Anhui 230027, China
~Received 20 June 2000; published 10 November 2000!

We investigate the production of neutralino pairs via photon-photon collisions in the minimal supersymmet-
ric model at future linear colliders. The numerical analysis of their production rates is carried out in the

minimal supergravity scenario. The results show that this cross section can reach about 18 fb forx̃1
0x̃2

0 pair

production and 9 fb barn forx̃2
0x̃2

0 pair production with our chosen input parameters.

PACS number~s!: 14.80.Ly, 12.15.Ji, 12.60.Jv
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I. INTRODUCTION

In the supersymmetric theory@1#, proper electroweak
symmetry breaking induces the right properties of the lig
est supersymmetric particle~LSP! to be a natural candidat
for weak-interacting cold dark matter, which can expla
many astrophysical observations@2#. The minimal supersym-
metric standard model~MSSM! @1# predicts that there exist
an absolutely stable LSP. Most often the LSP in the MSS
theory is the lightest Majorana fermionic neutralinox̃1

0.
Therefore the production of the lightest neutralinox̃1

0 and the
second lightest neutralinox̃2

0 may be studied at present an
future experiments and the detailed study of the neutra
sector will help us to determine which kind of the supersy
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metric models really exists in nature. In the MSSM, t
physical neutralino mass eigenstatesx̃ i

0 ( i 51 –4! are the

combinations of the neutral gauginos (B̃,W̃3) and the neutral
Higgsinos (H̃1

0,H̃2
0). In the two-component fermion field

c j
05(2 il8,2 il3,cH

1
0,cH

2
0) @3#, wherel8 is theB-ino and

l3 is the neutralW-ino, the neutralino mass matrix in th
Lagrangian is given by

LM52
1

2
~c0!TYc01H.c., ~1.1!

where the matrixY reads
Y5S M1 0 2mZ sinuW cosb mZ sinuW sinb

0 M2 mZ cosuW cosb 2mZ cosuW sinb

2mZ sinuW cosb mZ cosuW cosb 0 2m

mZ sinuW sinb 2mZ cosuW sinb 2m 0

D . ~1.2!
d in

-

n-
In the above equation, the neutralino mass matrix is rela
to four unknown parameters, namely,m, M2 , M1, and
tanb5v2 /v1, the ratio of the vacuum expectation values
the two Higgs fields.m is the supersymmetric Higgs-boso
mass parameter andM2 and M1 are the gaugino mass pa
rameters associated with theSU(2) and U(1) subgroups,
respectively. InCP-noninvariant theories,M1 , M2 and the
Higgsino mass parameterm can be complex. However,M2
can be real and positive without loss of generality
reparametrization of the fields. In this work we shall inve
tigate neutralino pair production in the framework of t
MSSM while ignoringCP violation and takingM1 andm as
being real. The matrixY is symmetric and can be diagona
ized by one unitary matrixN such that ND5N* YN1

5diag(mx̃
1
0,mx̃

2
0,mx̃

3
0,mx̃

4
0) in order of mx̃

1
0<mx̃

2
0<mx̃

3
0

<mx̃
4
0. Then the two-component mass eigenstates can b

x i
05Ni j c j

0 , i , j 51, . . . ,4. ~1.3!
d

f

-

The proper four-component mass eigenstates are define
terms of two-component fields as

x̃ i
05S x i

0

x̄ i
0D ~ i 51, . . . ,4!, ~1.4!

and the mass term becomes

Lm52
1

2 (
i

M̃ i x̃ i
0̄x̃ i

0 , ~1.5!

whereM̃ i ’s are the diagonal elements ofND .
The future e1e2 linear colliders~LC! are designed to

give facilities for e1e2, gg and other collisions at the en
ergy of 500–2000 GeV with a luminosity of the order 1033

cm22 s21 @4#. For example, the proposed Cornell TeV E
©2000 The American Physical Society06-1
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ergy Superconducting Linear Accelerator~TESLA! collider
is known as a powerful tool for exploration the multihundr
GeV scale@5#. Different options of this machine, namely
e1e2, gg, ge, ande2e2 are complementary to each oth
and will add essential new information to that obtained fro
the CERN Large Hadron Collider~LHC!. Its annual (107 s!
gg luminosity will be about 10–30 fb21 ~in the high energy
peak! with possible upgrade of luminosity by one order
magnitude. Searching for supersymmetric particles and
termining their properties are the main tasks at future LC
detecting the existence of neutralinos, bothe1e2 and gg
collisions have clearer background than hadron collisio
but gg collision at LC would have distinct advantage ov
the situation of LC operating in thee1e2 collision mode,
where the resonant effects of Higgs bosons can be obse
only at some specific center of mass energy ranges of
machine and the possibles-channel suppression would ge
erally reduce the cross section of neutralino pair product
Because of the continuous c.m.s. energy distribution of
colliding photons backscattered bye2 and e1 beams, the
intermediate resonant effects of Higgs bosons could enha
the neutralino pair production rate over a rather wide col
ing energy range at electropositron colliders.

So far there is no experimental evidence for neutralino
CERN e1e2 collider LEP2. They only set lower bound o
the lightest neutralino massmx̃

1
0. Recent experimental re

ports presented that the mass of the lightest neutralino
be larger than 32.5 GeV@6# and the lower limit of the
chargino mass is 76.8 GeV@7#. The direct neutralino pair
productions at the CERN Large Hadron Collider~LHC! are
studied in Refs.@8–10#. The production of neutralino pai
can be produced also at the LC machine operating in b
e2e1 and gg collision modes. Recently, it has been fou
that the x̃1

0x̃2
0 production rate ine1e2 collision mode can

reach several hundred femto barn@11#.
In this paper we investigate the potential of direct neut

lino pair production at the LC operating in photon-phot
collision mode in the framework of the MSSM with com
plete one-loop Feynman diagrams. The numerical calcula
will be illustrated in theCP-conserving minimal supergrav
ity ~MSUGRA! scenario with five input parameters, name
m1/2, m0 , A0 , m, and tanb, wherem1/2, m0, andA0 are the
universal gaugino mass, scalar mass at grand unified th
~GUT! scale and the trilinear soft breaking parameter in
superpotential, respectively. From these five parameters
the masses and couplings of the model are determined
evolution from the GUT scale down to the low electrowe
scale@12#. The paper is organized as follows. In Sec. II, w
give calculations of the neutralino pair production at the
operating in photon-photon collision mode. In Sec. III, w
discuss the numerical results of the cross sections. A s
summary is presented in Sec. IV. Finally the explicit expr
sions of form factors fors-channel diagrams are listed.

II. THE CALCULATION OF e¿eÀ\gg\x̃ i
0x̃ j

0

Neutralinos can be produced ate1e2 colliders, either in
diagonal or in mixed pairs. In this section we calculate
processes
11500
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e1e2→gg→x̃ i
0x̃ j

0 , ~ i 51,2, j 52!.

The generic Feynman diagrams contributing to the subp

cessgg→x̃ i
0x̃ j

0 in the MSSM at one-loop level are depicte
in Fig. 1, where the exchange of incoming photons in F
1~a! ~1–6!, Fig. 1~b! ~5!, and Fig. 1~c! ~1–4! are not shown.
Figure 1~a! ~1–6! are box diagrams. Figure 1~b! ~1–5! are
quartic interaction diagrams. Figure 1~c! ~1–3! represents tri-
angle diagrams. Figures 1~b! ~3–5!, 1~c! ~1–3! are also
calleds-channel diagrams. The Feynman diagrams in Fig

include the loops of quarks (U,D), squarks (Ũ,D̃), leptons

(E), sleptons (Ẽ) of three generations, charginos,W1 bo-
son, charged ghost particles, charged Higgs boson, and G
stones. Due to the Yukawa couplings strength, the contr
tions from the loop diagrams of the third generation qua
and squarks are more important than those from other
grams. Here we should mention two points:~1! There is no
diagram with a triangle squark~slepton! loop coupling with
an A0 or G0 boson in Fig. 1, because the vertices

A0(G0)2q̃2q̃ vanish @13#. ~2! Our calculation shows tha
the Feynman diagrams involving quartic verticesg2h0

2G1(H1)2G2(H2) and g2H02G1(H1)2G2(H2),
which have a similar structure to Fig. 1~b! ~5!, have no con-
tribution to the cross section, therefore omitted in Fig. 1. T
Z0 boson intermediateds-channel diagrams similar to th
diagrams of Figs. 1~b! ~3!–~5!, Fig. 1~c! ~1–3! are not plot-
ted in Fig. 1 either, since they cannot contribute to the cr
section. For this result there are two reasons:~1! The
CP-odd scalar component of theZ0 boson does not couple

to the invariantCP-evenx̃ i
0x̃ j

0 state.~2! The vector compo-
nent of theZ0 boson wave function does not couple to t
initial gg state as the result of the Laudau-Yang theorem

Since there is no tree level diagram for the neutralino p
production via photon-photon collisions, the calculation f
this process can be simply carried out by summing all
renormalized reducible and irreducible one-loop diagra
and the results will be finite and gauge invariant. In th
work, we perform the calculation in the ’t Hooft–Feynma
gauge, and take the Cabibbo-Kobayashi-Maskawa~CKM!
matrix as identity.

We denote the reaction of neutralino pair production
photon-photon collisions as

g~p1 ,m!g~p2 ,n!→x̃ i
0~k1!x̃ j

0~k2! ~ i 51,2, j 52!,
~2.1!

wherep1 ,p2 andk1 ,k2 denote the four momenta of the in
coming photons and outgoing neutralinos, respectively.
calculating the amplitude, one should note that there sho
be a relative sign (21)d i j between the amplitudes of on
diagram and its counterpart obtained by exchanging the fi
neutralinos as a result of Fermi statistics. The correspond
matrix element can be written as
6-2
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M5Ms1Mb5em~p1!en~p2!ū~k2!PL$ f 1
Lgmgn1 f 2

Lgmgnp” 11 f 3
Lgngm1 f 4

Lgngmp” 11 f 5
Lp2mgn

1 f 6
Lp2mgnp” 11 f 7

Lk1mgn1 f 8
Lk1mgnp” 11 f 9

Lp1ngm1 f 10
L p1ngmp” 11 f 11

L k1ngm1 f 12
L k1ngmp” 11 f 13

L p2mp1n

1 f 14
L p2mp1np” 11 f 15

L p2mk1n1 f 16
L p2mk1np” 11 f 17

L k1mk1n1 f 18
L k1mk1np” 11 f 19

L k1mp1n1 f 20
L k1mp1np” 1

1emnab@ f 21
L p1

ap2
b1 f 22

L p1
ap2

bp” 1#%v~k1!1~PL→PR , f i
L→ f i

R!, ~2.2!

FIG. 1. The Feynman diagrams of the subpr

cess gg→x̃ i
0x̃ j

0 . ~a! ~1–6! Box diagrams.~b!
~1–5! Quartic interaction diagrams.~c! ~1–3! Tri-
angle diagrams.
th
m
th
d

be
co
io
rd

~24!
wherePL,R5 1
2 (17g5), f k

L,R(k51, . . .,22) are form factors.
Ms and Mb are the amplitudes of thes-channel and box
diagrams, respectively. Since our calculation shows that
contribution to the cross section is predominantly fro
s-channel diagrams, we listed the explicit expressions of
form factors for s-channel diagrams in the Appendix an
omitted the form factor expressions of box diagrams,
cause they have long-winded expressions and negligible
tribution to cross section in the resonant effect energy reg
Then the cross section for this subprocess at one-loop o
in unpolarized photon collisions can be obtained by
11500
e

e

-
n-
n.
er

ŝ~ ŝ,gg→x̃ i
0x̃ j

0!5
1

16p ŝ2 S 1

2D d i j E
t̂2

t̂1

d t̂ ( ūMu2

~ i 51, j 51,2!. ~2.3!

In the above equation

t̂651/2@~mx̃ i

2
1mx̃ j

2
2 ŝ!6A~mx̃ i

2
1mx̃ j

2
2 ŝ!224mx̃ i

2
mx̃ j

2
#.
6-3
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The factor (12 )d i j is due to the two identical particles in th
final states. The bar over the sum means average over in
spins.

The neutralino pair production via photon-photon fusi
is only a subprocess of the parente1e2 linear collider. The
total cross section of the neutralino pair production via p
ton fusion ine1e2 collider can be obtained by folding th
cross section of the subprocessŝ(gg→x̃ i

0x̃ j
0) with the pho-

ton luminosity:

s~s!5E
(mx̃ i

1mx̃ j
)/As

xmax
dz

dLgg

dz
ŝ~gg→x̃ i

0x̃ j
0 at ŝ5z2s!,

~2.5!
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where As and Aŝ are thee1e2 and gg c.m.s. energies
respectively, anddLgg /dz is the distribution function of
photon luminosity, which is

dLgg

dz
52zE

z2/xmax

xmax dx

x
f g/e~x! f g/e~z2/x!, ~2.6!

where f g/e is the photon structure function of the electro
beam@4#. We take the structure function of the photon pr
duced by Compton backscattering as@4,14#
f g/e
Comp~x!5H 1

D~j! S 12x1
1

12x
2

4x

j~12x!
1

4x2

j2~12x!2D , for x,0.83,

0, for x.0.83,

~2.7!
f

ain

ay
at

dix

e

where

D~j!5S 12
4

j
2

8

j2D ln ~11j!1
1

2
1

8

j
2

1

2~11j!2
,

j5
4E0v0

me
2

. ~2.8!

Takingv0 the maximal energy of backscattering photons,
j52(11A2), we haveD(j)51.8397.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present some numerical results of
total cross section in the MSUGRA scenario from the co
plete one-loop diagrams for the processe1e2→gg→x̃ i

0x̃ j
0

( i 51, j 51,2). The input parameters are chosen asmt
5175 GeV, mZ591.187 GeV, mb54.5 GeV, sin2 uW

50.2315, anda51/128. We assume thatx̃1
0 is the LSP and

escapes detection. In numerical calculation to get the
energy scenario from the MSUGRA, the renormalizati
group equations~RGE’s! @15# are run from the weak scal
MZ up to the GUT scale, taking all thresholds into accou
We use two loop RGE’s only for the gauge couplings and
one-loop RGE’s for the other supersymmetric paramet
The GUT scale boundary conditions are imposed and
RGE’s are run back toMZ , again taking threshold into ac
count.

As we know that thes-channel resonance effects of th
intermediate Higgs bosons@see Figs. 1~b!, 1~c!# could play
an important role in some c.m.s. energy regions of incom
photons. With the MSUGRA scenario input parameters u
in our numerical calculation, the mass of the lightest Hig
bosonh0 is under the thresholds ofW1W2 andZ0Z0 decays.
r

e
-

w

t.
e
s.
e

g
d
s

Therefore the relevant decay width ofh0 is mainly contrib-
uted by the decay channel ofh0→bb̄. The decay channels o
H0 may involveH0→qq̄ ~whereq may be top and bottom
quarks!, H0→h0h0 (A0A0), H0→x̃1

1x̃1
2 @ x̃ i

0x̃ j
0 ( i 51, j

51,2)] andH0→W1W2 (Z0Z0), if the mass ofH0 is larger
than the thresholds of all those decay channels. The m
decay channels for the pseudoscalar Higgs boson areA0

→Z0h0, A0→qq̄, and A0→x̃1
1x̃1

2 @ x̃ i
0x̃ j

0 ( i 51, j 51,2)]
under similar conditions. In our calculation, all the dec
widths of the intermediate Higgs bosons are considered
the tree level and their expressions can be found in Appen
B of Ref. @13#.

FIG. 2. Total cross sections of the processe1e2→gg→x̃ i
0x̃ j

0

( i 51,2, j 52) as function ofmx̃1/2 at electron-positron LC with
As5500 GeV. The solid curve and dashed curve are forx̃1

0x̃2
0 pair

production at LC withAs5500 GeV, 1000 GeV, respectively. Th

dotted curve and dash-dotted curve are forx̃2
0x̃2

0 pair production at
LC with As5500 GeV and 1000 GeV, respectively.
6-4
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The cross sections forx̃1
0x̃2

0 and x̃2
0x̃2

0 via photon colli-

sions at linear colliders versus the mass ofx̃2
0 is shown in

Fig. 2. The input parameters are chosen asm05100 GeV,
A05300 GeV,m.0, and tanb54. We calculate the cros
sections at the collision energies of electron positronAs be-
ing 500 GeV and 1 TeV, respectively. In framework of t

MSUGRA, when the mass ofx̃2
0 varies from 81 to 251 GeV

as shown in Fig. 2, chargino mass has the values above
lower limit given in Ref.@7#, the masses of Higgs bosonH0

andA0 increase from 231 to 510 GeV and from 226 to 5
GeV, respectively, and the mass of the Higgs bosonh0 is

always under the threshold ofx̃1
0x̃2

0 decay. Therefore the
contribution to the cross section from thes channel with
exchangingh0 is very small due to thes-channel suppres
sion. The masses ofH0 andA0 may reach the thresholds o

x̃1
0x̃2

0 and x̃2
0x̃2

0 decay modes, then the cross section of
subprocess will be strongly enhanced by thes-channel reso-

nant effects when the total energyAŝ of the subprocess ap
proaches the mass ofH0 or A0.

We can see from Fig. 2 that all the cross sections for
neutralino pairsx̃ i

0x̃ j
0 ( i 51,2, j 51) decreases with the in

crement of the value ofmx̃2
. It can reach 18 fb whenAs

5500 GeV andmx̃2
;81. For the two curves ofAs5500

GeV, the cross sections withAs5500 GeV go down rapidly
when the values of the mass ofx̃2

0 are in the vicinity of 193
GeV. The reason is that the resonant effects fromH0 andA0

exchangings channels do not contribute to the total cro
section, since the maximum c.m.s energy of incoming p

tons is Aŝmax;0.83As,mH0(mA0). That fact reflects tha
the resonant effect of thes channels plays an important ro
in the total cross sections of neutralino pair productions
LC. From this figure we can see that the cross section
neutralino pair productions withAs5500 GeV are always
larger than those withAs51 TeV whenmx̃

2
0 is less than 180

GeV, and will be smaller than those withAs51 TeV when
mx̃2

is larger than 185 GeV.
In Fig. 3 we present the cross sections of neutralino p

productions versus tanb with the colliding energy of elec-
tron and positron being 500 GeV and 1 TeV, respective
where the other four input parameters are chosen asm0
5100 GeV,m1/25150 GeV,A05300 GeV, andm.0. Our
calculation in the MSUGRA model shows that when tanb

increases from 2 to 32, the mass ofx̃1
0 ranges from 51 to 57

GeV and the mass ofx̃2
0 ranges from 98 to 102 GeV. So th

dependence of the masses of neutralinos on tanb is very
weak, but the masses of Higgs bosonH0 andA0 depend on
tanb obviously and decrease from 352 to 166 GeV and fr
344 to 165 GeV, respectively. The mass ofh0 is a function
of tanb too, but keepsmh0,mx̃

1
01mx̃

2
0. Since the couplings

of Higgs bosons to quarks and squarks pair of the third g
eration are related to the ratio of the vacuum expecta
values, tanb should effect the cross sections substantia
due to Yukawa coupling strength. The line shapes in t
figure are determined mainly by parts of the form factors
11500
he

e

e
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n-
n

y
is
f

f 1,s
L,R , f 13,s

L,R , andf 21,s
L,R , which come from the diagrams involv

ing couplings between heavy quarks~top or bottom quark!
and Higgs bosons. The form factors from these diagrams
all proportional to a factor, which has the form asA/cosb
1B/sinb. Therefore all the curves in Fig. 3 have similar lin
shapes. We can see from this figure that the cross sectio

mixed neutralino pair (x̃1
0x̃2

0) production is larger than tha

for diagonal pair (x̃2
0x̃2

0) production. When the ratio of both
vacuum expectation values tanb is in the vicinity of tanb
;5, the cross sections for bothx̃1

0x̃2
0 andx̃2

0x̃2
0 pair produc-

tions can reach maximum, where we havemx̃1
552 and

mx̃2
598 GeV.

IV. SUMMARY

In this paper, we studied the pair production processe
the neutralinos via photon-photon fusion at LC. The nume
cal analysis of their production rates is carried out in t
MSUGRA scenario with some typical parameter sets. T
results show that the cross section of the neutralino pair p
ductions via photon-photon collisions can reach about 18
barn forx̃1

0x̃2
0 pair production and 9 fb forx̃2

0x̃2
0 pair produc-

tion at an electropositron LC operating ingg collision mode
with our chosen parameters, which is one order sma
quantitatively than at the machine operating ine1e2 colli-
sion mode. At the future TESLA collider, the annualgg
luminosity is designed to be 10–30 fb21 and one order
higher after upgraded@5#, these translate into about 90–27
events per year~about 103 events after upgrade! for x̃2

0x̃2
0

production and 180–540 events per year~few thousand
events after upgrade! for x̃1

0x̃2
0 production. Our numerica

results present a fact that in some c.m.s. energy region
incoming photons, there exist obvious resonance effe
from s-channel diagrams by exchanging intermediateH0 and

FIG. 3. Total cross sections of the processe1e2→gg→x̃ i
0x̃ j

0

( i 51,2, j 52) as function of tanb. The dashed-lines are forx̃2
0x̃2

0

pair production and the full-line curves are forx̃1
0x̃2

0 pair production
at e1e2 colliding energyAs5500 and 1000 GeV, respectively.
6-5
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A0 Higgs bosons, which can make observable enhancem
on the cross sections of the parent processes at li
colliders.
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APPENDIX

In this appendix we list the form factors for the one-lo
s-channel diagrams. The amplitude part ofs-channel dia-
grams, which was defined in Eq.~2.2!, has the form written
as

Ms5
e2

16p2
em~p1!en~p2!ū~k2!PL$ f 1,s

L gmgn1 f 3,s
L gngm

1 f 13,s
L p2mp1n1 f 21,s

L emnp1p2
%v~k1!

1~PL→PR , f i ,s
L → f i ,s

R !

5
e2

16p2
em~p1!en~p2!ū~k2!PL$2 f 1,s

L gmn1 f 13,s
L p2mp1n

1 f 21,s
L emnp1p2

%v~k1!1~PL→PR , f i ,s
L → f i ,s

R !,

where we havef 1,s
L 5 f 3,s

L , f 1,s
R 5 f 3,s

R . We divide the form
factors f k,s

L and f k,s
R into three parts, respectively, which a

presented in the form as

f k,s
L 5 f k,s

L,W1 f k,s
L,x̃1 f k,s

L, f1 f k,s
L, f̃ ,
11500
nt
ar

l

d
f
gy

f k,s
R 5 f k,s

R,W1 f k,s
R,x̃1 f k,s

R, f1 f k,s
R, f̃ .

The form factorsf L(R),W, f L(R),x̃, f L(R), f , f L(R), f̃ correspond to
loop diagrams ofW6, Higgs bosons and ghost particles
Figs. 1~b! ~4!, 1~b! ~5!, and 1~c! ~3!, chargino loops in Fig.
1~c! ~2!, quark and lepton loops in Figs. 1~c! ~2! and 1~c! ~1!,
respectively. Notations used in the following are defined

Bmn
1y 5Bmn@2p1 ,my ,my#,

Bmn
2y 5Bmn@2p2 ,my ,my#,

Bmn
3y 5Bmn@k11k2 ,my ,my#,

Cmn
y 5Cmn@2p2 ,2p1 ,my ,my ,my#,

PB5
1

ŝ2mB
21 imBGB

~B5h0,H0,A0!,

PG5
1

ŝ2mZ0
2

,

The couplings of Higgs Boson (B)-x̃ j -x̃ i (x̃ i5x̃ i
0 ,x̃ i

1)
are denoted as

VBx̃ j x̃ i
5VBx̃ j x̃ i

L
PL1VBx̃ j x̃ i

R
PR ,

whereB5h0,H0,A0,G0. All the explicit expressions of rel-
evant vertices can be found in the appendix of Ref.@13#. The
form factors are expressed explicitly as follows.g represents
electroweak coupling constant;Qf denotes electrical charg

(Qt521, Qt52/3, etc.!, and the factor 3 inf k,s
f ( f̃ ) arises

from quark color:
f 1
L,W5PhH i @VhH1H1~B0

3H1
24C24

H1

!1VhG1G1~B0
3W2mW

2C0
W24C24

W!#1gmWF2
B0

1W1B0
2W

2
1~e23!B0

3W

1~mW
213ŝ!C0

W2
ŝ

2
~C11

W1C12
W12C23

W!1~1625e!C24
WGsin~a2b!J Vhx̃

j
0x̃

i
0

L
1@h0→H0,sin~a2b!→2cos~a2b!#,

f 13,s
L,W58i ~Ph$VhH1H1~C12

H1
1C23

H1

!1VhG1G1~C12
W1C23

W!1 igmW@2C0
W13~C12

W1C23
W!#sin~a2b!%Vhx̃

j
0x̃

i
0

L

1@h0→H0,sin~a2b!→2cos~a2b!#,

f 1,s
L,x̃52 i (

x51

2

mx̃
x
1~2B0

1x̃1
2 ŝC0

x̃1
22ŝC12

x̃1
28C24

x̃1

!@PhVhx̃
j
0x̃

i
0

L
~Vhx̃

x
1x̃

x
2

L
1Vhx̃

x
1x̃

x
2

R
!1~h0→H0!1~h0→A0!1~h0→G0!#,

f 13
L,x̃524i (

x51

2

@C0
x̃1

14~C12
x̃1

1C23
x̃1

!#mx̃
x
1@PhVhx̃

j
0x̃

i
0

L
~Vhx̃

x
1x̃

x
2

L
1Vhx̃

x
1x̃

x
2

R
!1~h0→H0!1~h0→A0!1~h0→G0!#,

f 21,s
L,x̃ 54(

x51

2

C0
x̃1

mx̃
x
1@PhVhx̃

j
0x̃

i
0

L
~Vhx̃

x
1x̃

x
2

L
2Vhx̃

x
1x̃

x
2

R
!1~h0→H0!1~h0→A0!1~h0→G0!#,
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f 1,s
L, f522iQt

2mt~2B0
1t2 ŝC0

t22ŝC12
t 28C24

t !~PhVhttVhx̃
j
0x̃

i
0

L
1PHVHttVHx̃

j
0x̃

i
0

L
!13~t→t !13~t→b!,

f 13,s
L, f 528iQt

2mt@C0
t14~C12

t 1C23
t !#~PhVhttVhx̃

j
0x̃

i
0

L
1PHVHttVHx̃

j
0x̃

i
0

L
!13~t→t !13~t→b!,

f 21,s
L, f 528mtC0

t~PAVAttVAx̃
j
0x̃

i
0

L
1PGVGttVGx̃

j
0x̃

i
0

L
!13~t→t !13~t→b!,

f 1,s
L, f̃5 iQt

2(
x51

2

~B0
3t̃24C24

t̃ !~PhVht̃xt̃x
Vhx̃

j
0x̃

i
0

L
1PHVH t̃xt̃x

VHx̃
j
0x̃

i
0

L
!13~t→t !13~t→b!,

f 13,s
L, f̃ 58iQt

2(
x51

2

~C12
t̃ 1C23

t̃ !~PhVht̃xt̃x
Vhx̃

j
0x̃

i
0

L
1PHVH t̃xt̃x

VHx̃
j
0x̃

i
0

L
!13~t→t !13~t→b!,

f i ,s
R 5 f i ,s

L ~VBx̃
j
0x̃

i
0

L →VBx̃
j
0x̃

i
0

R
! ~ i 51,13,21,B5h0,H0,A0,G0!.

In the above expressions we adopted the definitions of one-loop integral functions in Ref.@16# and definedd5422e. The
numerical calculation of the vector and tensor loop integral functions can be traced back to four scalar loop integralsA0 ,B0 ,
C0 ,D0 as shown in Ref.@17#.
e

,

8,
J.

n,

-

-
-
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