PHYSICAL REVIEW D, VOLUME 62, 115006

Pair production of neutralinos via photon-photon collisions
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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 1E?f}:gfpair
production and 9 fb barn fo}g}g pair production with our chosen input parameters.

PACS numbgs): 14.80.Ly, 12.15.J3i, 12.60.Jv

I. INTRODUCTION metric models really exists in nature. In the MSSM, the

In the supersymmetric theorfl], proper electroweak Physical neutralino mass eigensta?%(izl—@ are the
symmetry breaking induces the right properties of the light-combinations of the neutral gaugind3,(v3) and the neutral
est super;ymmet_ric particl& SP) to be a nat_ural candidate_ Higgsinos ﬂg,ﬁg). In the two-component fermion fields
for weak—mteragtmg cold da_lrk matter, yvhlch can explain z,b-oz(—i)\’,—i)\3,szo,¢H0) [3], where)\’ is the B-ino and
many astrophysical observatiof. The minimal supersym- é ) A : o
metric standard modéMSSM) [1] predicts that there exists A~ IS the neutralW-ino, the neutralino mass matrix in the
an absolutely stable LSP. Most often the LSP in the MSSM-agrangian is given by
theory is the lightest Majorana fermionic neutraliﬁt_’i.

Therefore the production of the lightest neutralfrﬁ)and the Ly=— %(¢O)TY¢O+ H.c., (1.1)

second lightest neutralin}ag may be studied at present and
future experiments and the detailed study of the neutralino
sector will help us to determine which kind of the supersym-where the matrixy reads

M, 0 —mzsinfycosB  mysinfysinB
0 M, my cosé, cosB  —my Ccosh,SinB
= mz sinfy, cosB My cosh, CoSB 0 —u ' 1.2
my sinéy, sin3  —mycosb,, SinB —u 0

In the above equation, the neutralino mass matrix is relate@he proper four-component mass eigenstates are defined in
to four unknown parameters, namely, M,, M;, and terms of two-component fields as
tanB=uv,/v4, the ratio of the vacuum expectation values of

the two Higgs fieldsu is the supersymmetric Higgs-boson- X-O
mass parameter arid, and M, are the gaugino mass pa- }?:(_'0 (i=1,...,9, (1.4
rameters associated with ti®U(2) and U(1) subgroups, Xi

respectively. INCP-noninvariant theoriedyl;, M, and the

Higgsino mass parameter can be complex. HoweveM,  gnd the mass term becomes

can be real and positive without loss of generality by

reparametrization of the fields. In this work we shall inves- 1 o

tigate neutralino pair production in the framework of the Lo=—= E ¥ 5(?;(? (1.5

MSSM while ignoringCP violation and takingVl; andu as 25

being real. The matriy is symmetric and can be diagonal-

ized by one unitary matrixN such thatNp=N*YN" whereM’s are the diagonal elements i, .

:d'ag(m}%m}g'm}%'m}ﬁ) inorder of M= M9="g The futuree*e™ linear colliders(LC) are designed to

<myo. Then the two-component mass eigenstates can be give facilities fore*e™, yy and other collisions at the en-

. . ergy of 500—2000 GeV with a luminosity of the order’10

xi =Nij¢y, 1Lj=1,....4 (1.3 cm 2s7! [4]. For example, the proposed Cornell TeV En-
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ergy Superconducting Linear Accelerafd@ESLA) collider

is known as a powerful tool for exploration the multihundred
GeV scale[5]. Different options of this machine, namely,
ete”, vy, ye, ande e~ are complementary to each other
and will add essential new information to that obtained from ~0~0 . )
the CERN Large Hadron Collidét HC). Its annual (16s)  C€SSYy—xixj in the MSSM at one-loop level are depicted
v luminosity will be about 10—30 fb* (in the high energy in Fig. 1, where the exchange of incoming photons in Fig.
peak with possible upgrade of luminosity by one order of 1(@ (1-6), Fig. 1(b) (5), and Fig. 1c) (1-4) are not shown.
magnitude. Searching for supersymmetric particles and de=igure 1a) (1-6) are box diagrams. Figure(l) (1-5 are
termining their properties are the main tasks at future LC. Iuartic interaction diagrams. Figurécl (1—-3) represents tri-
detecting the existence of neutralinos, bethe™ and yvy angle diagrams. Figures(d (3-5, 1(c) (1-3 are also
collisions have clearer background than hadron collisionsgalled s-channel diagrams. The Feynman diagrams in Fig. 1

but yy collision at LC would have distinct advantage over jnclude the loops of quarkdJ,D), squarks {,D), leptons

S L o . f
the situation of LC operating in the™e™ collision mode, éE) sleptons E) of three generations, chargind/® bo-

where the resonant_ gffects of Higgs bosons can be observ 50n, charged ghost particles, charged Higgs boson, and Gold-
only at some specific center of mass energy ranges of the

machine and the possibfechannel suppression would gen- ?tone?. Dutehtolthe \((jL_Jkawa COL:cpgr']ngfh.St(;ength’ t?.e contrltl)(u-
erally reduce the cross section of neutralino pair production.Ions rom the loop diagrams of the third generation quarks

Because of the continuous c.m.s. energy distribution of th@nd squarks are more important than those from other dia-
colliding photons backscattered ty and e* beams, the 9rams. Here we should mention two point$) There is no
intermediate resonant effects of Higgs bosons could enhandd@gram with a triangle squartslepton loop coupling with
the neutralino pair production rate over a rather wide collid-2n A° or G° boson in Fig. 1, because the vertices of
ing energy range at electropositron colliders. A°(G® —q—0q vanish[13]. (2) Our calculation shows that
So far there is no experimental evidence for neutralinos athe Feynman diagrams involving quartic vertices- h®
CERNe'*e™ collider LEP2. They only set lower bound on -G*'(H")-G (H) and y—HO—G+(H+)—G‘(H‘),
the lightest neutralino masso. Recent experimental re- which have a similar structure to Fig(td (5), have no con-
ports presented that the mass of the lightest neutralino malyibution to the cross section, therefore omitted in Fig. 1. The
be larger than 32.5 GeV6] and the lower limit of the Z° boson intermediated-channel diagrams similar to the
chargino mass is 76.8 GeM]. The direct neutralino pair diagrams of Figs. (b) (3)—(5), Fig. 1(c) (1-3) are not plot-
productions at the CERN Large Hadron CollideHC) are  ted in Fig. 1 either, since they cannot contribute to the cross
studied in Refs[8-10. The production of neutralino pair section. For this result there are two reasofif) The
can +be produced also at the LC machine operating in botlt P-odd scalar component of tH&” boson does not couple
e e an~d Yy collision modes. Recently, it has been foundt0 the invariantC P—even}?}? state.(2) The vector compo-
that thex7x2 production rate ine*e” collision mode can pent of thez® boson wave function does not couple to the
reach several hundred femto bafri]. _ _ initial yy state as the result of the Laudau-Yang theorem.
_In this paper we investigate the potential of direct neutra- - gjnce there is no tree level diagram for the neutralino pair
I|no_ pair produquon at the LC operating in photqn-photon production via photon-photon collisions, the calculation for
collision mode in the framework of the MSSM with COM” this process can be simply carried out by summing all un-
plete one-loop Feynman diagrams. The numerical Calculat'openormalized reducible and irreducible one-loop diagrams
will be illustrated in theC P-conserving minimal supergrav- on4 the results will be finite and gauge invariant. In this
ity (MSUGRA) scenario with five input parameters, namelywork, we perform the calculation in the 't Hooft—Feynman

May2, Mo, Ag, 4, and tans, wherem,,, M, andA, are the auge, and take the Cabibbo-Kobayashi-Maska@kM)
universal gaugino mass, scalar mass at grand unified theo atrix as identity.

(GUT) scale and the trilinear soft breaking parameter in the “yye genote the reaction of neutralino pair production via
superpotential, respectively. From these five parameters, Syhoton—photon collisions as

the masses and couplings of the model are determined by

evolution from the GUT scale down to the low electroweak

scale[12]. The paper is organized as follows. In Sec. Il, we ~ ~ ) )

give calculationps (F))f the ne%tralino pair production at the LC V(P2 m) (P2, v) = xi (ko)X (ko) (1=1.2, j=2),
operating in photon-photon collision mode. In Sec. Ill, we 21
discuss the numerical results of the cross sections. A short

summary is presented in Sec. IV. Finally the explicit expres- .
sions of form factors fos-channel diagrams are listed. wherep,,p, andk; k, denote the four momenta of the in-
coming photons and outgoing neutralinos, respectively. In

calculating the amplitude, one should note that there should
be a relative sign £ 1)% between the amplitudes of one

Neutralinos can be produced @te™ colliders, either in  diagram and its counterpart obtained by exchanging the final
diagonal or in mixed pairs. In this section we calculate theneutralinos as a result of Fermi statistics. The corresponding
processes matrix element can be written as

efe —yy—xixy. (i=1.2,j=2).

The generic Feynman diagrams contributing to the subpro-

IIl. THE CALCULATION OF  e*e™— yy—x X}
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Y B B—— A H'G W % FIG. 1. The Feynman diagrams of the subpro-
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M= Mgt My=€e"(p1) €' (p)U(K) PLTT Y, 7, + 157,71t F57, vt 157, 7,01+ 15027,
+ fIépZ,u’)/Vp1+ fl7_k1;L7V+ flékl,u’}/Vp1+ fléplv’)/p,+ fIiOplv’yMIé1+ fl:[lklv'}//.l,+ f&ZKlV'yMbl+ fl:[3p2/.tplv
+ f|i4p2uply¥51+ flispzukly+ fie P2 K11+ f|i7kl,uklv+ f&Bkl,uklvpl—}_ f|i9k1p.plv+ fléOkluplvpl

+ e/.waﬁ[flélpl PP+ 501 P21l (ky) + (PL— PR, fr—fF), (2.2

whereP_ gr=3(15 ys), fi'R(k=1, . . .,22) are form factors. o(s,yy—xx))=
Mg and M, are the amplitudes of the-channel and box

diagrams, respectively. Since our calculation shows that the

contribution to the cross section is predominantly from
s-channel diagrams, we listed the explicit expressions of th
form factors fors-channel diagrams in the Appendix and
omitted the form factor expressions of box diagrams, be-
cause they have long-winded expressions and negligible con-.
tribution to cross section in the resonant effect energy region. =
Then the cross section for this subprocess at one-loop order

in unpolarized photon collisions can be obtained by (24

1 /1)\% (i = )
167T§2(2) fzfdt 2 M
(i=1, j=1,2. (2.3

?n the above equation

2 2 = 2 2 2 a2 2
1/2[(m;(i+m~)-(j s)t\/(m;(ianXj S) 4m~)~(im~)~(j].
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The factor ¢)%i is due to the two identical particles in the where /s and \/§ are thee*e™ and yy c.m.s. energies,
final states. The bar over the sum means average over initiaéspectively, andd£,,,/dz is the distribution function of
spins. photon luminosity, which is

The neutralino pair production via photon-photon fusion
is only a subprocess of the parante™ linear collider. The
total cross section of the neutralino pair production via pho-
ton fusion ine"e™ collider can be obtained by folding the
cross section of the subprocaséyy— x/'x;) with the pho-
ton luminosity:

dc Xmax  dX
—”=2f 7fy,e(x)fy/e(zz/x), (2.6)

dz zzlxmax

where f ¢ is the photon structure function of the electron
beam[4]. We take the structure function of the photon pro-
(2.55  duced by Compton backscattering[ds14]

X dL,., . ~ ~
O-(S)ZJ e dz 770’(’y'y—>)(iOXIQ at SZZZS),
(

m;(|+m;l)/\s“§ dz

! 1-x+ ! ax + o f <0.83
—| 1-x - , for x<0.83,
foamx) =4 D(&) 1-x &§1-X)  ¢4(1—-x)? (2.7)
0, for x>0.83,
|
where Therefore the relevant decay width of is mainly contrib-
uted by the decay channel bf—bb. The decay channels of
1

H° may involveH°—qq (whereq may be top and bottom

quarks, HO—h%h® (A°A%), HO=X ¥, [x'xj (i=1, |

=1,2)] andH’—W*W~ (Z°Z9), if the mass oH  is larger
4Eqwq than the thresholds of all those decay channels. The main

=—. (2.8)  decay channels for the pseudoscalar Higgs bosonAdre

¢ —2%° A’~qq, and A°—=x Xy [x(x] (i=1, j=12)]

. - : nder similar conditions. In our calculation, all the decay

gikzlrgi)o\/t—zh)e Tvzx;g\?g(ngrgylcg‘st;e;ckscatterlng photons, OIJ\‘/jvidths of the intermediate Hig_gs bosons are co_nsidered at

' ' ' the tree level and their expressions can be found in Appendix
B of Ref.[13].

D —(1—E—E>I 1+ 181
(O=|1-g= oA+ 5+ 5 5o

m

Ill. NUMERICAL RESULTS AND DISCUSSIONS

100 ¢
In this section, we present some numerical results of the

total cross section in the MSUGRA scenario from the com-
plete one-loop diagrams for the processe™ — yy—x/x}
(i=1, j=1,2). The input parameters are chosen ms
=175 GeV, m;=91.187 GeV, my=4.5 GeV, sik by
=0.2315, andv=1/128. We assume thaf is the LSP and
escapes detection. In numerical calculation to get the low
energy scenario from the MSUGRA, the renormalization
group equationgRGE’s) [15] are run from the weak scale
M~ up to the GUT scale, taking all thresholds into account.
We use two loop RGE’s only for the gauge couplings and the
one-loop RGE’s for the other supersymmetric parameters.
The GUT scale boundary conditions are imposed and the
RGE'’s are run back td1,, again taking threshold into ac-
count.

As we know that thes-channel resonance effects of the
intermediate Higgs bosorisee Figs. (b), 1(c)] could play

0(9*6'->11->x|x]) [fo]

01

0.01

10 |

— XX, J/s=500GeV
TTXX, J/s8=1000GeV
........ szz J/$=500GeV

—TXX, J/s=1000GeV

I 1 [ I R W IR Rt

80 100 120 140 160 180 200 220 240 260

m(xz) [GeV]

FIG. 2. Total cross sections of the proces®e™ — yy—xx?
(i=1,2, j=2) as function ofn,,,, at electron-positron LC with

an important role in some c.m.s. energy regions of incoming/s=500 GeV. The solid curve and dashed curve aredyJ pair
photons. With the MSUGRA scenario input parameters usegroduction at LC withys=500 GeV, 1000 GeV, respectively. The
in our numerical calculation, the mass of the lightest Higgsdotted curve and dash-dotted curve arexgx5 pair production at

bosonh® is under the thresholds /"W~ andz°Z° decays.
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o

The cross sections fopdx3 and x9x5 via photon colli-

sions at linear colliders versus the massydfis shown in
Fig. 2. The input parameters are chosenmgs=100 GeV,
Ap,=300 GeV,u>0, and tarmB=4. We calculate the cross
sections at the collision energies of electron posityarbe-
ing 500 GeV and 1 TeV, respectively. In framework of the

MSUGRA, when the mass ofs varies from 81 to 251 GeV

as shown in Fig. 2, chargino mass has the values above the
lower limit given in Ref.[7], the masses of Higgs bosétf
andA° increase from 231 to 510 GeV and from 226 to 507
GeV, respectively, and the mass of the Higgs bobk8ris 1

always under the threshold ofYy decay. Therefore the
contribution to the cross section from tlsechannel with 0
exchangingh® is very small due to the-channel suppres- tan 8
sion. The masses ¢1° and A° may reach the thresholds of

~ ~0~ ; - ~0~0
Y772 and %232 decay modes, then the cross section of the F!G- 3. Total cross sections of the proces®™ —yy—xi WA
subprocess will be strongly enhanced by shehannel reso-  (1=1:2,=2) as function of taf. The dashed-lines are fa2x2

= pair production and the full-line curves are fgfx5 pair production
nant effects when theototal E”erg’g of the subprocess ap- ate*e colliding energyys=500 and 1000 GeV, respectively.
proaches the mass éf* or A”.

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

neutralino pairsy{x} (i=1,2, j=1) decreases with the in- _fi,’sR' f&éz_v andfz;3, which come from the diagrams involv-

crement of the value ofny . It can reach 18 fb wher/s "9 couplings between heavy quarksp or bottom quark

~500 GeV andm; ~81. For the two curves 0f/5=500 and H|ggs.bosons. The form faptors from these diagrams are
2 all proportional to a factor, which has the form Ascospg

GeV, the cross sections wit{7§~: 500 GeV go down rapidly 4 pysing. Therefore all the curves in Fig. 3 have similar line

when the values of the mass § are in the vicinity of 193  shapes. We can see from this figure that the cross section for

GeV. The reason is that the resonant effects fiofrandA®  iod neutralino pair ¥Yx3) production is larger than that

exchangings channels do not contribute to the total cross . .~ . .
ging for diagonal pair §ox3) production. When the ratio of both

section, since the maximum c.m.s energy of incoming pho : o .
tons is \/§_~0 83,/S<m.a(mao). That fact reflects that vacuum expectation values tg8 is in the vicinity of tang
max HO AT ~5, the cross sections for boj{x3 and’x9x5 pair produc-

the resonant effect of thechannels plays an important role . ; o
in the total cross sections of neutralino pair productions aflons can reach maximum, where we ha"§1_52 and

LC. From this figure we can see that the cross sections oy, =98 GeV.
neutralino pair productions with/'s=500 GeV are always
larger than those witk/s=1 TeV Whenm;(g is less than 180

GeV, and will be smaller than those witfs=1 TeV when IV. SUMMARY

T, is larger than 185 GeV. In this paper, we studied the pair production processes of

In Fig. 3 we present the cross sections of neutralino paithe neutralinos via photon-photon fusion at LC. The numeri-
productions versus tgh with the colliding energy of elec- cal analysis of their production rates is carried out in the
tron and positron being 500 GeV and 1 TeV, respectivelyMSUGRA scenario with some typical parameter sets. The
where the other four input parameters are chosemmgs results show that the cross section of the neutralino pair pro-
=100 GeV,my,,=150 GeV,A;=300 GeV, andu>0. Our  ductions via photon-photon collisions can reach about 18 fb
calculation in the MSUGRA model shows that when &n  ham fory%2 pair production and 9 fb fog%x2 pair produc-
increases from 2 to 32, the mass)dfranges from 51 to 57  tion at an electropositron LC operating jny collision mode
GeV and the mass 5;2 ranges from 98 to 102 GeV. So the with our chosen parameters, which is one order smaller
dependence of the masses of neutralinos ongtis very — quantitatively than at the machine operatingeine™ colli-
weak, but the masses of Higgs bogdh and A° depend on  sion mode. At the future TESLA collider, the annuay
tan obviously and decrease from 352 to 166 GeV and fromfuminosity is designed to be 10-30fb and one order
344 to 165 GeV, respectively. The masshdfis a function ~ higher after upgradefb], these translate into about 90—-270
of tan3 too, but keepsnyo<myo-+nTo. Since the couplings  events per yeatabout 16 events after upgradefor xS

of Higgs bosons to quarks and squarks pair of the third genProduction and 180-540 events per yeéw thousand
eration are related to the ratio of the vacuum expectatiorevents after upgradefor Xg’};g production. Our numerical
values, tarB should effect the cross sections substantiallyresults present a fact that in some c.m.s. energy regions of
due to Yukawa coupling strength. The line shapes in thisncoming photons, there exist obvious resonance effects
figure are determined mainly by parts of the form factors offrom s-channel diagrams by exchanging intermedtafeand

J/s=500 GeV

0(e*e'->'1'1->xixl) [fb]
N [6V] o (4] [o>] -~ (2] [ (o]
T

35
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A% Higgs bosons, which can make observable enhancement
on the cross sections of the parent processes at linear
colliders.

fRo= fRW RY 4 R4 £R]

The form factorsf-(RW fL(R.x fLRL £LRLT correspond to
loop diagrams ofW=*, Higgs bosons and ghost particles in
ACKNOWLEDGMENTS Figs. 1b) (4), 1(b) (5), and Xc) (3), chargino loops in Fig.
This work was supported in part by the National Natural1(c) (2), quark and lepton loops in Figs(d (2) and Xc) (1),
Science Foundation of ChinéProject No. 19875049 the  respectively. Notations used in the following are defined as
Youth Science Foundation of the University of Science and

Technology of China, a grant from the Education Ministry of Boh=Bmd —P1.my,m],
China and the State Commission of Science and Technology
of China. B\=Bmd —P2,m,,m],
APPENDIX BY =Bmd ki+ka,my,m,],
In this appendix we list the form factors for the one-loop y
s-channel diagrams. The amplitude part ®€hannel dia- Cin=Cmn — P2, —Pp1,my,my,mJ,
grams, which was defined in E(.2), has the form written
as 1
Pe=r——— (B=h% HO A%,
e? o ) ) s—mg+imgl'p
M= 1672 e*(p1) €"(P)U(K) P {f 15V, 70T 357070
1
P
+f|i3,sp2,up1v+félse,uvplpz}v(kl) G~ S mz0

+ ~ o~ o~ g~
(P"_)PR’f' S_)f J The couplings of Higgs BosonB(-x;-xi Gi=x°.xi")
e? are denoted as

16 > fﬂ(pl)Ev(pz)u(kz)PL{Zflng"‘ f&sspzﬂply

L
Vern= Ve Pt Ve 1 Pro

BX Xi
+1515€00p,p, 10 (K1) + (PL—= PR, fi = 1),
whereB=h° H? A° G°. All the explicit expressions of rel-
where we havef; —fgs, fES=f§S. We divide the form evant vertices can be found in the appendix of RE8]. The

factorsfkvS and fk’S into three parts, respectively, which are form factors are expressed explicitly as followsepresents

presented in the form as electroweak coupling constar®; denotes electrical charge
(Q.=—1, Q,=2/3, etc), and the factor 3 mff”) arises
fios=fics + fied+fi +fk s from quark color:

1w 2W

. + +
fIW=P 1 i[Vansn+(B3" —4CH )+ Vigro+ (B3 —my2Cl—4Co) 1+ gmw[ - +(e—3)B3W

2

~ S
+(my2+38)CY'— 2 (CY+Cls+2CH) +(16-5¢)CY,

4 Sin(a’_ﬁ)JVh}p}p+[ho—>H0,Sir'(a—B)—>—COS(a_ﬂ)],
i

FEaV=8i (Py{Van+n+(CHy +Cy )+ Vagra+(Clo+ Clo) +igmy[ 2CY +3(CYh+ CH) Isin(a— B)}V

+[h°—HO,sin(a—B)——coga—B)],
2
f SX=—|E m~+(2BgX —scy —25cy, )[Pth o 0(v

i Vi) (0 HO) (R0 A% + (W0 GO,

2
fo=—4i 21 [CY +4(CY, +Chg) Iy [PV oo Vy= -+ Vit =)+ (hO— HO) 4 (h0— A%) + (h°— G°) ],
X= X ji X A x x
2
f'§15—42 cy m~+[F>hvh o O(v

i~ Vi) + (0= HO+ (0= A% +(h0— GY)],
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fL.f=—2iQ,?m, (2B}~ 5C5—25C],~ 8C£4)(PthTTV,ﬁ;Jo;g+ PHVHTTv;;jO;iOH3(Ht)+3(Hb),
fL=—8iQ,2m [Cj+4(Cl,+ cgg)](thh”v;;?}?+ PHvH,Tv;;JQ;iOHg( 1)+ 3(7—b),
fis= —8mM.CH(PAVarVaorot PV Vazone) +3(7—1) +3(7—b),

2
fi’sf = isz 21 (Bg"_ 4C£4)( Pth;X;XVh")‘(Q')‘(_o'F PHVHNTXNTXV:;}Q}Q) +3(r—t)+3(7— b),
X= i jXi

2
T . T T L L
f&éf,s: SIQTZXZ]_ (C12+ 023)( thh’xfxvh}?}?—'_ PHVH TXTXVH')‘(JQ")‘(io) + 3( T—)t) + 3( T— b),

fls= fiL,s(VE,g)qo—)V;ﬁo) (i=1,13,21B=h°H A%, G).

In the above expressions we adopted the definitions of one-loop integral functions [A&efnd definedl=4—2¢. The
numerical calculation of the vector and tensor loop integral functions can be traced back to four scalar loop iteBgals
Cy,Dg as shown in Ref{17].
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