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The supersymmetric O(am?/m%,) corrections to tf and bb production in e

*e~ annihilation are

calculated in the minimal supersymmetric model. We consider the polarization of the electron beam
and present the analytic expression for the renormalized differential cross section in terms of the
well-known notation of Feynman integrals. We find that the corrections to the total cross section
and the left-right asymmetry can both reach a few percent for favorable parameter values, but for
the forward-backward asymmetry the correction is negligibly small (<1%).

PACS number(s): 13.65.+i, 12.15.Lk, 12.38.Bx, 12.60.Jv

I. INTRODUCTION

The remarkable experimental success of the standard
model (SM) has shown that new physics beyond the SM
does not exist below the electroweak scale. Nevertheless,
there are a number of unsolved theoretical puzzles which
suggest that new physics beyond the SM must exist at
an energy scale of ~ 1 TeV or below. Supersymmetry
(SUSY) is at present a promising theoretical framework
for physics beyond the SM. One interesting SUSY model
is the minimal supersymmetric extension of the standard
model (MSSM) [1]. To solve the gauge hierarchy prob-
lem, SUSY must be broken at energies of about 1 TeV,
and thus the supersymmetric particles of the MSSM must
be within the reach of the next generation of colliders. In
recent years, a great deal of effort has been made to dis-
cover SUSY. Unfortunately, no direct signal for SUSY
has been observed so far. Therefore it is tempting to
search for SUSY through precision measurements, where
the virtual effects of supersymmetric particles might alter
the SM predictions.

Recently, the evidence for top quark production, with
a mass of 174:|:10f}§ GeV, has been reported by the Col-
lider Detector Collaboration at Fermilab (CDF) with an
integrated luminosity of 19.3 pb~! [2]. Of course, the dis-
covery of the top quark will open a number of new and in-
teresting issues, such as the precision measurement of the
mass, width and Yukawa couplings of the top quark. But
even with 1000 pb~! of luminosity, the Fermilab Teva-
tron could determine the top mass to 5 GeV or better
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[3]. At the future multi-TeV proton colliders such as the
CERN Large Hadron Collider (LHC), tf production will
be enormously larger than the Tevatron rates, but the
accuracy with which the top mass can be measured in
proton colliders is limited to about 2-3 GeV [3]. Blondel
et al. [4] have argued that one must know the top mass to
1 GeV to take full advantage of the constraints that pre-
cision electroweak measurements put on the Higgs boson
and other massive particles which might contribute to
electroweak loops. Beyond this, it would be wonderful to
make a precision measurement of the basic parameter m;
to 0.3 GeV or better for looking for new physics beyond
the SM by the loop processes which are sensitive to m;.
At the next-generation linear collider (NLC) operating
at a center-of-mass energy of 500 GeV, the ete™ — tf
event rate would be around 10*/yr, comparable with the
Tevatron; however the events would be much cleaner and
top parameters would be easier to extract. At the NLC
a top mass measurement with statistical uncertainty 0.3
GeV from 10 fb~! luminosity is expected [3] and it is
possible to separately measure all of the various produc-
tion and decay form factors of the top quark at the level
of a few percent [5]. Thus the theoretical calculation of
the radiative corrections to the production and decay of
the top quark is of importance. On the other hand, since
the bottom quark pair production at ete~ colliders can
be measured with high accuracy, it is also important to
calculate the radiative corrections to b quark production.

In the SM and two Higgs doublet models, the radia-
tive corrections to top and bottom quark pair production
processes ete — tf and ete™ — bb have been calculated
by many authors [6-9]. For both processes, the dominant
virtual effects of SUSY arise from SUSY QCD corrections
and SUSY electroweak corrections of order am?/m%, due
to a heavy top quark. Supersymmetric QCD corrections
to both processes have already been calculated [10]. In
this paper we present the calculation of the supersym-
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metric O(am? /mw) corrections.

For process ete™ — bb with a center-of-mass energy on
the Z resonance, the supersymmetric O(am?/m%,) cor-
rections can be obtained from the corresponding results
for Z — bb, which have been presented in Ref. [11]. We
will present the calculation of the SUSY O(amt /m%,)
corrections to bb production above the energies reached
at the CERN ete™ collider LEP I, which arise from the
loop effects of genuine supersymmetric particles as well
as the charged Higgs bosons. Our calculation is differ-
ent from the calculation in earlier works [11] which only
emphasized the effects of SUSY on the Zbb vertex, and
did not take into account the effects of SUSY on the
4bb vertex and the effects of the interference between the
photon exchange and the Z exchange diagrams as well as
the box diagram since they can be neglected for a c.m.
system (c.m.s.) energy on the Z resonance. But for a
c.m.s. energy above the Z resonance, all these contribu-
tions should be considered.

For the process ete™ — tf, since the additional Higgs
contributions of the MSSM have already been calculated
in Ref. [9], we will only present the calculation of the su-
persymmetric O(am?/ mW) corrections, which arise from
the virtual effects of genuine supersymmetric particles
(chargino, neutralino, sfermion), and do not recalculate
the additional Higgs contributions of MSSM.

In Secs. II and III, we present the analytic results
for ete~™ — tf and ete~ — bb, respectively. In Sec.
IV, we present some numerical examples and discuss the
implications of our results. In Appendix A and Appendix
B we present the tedious expressions of the form factors
and matrix elements squared for tf production process.

II. CALCULATIONS FOR tf PRODUCTION

The Feynman diagrams contributing to the genuine
SUSY O(am?/m¥%,) corrections are shown in Fig. 1. The
relevant Feynman rules can be found in Ref. [1]. In our
calculation, we use dimensional regularization to regu-
late all the ultraviolet divergences in the virtual loop cor-
rections and we adopt the on-mass-shell renormalization
scheme [12]. We work in the approximation of negligible
squark mixing and electron mass. Note that in the renor-
malized amplitude given in this paper, we only take into
account the SUSY O(am?/m%,) corrections arising from
chargino, neutralino, and squark loops, not including the
SM corrections, the two Higgs doublet model (2HDM)

J
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FIG. 1. Feynman diagrams contributing to O(am?/m3,)
corrections to ete™ — tf: (a)—(d) vertex diagrams; (e) and (f)
self-energy diagrams; (g) box diagrams. Here #;, b;, X , and
X] stand for scalar top quark, scalar bottom quark, charginos,
and neutralinos, respectively.

corrections and the SUSY O(«,) corrections which have
been well known.
Taking into account the SUSY O(amf/mw) correc-

tions, the renormalized amplitude for ete~ — tf is given
by

Mien = Mo + MO + M) 4 § Moy (2.1)

where My is the amplitude at tree level, M%) and
8 Myox represent the SUSY O(am?2/m¥%;) corrections aris-
ing from the effective 'ytt(Ztt—) vertex and box diagrams,
respectively. §M (%) are given by

.,tt'U(Ptan) ’ (2.2)

(2.3)

where, p_ (p4+), K- (k+) denote the momentum and helicity of the incoming electron (positron), and, correspondingly,
p: (pg), m (77) are used for the outgoing ¢t quark and its antiparticle. The values + and — of the variables k and 7
refer to helicities +2 and —%, respectively. V¥, and Vy,_ are the tree-level vertex for photon-electron—positron and

Z-boson—electron—positron interactions, respectively. DV’Z denotes the photon (Z-boson) propagator. 6V, ‘ytt’ Vi
stand for the SUSY O(am?/m3%,) corrections to ytf and Ztt vertex, respectively, which are given by
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6V—;;t - _z( uF(‘Y,Z) + yHs F(’Y»Z)_l_kuF(%Z)_*_ku,Y F(7’Z) + ik, o.;wF(’Y,Z)_*_Zk oV ys F(‘Y’Z)) (2.4)

where o = (¢/2)[y*,~"] and Fi("”z) are form factors which are presented in Appendix A.
The calculation of box diagrams results in

JMbOX = ‘SMbox + M, box + M, box + M, box ’ (25)

JMbox = —i[ﬁ’(pt? U)PLU(P—7 n_)ﬁ(p_;., K+)PR‘U(]){, ﬁ)fiu + ﬁ'(pt: W)PLU(ZL, K’—)’l_)(p+7 K’-}—)PR'Y#pf’U(pt—y 'r—/)lel
+a(pe, 1) PRYuP; w(p—, K- )0(p+, 54 ) PRV (7, 1) 3" + @(pe, ) PRy P u(p—, £-)3(P4, 54) PRyup! v (P, 7) f1

‘H_L(Pt, n)PR7uu(p—3 K—)ﬁ(p-i-a K+)PR’Y""U(p{, ﬁ)f{}l] ’ (26)
éMbox - 6M1};xlf,-”—»f}27 (27)
6Mbox = aMégleL,a—»PR,L,fi”—)ff‘a (2-8)
SM%, = Mo, g1, g2a. (2.9)

The form factors f;" P are presented in Appendix A.

Using the definition and the unitary property of the matrices U, V, and N, we found through simple calculation
that all the ultraviolet divergences have canceled in the renormalized amplitude, as they should.

In the limit m, / E — 0, we can write the renormalized differential cross section as

dc 0(3 cosf) = Z 1(1+4kP,- )(1-—;»:Pe+)32 V1—4m2/s Y Ml (2.10)

nf=%
where kK = Ke- = —Kq+, and P,—, P.+ denote the degrees of polarization of the electron and positron beam, respec-
tively. Purely left-handed, right-handed, or unpolarized electrons (positrons) correspond to P.- (Pe+) = —1,+1,0,

respectively. 6 is the angle between top quark and electron. The squared matrix element for left-handed and right-
handed polarized electrons are obtained by

|Mrenl?r = |Mol%,r +8IMIL R (2.11)
IMol2 p= Y 1M + MPR__,, (2.12)
n,f=%
SIMEp= 3 2Re[(6M®) + 5M® + §Muoe) (M + M) |em s - (2.13)

n,=%

The expressions for these squared matrix elements are given in Appendix B.
The forward-backward and left-right asymmetries are defined as

oF(s) — % (s)

oF(s) +0B(s)’ (214)

AFB(S) =

o (s) — a¥(s)

ol(s) +oR(s) (2.15)

ALR(S) =

Here 0¥ (s) and 02 (s) stand for the cross section in forward and backward directions, respectively. o’ (s) and oF(s)
stand for the cross section for left-handed and right-handed electrons, respectively.
In our numerical results we present the quantities o /0o, 6 Arg, and 6 ALr which are defined as

o/oo =1+ 60°Y5Y /oy , (2.16)
5Aen = AT — AD (247

SALR = ATR°Y — Afr, (2.18)



2128 CHANG, LI, OAKES, AND YANG 51

SUSY ASUSY and ASUSY
’

where 09, A%y, and Ay stand for the values in the Born approximation while o refer to

the values with SUSY O(am?2/m2,) corrections.

III. CALCULATIONS FOR bb PRODUCTION

The Feynman diagrams are shown in Fig. 2. The relevant Feynman rules can be found in Ref. [1]. The renormalized
amplitudes take the same form as in Eq. (2.1), with M (%) and § My, given by

MO = z“F‘” (P4 54 ) Vuu(P—, K= )8(Po, M)V PLo(p5, 1) (3.1)
sMP) = zs F<Z)v(p+,~+)vu(ve — aes)u(p—, K- )(Po, n)¥* PLo(ps, ) (3.2)
6 Mypox = i[FPPg,pow — F5piuPby — F¥* g ]u(ps, n)v* PLu(p—, £-)5(p+, £+ ) PrY v(ps, 77) - (3:3)

Here v, and a. are the vector and axial-vector coupling constants of electron to the Z boson. /s is the center-of-mass
energy. py(pg), 17( ) denote the momentum and helicity of the outgoing b quark and its antiparticle. The form factors
F@) F( are given by

27r m%vsm

FO) 3a m? [F('y) JrF(*r) +F(") +F(7) +F(7)] (3.5)

T arm mwsm

with
vp + a r ~
Fl(Z) %[CoszﬁBl(mb,mg,m;pr + Z |Vi2|? B1(me, M;, )], (3.6)
w 1=1,2
vy — a v +a
F2(Z) = —21—2—tcoszﬂ[4cz4 - 23(623 - 622) - 1] - t2 3 tcoszﬁm?cﬂ(pby —Py — pl_zamH+7mt’mt) ’ (37)
Sy Sw
cos26
F3(Z) = —-——2 3 WCOSzﬂCu(—Pb,Pb + pg, My, mH+amH+) ’ (3'8)
syycw
2 - .

F? = — |Viz|2c24(—Po, Po + Py My, e, Te) (3.9)

3SWCW
F? = 4s cw Z Vi3 V;2[Ojf (4cza — 25c23 + 25¢22 — 1) — 20{7 M Mjco)(—po, b + Py, M, 7ivs, M, M;) ,  (3.10)

w %,7=1,2
Z
F1(‘Y) = FI(Z)lab—-)O,vb—>—1/37 F(V) 2( )Ia:—>0,ve—’2/3 ’ (3'11)
c
F3(7) = Fg(Z)ICOSZQW—)SiDZGW, F‘y’) = _$F4(Z) ) (3.12)
F5(7) = —CW3W5ijF5(Z)|o;f—>1,o;,ﬂ~>1 ) (3.13)
and FP$% are given by
4 m2

FPSS = -2~ Vi V}1VisViz[(Daz + D2a), (D13 + Das), Do) - (3.14)

3272 m2,sin®B
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In the above, sy = sinfw and cw = cosbw, vp(v:), ap(as) are the vector and axial-vector coupling constants of the
bottom (top) quark to the Z boson. The functions By 1, co, ¢ij, and D;;(—ps, —p,—,,p+,]\;[j,7ht, Mi,Mu) in Eq. (3.14)
are the Feynman integrals, definition and expression for which can be found in Ref. [13]. ng’R
Mj as well as the matrix elements U;; and V;; can be found in Ref. [1]. M,y are the soft SUSY-breaking parameters,
which can vary in a large range [11].

The renormalized differential cross section takes the same form as in Eq. (2.10), with squared matrix elements for
left-handed and right-handed polarized electrons given by

, the chargino mass

4e* 4et
|M0|2,R = §§(u2 + t2) + W(Ue + ae)z[('vb + ab)z’u2 + (vp F ab)ztz]

(s

8e*
+—————(ve £ a.)[(vb  ap)u® + (vs F ap %], 3.15
ooy (v £ ae) (0 @) + (0 F ) (3.15)
SIMPE = 2 PO, 4 00w+ ap)? + o (e + P [FP) 4 FO (v + a3)]
L™ (s —m3%)? e e 3s(s—m%)" ° ¢ bT %
8e* 2e? 2e? o . .
-f-as—zF('”u2 + | =— ;t;%-('ue +a.)(vp + ap) | [2FP%su? — FP*u(u® + % — t%) — 4FP°*u?), (3.16)
8e* 8e* 8e*

SIMI1Z = — = _F(@)(y. —a.)? 24 pMg2 % (. — a)2[F(P) (6] .

| M|z (s —m32)? (ve — ae)?(vp + ap)t® + 952 + 3s(s —m2) (ve — a)t’[F%) + F (vp +ap)], (3.17)

o

et T
X
9)

FIG. 2. Feynman diagrams contributing to O(am?/m%,)
corrections to ete™ — bb, where #, H* stand for scalar neu-
trino and charged Higgs boson, respectively.

where s,t,u are the Mandelstam variables which are de-
fined by

s=(p-+ps+)>=(p+p5)?,
t=(p- — )’ = (p+ —pp)°,
u=(p- —pp)® = (p+ —ps)* .

(3.18)

The definitions for forward-backward, left-right asym-
metries, and the quantities o, App, 6 ALr are the same
as in ete™ — tf case.

IV. NUMERICAL RESULTS AND
CONCLUSIONS

In the numerical results presented in Figs. 3-11, for
simplicity, we only consider the case of unmixed top
squarks, i.e., the mixing angle between the left- and right-
handed top squarks 6 = 0, and assume the degeneration
between the two mass eigenstates of each squark. If we
consider the mixing between the left- and right-handed
squarks, i.e., keep the mixing angle 8 as a new variable,
the corrections will be slightly larger or smaller, depend-
ing on the value of 6. The scalar electron mass, scalar
neutrino mass and the parameters M, u are fixed to be
100, 150, 200, and —100 GeV, respectively. Other input
parameters are [14] mz = 91.176 GeV, oem = 1/128.8,
and Gr = 1.166 372 x 1075 (GeV) 2. mw is determined
through [15]

2 1
2 4 my Ta 4.
W( M2 V2Gpl-—Ar’ (4.1)

where Ar depends on all parameters of the model, es-
pecially on the mass of the top squark. Since the ad-
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FIG. 3. Plot of §a/0 for bb production vs top squark mass
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FIG. 5. Plots of §0 /00, 6ArB, and §ALr for bb production
vs top quark mass with /s = 500 GeV, m; = mg+ = 150
GeV and tang = 1.
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for m; = 170 GeV, m: = my+ = 150 GeV, and tang8 = 1.
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squark mass for /s = 500 GeV, m; = 170 GeV, and tang8 = 1.
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FIG. 9. Same as Fig. 8, but vs top quark mass for squark
mass m, = 150 GeV.
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FIG. 11. Same as Fig. 8, but vs tang3 for my, = 150 GeV.

ditional contributions to Ar in the MSSM contain no
O(am?/m?%,) terms, Ar is given by [16]

aNgck,m?

Ar ~ , (4.2)

16m2s%,m%,
for a heavy top quark.

In our numerical results we will discuss the depen-
dence on the masses of squarks and charged Higgs bosons.
The CDF limit [17] on the squark mass without cas-
cade decays is mg > 126 GeV when the gluino mass is
large, but when cascade decays are considered, there are
no limits for the squark mass when the gluino mass is
larger than 410 GeV. The charged Higgs boson in the
MSSM is heavier than the W boson due to the relation
my+ = m¥, + m?% [18]. The latest experimental bound
of B(b — sv) seems to set a much stricter lower bound
(> 100 GeV) for charged Higgs boson mass [19].

For bb production, some numerical results are pre-
sented in Figs. 3-7. Figure 3 shows the dependence
of the correction of the cross section on the top squark
mass m; and charged Higgs boson mass mg+. The cor-
rection obtains its maximum size at m; = 150 GeV and
then decreases rapidly as m; grows. It also decreases
with mg+. When mpg+ > 400 GeV, the contribution
of the charged Higgs couplings vanishes and thus the
corrections arise only from the chargino couplings. In
Fig. 4, the dependences of § Apg and §ALr on the top
squark mass are shown with mgyg+ = 500 GeV. Even
for a large enough charged Higgs boson mass, we see
from Figs. 3 and 4 that both doc and §Arr can be
up to a few percent for m; < 200 GeV. As shown in
Fig. 5, such SUSY O(am?/m%,) corrections grow with
top quark mass. Since the charged Higgs coupling, the
chargino masses as well as the matrix elements U;; and
Vi; are all dependent on tang, the corrections will depend
strongly on tanf3. In Fig. 6, we present the dependence
on tanB. The dependence on the center-of-mass energy
/s is given in Fig. 7. For \/s < 400 GeV the corrections
are small, only o can reach ~ 1%. But for /s = 500
GeV the corrections can reach a few percent.

As presented in Ref. [10], the SUSY QCD correction to
the bb production cross section can reach +2% for favor-
able parameter values, but the correction to the forward-
backward asymmetry is very small (< 0.1%). The SUSY
O(am?2/m%,) corrections presented above combined with
the SUSY QCD correction [10] constitutes the dominant
part of the one-loop SUSY correction to bb production
above the Z resonance, which can reach a few percent
for favorable parameter values. In the SM the QCD cor-
rection can be approximately obtained through the sub-
stitution given by Eq. (24) in the second reference of Ref.
[10], which reaches a few percent. In Ref. [6], Lynn and
Stuart presented the electroweak corrections in a com-
pact form in terms of the Feynman integral functions, in
which they considered the Z exchange diagram, the pho-
ton exchange diagram as well as the box diagram, but
did not provide the numerical results.

For tf production, we present some numerical exam-
ples in Figs. 8-11. In Fig. 8, we present the corrections
to the total cross section, to forward-backward asym-
metry, and to left-right asymmetry versus squark mass
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(g = ™y = 7). This figure shows that the corrections
depend strongly on the squark mass, decreasing with the
squark mass. The correction to left-right asymmetry can
be larger than 1% for m, < 400 GeV and the correc-
tion to the cross section can also be larger than 1% for
mg < 200 GeV. For example, when m, = 150 GeV the
corrections to the cross section and to left-right asym-
metry are about —3 and +3 %, respectively. But the
correction to the forward-backward asymmetry is neg-
ligibly small, reaching the 1% level only for m, < 100
GeV. The dependence on top quark mass is shown in Fig.
9. Such SUSY O(am?/m%,) corrections grow with top
quark mass as they should. The dependence on center-
of-mass energy /s is given in Fig. 10. In Fig. 11, we
present the corrections versus tang.

Now we compare these genuine SUSY O(am?/m%,)
corrections to tf production with the extra Higgs con-
tribution, the SUSY QCD correction as well as the SM
corrections. The extra Higgs contribution [9] can be ei-
ther positive or negative, depending on the parameter
values. For a light pseudoscalar, the magnitude of the ex-
tra Higgs contribution can reach 4% for the cross section
and 2% for left-right asymmetry, but cannot reach the 1%
level for forward-backward asymmetry. As presented in
the second reference of Ref. [10], the SUSY QCD correc-
tions to the cross section and forward-backward asymme-
try for tf production at NLC cannot reach the 1% level.
The genuine SUSY O(am?/m3%,) corrections combined
with the extra Higgs boson contribution [9] as well as
the SUSY QCD corrections [10] constitute the dominant
part of the SUSY correction to top quark pair produc-
tion in ete™ annihilation. The total effects can be up
to a few percent, which are comparable to the SM elec-
troweak correction (~ —6%) [7] and the QCD correction
(~ 4+10%) [8] in the SM.

Since it is possible to measure all of the various produc-
tion and decay form factors of the top quark at the level
of a few percent at NLC [5], such SUSY effects might be
detectable at the NLC. If any deviation from the SM pre-
diction is detected in top quark pair production at NLC,
these virtual effects of genuine supersymmetric particles
might allow one to confirm its interpretation in terms of

TE = —2¢;;(3 — 3s)M\icaa
T = 5jj(% - %S%V)A?mt(clz —c11 — 2¢21 — 2¢22 + 4c23)

TE = i3 — %Siv))\fmt(%zz —c12 — 2c23) ,

TE = &;(% — Lsb)AImy(c11 — c12 — 2c22 + 2¢23)

TE = &;5(3 — sty)Aime(crz + 2¢22)
T — z ZSWCW
1z 1z 3 — 23%‘7 9
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SUSY.

In conclusion, we have calculated the SUSY
O(am?/m?,) corrections to tf and bb production in e*e™
annihilation in the minimal supersymmetric model. The
corrections to total cross-section and left-right asymme-
try can both be up to a few percent for favorable values
of the parameters and thus might be detectable at the
next-generation linear collider if SUSY exists.

APPENDIX A

Here we present the form factors appearing in Sec. II

for tf production process. The form factors Fi(7‘Z) in the
vertex corrections are

Fl(“lyz) — %[Y()%Z + Yl’Y,Z

+mt(1/2‘v,z + Y;;Y’Z _ }/4‘712 _ YS'Y’Z)] , (Al)
Z , ’

Fz(a, ) _ Ly Z _yp?, (A2)
F3("’Z) - %[Y;,z + Y3‘Y,Z 4 Y4’sz + Ys"hz] , (A3)
F‘i‘y,Z) - %[Yz'y,z +Y4’7,Z _ YS‘Y,Z _ Ys"‘/,z] , (A4)
Fs(oy’z) - %[nﬁ,z + }/5‘71Z _ Yz"YyZ _ Y3‘Y,Z] , (A5)
Fé»y,z) - %[Ys-y,z + Y4‘7,Z _ Yz“l,z _ YS'Y,Z] , (A6)

where Y7Z are given by

3 5
Z _ 'z 'z
CEED L R0 3L Y
B=1 B=1

From the calculations of Figs. 1(a)—(f) we can write Tg(;Z
as

(A8)
(A9)
(A10)
(A11)
(A12)

(A13)
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TE = E,J/\ZO'Lmt (c12 — c11)
+&};[M; M;0}}F co — O/ftm?(c11 + 12 + c21 + c22) — O[F (s — 2m?)(c12 + c23) — 20/Fcy4]
- ,-j/\tmt[MjOij (co + c12) — MiOij c12]
—f§iAtmt[Mj0£f(Co +c11) — Mioéfcu] ) (A14)

TS = Eij/\?[MiMjOQ?co - Oﬁf’mf(cn + c12 + €21 + ¢22) — ng(s —2m?)(c12 + c23) — 205024]
_é"l’.;Atmt[MJO.:f(Co + Cll) - M Ol cll]

—&j Aeme[M;O}F (co + c12) — MOl 1] + €,,0/ R m}(c12 — 1) (A15)
TH = 2£i;A}0me(c12 + c22) (A16)
TH = -Tf, = “‘2€ij’\?oglmt(c12 + c23) , (A17)
TF = —2£;) 30 Fmy(c11 + ca1) (A18)
Ty, = —TZ swewdij|OfF — 1,018 > 1, (A19)
TE = lﬁzze(vt + a¢)[m? ( 1+ Asz)aBl(p, M, ) /8p% + 2m A M;U;1V;20Bo(p, M, 1) /p? llp2=m2 » (A20)

2 ~
TEZ = 16 ——e(ve — at)[)\zV-2 B, (p, iy M) + mt( L+ /\2V~2 2)0B1 (p, M, 13)/0p*
+2mt/\tM U]]_V}zaBo(p, Mj,mb)/ap ”p’-—-m’ B (A21)

(T30, T31) = (ng),TzﬁHat—)o,vl—;zﬁ ) (A22)

where, v, a; are the vector and axial-vector coupling constants of the top quark to the Z boson, and

2

g e

65 = Tort om0 (429)

i = &iilViaouy Viaouss & = &ilviaou;, (A24)

my
N — _ A25
¢ V2mwsing ( )
S’Yf are given by
z 43%4’ -3 VA A
Sta = m lolUjy—Lj,Vij2— Nja, M — Mo /s —1ie (A26)
453 z

(S30: 325 S35, S34, S55) = ﬁ'wf”(sua 5%, 5122’51Zs7514)IL:'—>R:' ’ (A27)
S3a = T201|Uj1—+Ljst=“>Nj4ij—*Mﬂj :ﬁ‘b_"h‘vozf'n_"o:;z”ﬂ ’ (A28)

Z SZ 62 62\ _ (§Z ¢Z ¢Z gZ gZ gZ
(830, 541, S42a 431 524, S15) = (S31, S30, S335 S32, S35, 534)|Lj_,Rj,o;;L-R_,o;;.RJ~ ’ (A29)
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aBo(P: MO]" ﬁlt)

g2
Sszo 167 2e(vt + at) /\2N_724Bl (p, M()J,mt) + th/\tMOJ 34(L + RJ) 6p2
6Bl(p Mo‘ ﬁ'&t)
+mZ(2AINZ, + L2 + Rz)_—bpz 2 , (A30)
p?=mj

Sszl = Sﬁ)laeﬁ—ag,(L,-,Rj)—-)(Rj,L,-) ’ (A31)

4swew cw
Sla = m—sfw 53e = —Eszza ) (A32)
(8301 531) = (Sﬁ,, Ssz1)|a.—>0,v.—+2/3 ) (A33)

where
2 1 ({1 2

L]‘ = ”‘\/il:ESWN_,;l + C—; (5 - 53%‘;) N;Z] ’ (A34)

2 282, .
R; = ﬁ(gsz,"{ - 3:’; N§z) , (A35)
Nj1 = Njiew + Nj2sw, Nj; = Njzew — Njisw . (A36)

All the other components of Tg ;Z and Sg;z which are not listed above are zero. The sums over i, j(= 1,2) in Egs.
(A8)—(A22) and over i,j(= 1,2,3,4) in Egs. (A26)-(A33) are implied. The INV;; are the elements of 4 x 4 matrix
N defined in Ref. [1] and can be calculated numerically. The neutralino mass My; depends on the parameters M,
i, and tan B, which can be obtained numerically. The functions c;;(—ps,pt + Pz, Mj,ﬁzb,ﬁlb) in Eqs. (A8)-(A13)
and c;;(pz, Pt Mj, Ty, M;) in Egs. (A14)-(A19) are the three-point Feynman integrals, definition, and expression for
which can be found in Ref. [13].

The form factors f;* " in the box diagrams are given as

it=- 1:;]71—2 *{AoDo — my[A1(D11 — D13) — A3D1z] — mi Az[D12 + Dag — Dagl} (A37)
o= ~16n 2E iE;{A1Do + A1D11 + miA2(D12 + D24)} (A38)

3t = ~T6n 2E ;E;{A3(D12 — D13) + m¢[A2(D13 — D12 — D23 — D24 + Das + D2g)]} , (A39)
it = ~T6n 2E ;E; A2(D12 — D13 + D24 — D3s) (A40)

e T 2EE Doy (A41)

% = [P ANz i AN s (A42)

2
I3 = [N B o B AN es e ANG, 5 (A43)

$,3?

fi22 = fi21|A¢Nj4—’dj,Cj—)A¢Nj4 ) (A44)
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where D;;(—p—, —p+, P, Moj, e, Moi, m;) are the four-point Feynman integrals, definition and expression for which
can be found in Ref. [13], and

1 1 2 sw

Ej=€[ §1+SWCW(§—Sw> }z]a E'j=€< il 1{3), (A45)
2 1 1 2
c; = \/§|:§SWNJI1 + ; (-2~ - 38%4/) N;2:| ) (A46)
2s2 2

dj = \/5(363 Nj, — 5sWNJ'.1> , (A47)
Ao = \Mo; N}y (AeMo; Nig + myc}) (A48)
Ay = —\Mo;N}ycl, Az =cjc], Az =—ANuc; . (A49)

APPENDIX B

Here we present the expressions of the matrix elements squared for the ¢f production process in Sec. II. We define
GO,G(ZW) as

Go = 2(cqoct1 + CroCh1)[(choct1 + cRroch1) (v + t2 — 2mf + 2mZs) + 2(chochy + chock:)m?s]

+2(c20ct1 — CRoCR1)(CLoct1 — cRoCh1)s(t — u) , (B1)

G = (c50c5 + chochn){(cho + cho) [FX 27 (u? + 2 — 2m + 4m?s) + 2m, F{Z) 5?)

—(cho — cho) F3 27 (u? + t2 — 2mf)}

t t
e e e e z, Crotce z, z,
+(eGocEa — chochn) (cho = cho)s(t — u) | F{*") — ZOBR 5 om, FEY | (B2)
Lo 0

where s,t,u are the Mandelstam variables, and
clo=cli=vs—ays, chy=ch =vs+as. (B3)

Then the matrix elements squared are obtained by

4
(Z))2 _ €
[Mo™ |z = (s —mZ)? Goleg,g—0 (B4)
(2) |2 e?
Mo~ |r = G —m2) Goles,—o0 » (B5)
ME — e B6
, 0 |L - 52 OICEO—-)O,Ciozcil—»1,c20=c;m=c'1‘1=c3“—)—2/3 ) ( )
4
MO %=a B7)
I 0 |R T 52 0Icio—bo,cimzcj“—»1,C‘LD=C‘RO=C‘Ll=c§u-—>—2/3 ) (
AU 64
Mé‘”Mé Vlg= Goles g —0,c5,—1,¢4 g =clyg——2/3 > (B8)

se—m3)
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Al
Mév)Mé ) iL = ;—(S_—’m?Z)GOlc;0—>0,cio—)1,czu=c’Ro—)—2/3 ) (Bg)
(2) p (D" 2¢° 2
(SM MO |L = - (S — mzz)zG |Cim-—)0 ) (B].O)
2) pp(®" 2¢? (2)
oM MO |R = - (S — mZZ)zG |cio—)0 ) (Bll)
t 2e3
SMO M |1 = = =y G P ey 05,1 5 (B12)
SMOMP g = —— 25 B13
0 |R - - S(S — mzz) Iciu—)O,CEI—)l ) ( )
(@) g 2¢° (2
SMY MY g = —ma |ci0—>0,c§0—>1,c20=c’m—;—2/3 ) (B14)
z ( )1 _ 263 z
MM | = = gy G om0t chomeio 213 (B15)
() pr? 2¢? )
oM MO |R = - 52 G ‘cioﬂo,cjm:ciu—)1,ctLo=c‘Ro—>—2/3 I (B16)
0 a0 2¢° ()
oM MO |L = _S_2G |c}m—)0,620:ci1—>1,c'LO:c'R0—)—2/3 ’ (B17)

2t 2e? e e
Moo My |1 = == (A + ANCE(CR(mE — 8)? + Chmis] + (3" + f37)meC[Chsu = Ch(t = m)(u = mi)

—(f + f2YmCg[Clsu — Ch(t — m?)(u — m?)] — (fi* + f1*)C5{CLl(s — 2m])(u — m})?
—2m2(t — m2)(u — m?) + mfs] + Chmi(u — mi)*} — 2(fi' + f32)C[CL(u — m})? + Cxmis]) ,

(B18)
Mo MO — spmPoxp D (o o e, Ct ct 11 12 21 | 22
boxMy ' |rR = o |L(Cy = Co,CLr = Cru fim + "= fi7 + %), (B19)
S My ME' | = SMP*MP |1(C5, — 1,C% 5 — —
box Mo’ | = o |e(Cf = 1,CL p > —2/3,mz = 0), (B20)
S M, M(’Y)t — 6MboxM(Z)1 Cs Ct _
boxiVLg |R = ) IR( R - 13 L,R - 2/3, mz — O) . (B21)
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