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Abstract. We examined Zbb̄ and Z��̄ couplings in the minimal supersymmetric model with explicit trilinear
R-parity violating interactions. We found that the top quark couplings λ′

i3k and λ′′
3j3 can give sizable

contributions through top quark loops. When deriving the bounds from Rb and R� data, we also take into
account the loop contributions of R-parity conserving interactions. The bounds from R� are found to be
stronger than those from Rb and serve as the hitherto strongest bounds for some couplings.

1 Introduction

The standard model (SM) has been very successful phe-
nomenologically. Yet, despite its success, the SM is still
believed to be a theory effective at the electroweak scale
while new physics must exist at higher energy regimes.
Some approaches have been developed to describe such
new physics, such as the model-independent effective La-
grangian approach [1] and various new models. Among
the new models the weak-scale minimal supersymmetric
model (MSSM) [2] has many attractive features and is
arguably the most promising one.

In the MSSM, the invariance of R-parity, defined by
R = (−1)2S+3B+L for a field with spin S, baryon num-
ber B and lepton number L, is often imposed on the La-
grangian in order to maintain the separate conservation of
baryon number and lepton number. However, this conser-
vation is not dictated by any fundamental principle such
as gauge invariance and there is no compelling theoret-
ical motivation for it. The most general superpotential
of the MSSM consistent with the SU(3) × SU(2) × U(1)
symmetry and supersymmetry contains R violating (�R)
interactions which are given by [3]

W�R =
1
2
λijkLiLjE

c
k + λ′

ijkLiQjD
c
k

+
1
2
λ′′

ijkε
abdU c

iaD
c
jbD

c
kd + µiLiH2, (1.1)

where Li(Qi) and Ei(Ui, Di) are the left-handed lepton
(quark) doublet and right-handed lepton (quark) singlet
chiral superfields. i, j, k are generation indices and c de-
notes charge conjugation. a, b and d are the color indices
and εabd is the totally antisymmetric tensor. H1,2 are the
Higgs doublet chiral superfields. The λijk and λ′

ijk are L
violating (� L) couplings, λ′′

ijk B violating (�B) couplings.
λijk is antisymmetric in the first two indices and λ′′

ijk is
antisymmetric in the last two indices. The phenomeno-
logical studies for these �R couplings were started a long

time ago [3]. While this is an interesting problem in its
own right, the recent anomalous events at HERA [4] and
the evidence of neutrino oscillations [5] might provide an
additional motivation for the study of these �R couplings.
So both theorists and experimentalists have recently in-
tensively examined the phenomenology of R-parity break-
ing supersymmetry in various processes [6,7] and obtained
some bounds [8].

Some of these �R couplings contribute to the precisely
measured Zbb̄ and Z��̄ couplings through sfermion–
fermion loops. Since the MSSM is a renormalizable field
theory and the sparticles get their masses through explicit
soft breaking terms, the decoupling theorem [9] implies
that the effects of these sparticle loops will be suppressed
by some orders of 1/MSUSY and vanish as MSUSY goes
far above the weak scale. So, in general, these sfermion–
fermion loop effects on lower energy observables are small.
However, due to the non-decoupling property of heavy SM
particles (which get masses through spontaneous gauge
symmetry breaking), the effects of the sfermion–fermion
loops involving the top quark (hereafter called the top
quark loops) may be enhanced by the large top quark
mass. Therefore, the �R top quark couplings in (1.1), λ′

i3k
and λ′′

3jk, which currently are subject to quite weak
bounds (see [8] for a review), may give rise to significant
contributions through the top quark loops.

Although some bounds on the �R couplings were derived
from R ≡ Γ (Z → hadrons)/Γ (Z → ��̄) a few years ago
[10], it is necessary to give a thorough examination of the
�R quantum effects on the Zbb̄ and Z��̄ couplings since the
measurements of both Rb ≡ Γ (Z → bb̄)/Γ (Z → hadrons)
and R have been much improved nowadays [11]. Also,
when deriving bounds from Rb and R, the R conserv-
ing MSSM quantum effects, which were neglected in those
previous studies [10], should be included.

In this paper we study the contributions of the tri-
linear explicit �R interactions to Zbb̄ and Z��̄ couplings.
By using the latest data of Rb and R, we examine the
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Fig. 1. Feynman diagrams of chargino-
stop loops which contribute to the Zbb̄
vertex

bounds on the top quark �R couplings. The R conserving
MSSM quantum effects on the Zbb̄ vertex are also taken
into account in our analyses.

Note that at the level of the superpotential, the explicit
�L terms µiLiH2 can be rotated away by a field redefini-
tion [3]. However, such a redefinition does not leave the
full Lagrangian invariant when including the soft breaking
terms [12]. We focus in this paper on the trilinear explicit
�R interactions and ignore the effects of the terms µiLiH2.

This paper is organized as follows. In Sect. 2 we cal-
culate the contributions of the �R MSSM to Zbb̄ and Z��̄
couplings. In Sect. 3 we present the contributions of the
top quark couplings to Rb and R, and derive the lim-
its from the latest experimental data. Finally, we give the
conclusions in Sect. 4.

2 Zbb̄ and Z��̄ couplings in �R SUSY

Neglecting the dipole-moment coupling which are sup-
pressed by mb/mZ , the �R MSSM contribution to the Zbb̄
vertex takes the form

∆VZbb̄ = i
e

sWcW
γµ

[
PRg

b
R∆

b
R + PLg

b
L∆

b
L

]
, (2.1)

where PR,L = (1±γ5)/2 and gb
L (g

b
R) is the ZbLb̄L (ZbRb̄R)

coupling in the SM. (Throughout this paper the subscripts
R and L stand for chirality.) The new physics contribution
factors ∆b

L and ∆
b
R contain both the R conserving MSSM

contribution and �R contribution which are denoted by

∆b
L = ∆

(MSSM)
L +∆

( �R)
L , (2.2)

∆b
R = ∆

(MSSM)
R +∆

( �R)
R . (2.3)

The R conserving MSSM interactions contribute to Rb

mainly through [13]:

(1) Chargino–stop loops. Their contribution is most likely
sizable since they contain the large t̃R–bL–Higgsino
Yukawa coupling squared, which is proportional to (M2

t /
M2

W)(1 + cot
2 β).

(2) Charged and neutral Higgs loops. For a very light CP -
odd Higgs boson A0 (50 ∼ 80GeV) and very large tanβ
(∼ 50), their contribution could be sizable [13].

(3) Neutralino–sbottom loops. Their contribution is neg-
ligibly small for low and intermediate tanβ, but could be
sizable for very large tanβ [13].

Since the dominant MSSM contribution is from the
chargino–stop loops for low and intermediate tanβ (1 ∼
30), we in our calculation consider the chargino–stop
loops. A detailed calculation of the full one-loop effects
of MSSM on Zbb̄ coupling can be found in [13]. Here we
present the results for the chargino loops.

The Feynman diagrams for chargino–stop loops are
shown in Fig. 1. The contribution factor ∆(MSSM)

R ≡ ∆
(t̃L)
R

arise from the first three diagrams of Fig. 1 induced by t̃L–
bR–χ̃+

j Yukawa couplings, while ∆(MSSM)
L ≡ ∆

(t̃L)
L +∆(t̃R)

L

with ∆(t̃L)
L is arising from the middle three diagrams of

Fig. 1, induced by t̃L–bL–χ̃+
j gauge couplings and ∆

(t̃R)
L

from the last three diagrams of Fig. 1, induced by t̃R–bL–
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Fig. 2. Feynman diagrams for the �B
λ′′

ij3 contributions to the ZbRb̄R vertex.
i and j are flavor indices, with i = 1,2
or 3 and j = 1 or 2

χ̃+
j Yukawa couplings. The expressions of ∆

(t̃L)
R , ∆(t̃L)

L and

∆
(t̃R)
L are presented in the appendix.
Through loop diagrams, the �R couplings λ′′

ij3 and λ
′
ij3

contribute to ZbRb̄R, and λ′
i3k contribute to ZbLb̄L. (Note

that, for example, λ′′
ij3 can also induce ZbLb̄L coupling

through loops, which is suppressed by M2
b /M

2
Z and thus

is negligibly small.) The Feynman diagrams for the loop
contributions of these couplings to the Zbb̄ coupling are
shown in Figs. 2, 3 and 4, respectively. Their contributions,
denoted ∆

(λ′′
ij3)

R , ∆
(λ′

ij3)
R , and ∆(λ′

i3k)
L are presented in the

appendix.
Also through loops, the couplings λijk and λ′

ijk with
i = 1, 2 and 3 contribute to Z�i�̄i with �i = e, µ and
τ , respectively. The pure leptonic couplings λijk are not
relevant to the top quark and will not be considered in
our analyses. The Feynman diagrams of the contribution
of λ′

ijk to Z�
i
L�̄

i
L are shown in Fig. 5. (The loops of λ′

ijk

can also induce the Z�R�̄R coupling, which is suppressed
byM2

 /M
2
Z and thus is negligibly small.) The contribution

to the Z�i�̄i vertex takes the form

∆VZ̄ = i
e

sWcW
γµ

[
PRg

e
R∆


R + PLg

e
L∆


L

]
, (2.4)

where ge
L and g

e
R are the couplings in the SM, and ∆


L and

∆
R the contributions from the couplings λ

′
ijk with∆


R ≈ 0

and ∆
L being obtained from ∆

(λ′
i3k)

L with substitutions of
b → �, νi → uj and ν̃i → ũj .

We would like to make a few comments on our calcu-
lations.
(1) We used dimensional regularization to control the ul-
traviolet divergences in the virtual loop corrections and we
adopted the on-mass-shell renormalization scheme. The
ultraviolet divergences in the self-energy and the vertex
loops are contained in Feynman integrals. We have
checked that in our results, the ultraviolet divergences can-
celled as a result of the renormalizability of the MSSM.
(2) Several sfermion states are involved in our calculations.
In general there exists a mixing between left- and right-

handed sfermions of each flavor [14]. (We do not consider
the flavor mixing of sfermions.) So f̃L,R are in general not
the physical states (mass eigenstates); instead, they are
related to the mass eigenstates f̃1,2 by a unitary rotation.
In our calculations, we explicitly presented the analytical
expression in terms of f̃L,R, which can easily be translated
into an expression in terms of f̃1,2 by using the unitary
relation between f̃L,R and f̃1,2.
(3) We neglected the R conserving MSSM contribution to
the Z��̄ couplings because they are expected to be small,
unlike the the Zbb̄ case where chargino–stop loops could
contribute significantly.
(4) While it is theoretically possible to have both �B and
�L terms in the Lagrangian, the non-observation of proton
decay imposes very stringent conditions on their simulta-
neous presence. In our calculation (and in the following
numerical calculations) we consider the presence of one
non-zero coupling at one time.

In order to find out which couplings could give sizable
contributions, we first perform a test numerical calculation
by assuming a common mass of 100GeV for all sparticles.

For the contributions of �R couplings, as expected, we
found that only the top quark couplings could give sizable
contributions, i.e., λ′′

3j3 and λ′
i33 contribute significantly

to Zbb̄, while λ′
i3k to Z�

i�̄i. In each case, the dominant
contribution was found to arise from the top quark loops.

For the contribution from R conserving MSSM, we
found ∆

(t̃R)
L is large because it is proportional to (M2

t /

M2
W)(1 + cot

2 β). For large tanβ, ∆(t̃L)
R also becomes siz-

able because it is enhanced by the factor (M2
b /M

2
W)(1 +

tan2 β). ∆(t̃L)
L arises from the gauge coupling and is found

to be always small. We realize that although the mag-
nitude of ∆(t̃L)

R becomes comparable to that of ∆(t̃R)
L for

large tanβ, its contribution to Rb is suppressed by the fac-
tor (gb

R/g
b
L)

2 ≈ 1/30 relative to the contribution of ∆(t̃R)
L .

So, the MSSM contributions are dominated by the last
three diagrams of Fig. 1, which are induced by the t̃R–
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Fig. 3. Feynman diagrams for the � L
λ′

ij3 contributions to the ZbRb̄R vertex.
i and j are flavor indices
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Fig. 4. Feynman diagrams for the � L
λ′

i3k contributions to the ZbLb̄L vertex.
i and k are flavor indices
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Fig. 5. Feynman diagrams for the � L
λ′

i3k contributions to the left-handed
Z�L�L vertex. i and k are flavor indices

bL–Higgsino Yukawa coupling. Such contributions, pro-
portional to (M2

t /M
2
W)(1 + cot

2 β), are not sensitive to
tanβ for intermediate or large tanβ values, but would
be enhanced in the favorable scenario: (1) The lightest
chargino is Higgsino-like, and (2) when the mixing of stops
is considered, the lightest stop t̃1 is t̃R-like (the mixing an-
gle θt̃ is large).

3 The contributions of �R top quark couplings
to Rb and R�

As found in the preceding section, only top quark cou-
plings (λ′′

3j3 and λ
′
i3k) can give sizable contributions to the

Zbb̄ and Z��̄ couplings through top quark loops. In this
section we evaluate the contributions of these top quark
couplings to Rb and R and derive the bounds on the cou-
plings. In our analysis we only keep the contributions of
top quark loops. Note that we do not use the bb̄ forward–
backward asymmetry Ab to constrain the �R couplings.
The data [11] Aexp

b = 0.911± 0.025 and ASM
b = 0.935 are

subject to a larger error than Rb and R.
Before presenting the results, a discussion is due re-

garding the SUSY parameters involved. In addition to the
�R couplings themselves, the following SUSY parameters
are involved.
(1) The R conserving contributions involve the masses and
couplings of charginos, which are determined by the pa-
rametersM,µ and tanβ.M is the SU(2) gaugino mass, µ
is the Higgs mixing term (µH1H2) in the superpotential
and tanβ = v2/v1 is the ratio of the vacuum expectation
values of the two Higgs doublets. The LEP experiments
disfavored small tanβ values [15]. The SUSY explanation
of the recently reported value of the muon anomalous mag-
netic moment also requires a large tanβ and a positive µ
[16]. In our calculation we choose the following represen-
tative set of values:

M = 300GeV, µ = 150GeV, tanβ = 10, (3.1)

which yield the chargino masses as mχ̃+
1
= 133GeV and

mχ̃+
2
= 328GeV.

(2) The masses of some squarks and sleptons are involved.
For each flavor of sfermion, the mass eigenstates f̃1,2 are
related to the left- and right-handed states by a unitary
rotation: (

f̃L

f̃R

)
=

(
cos θf̃ − sin θf̃

sin θf̃ cos θf̃

)(
f̃1
f̃2

)
, (3.2)

where the mixing angle θf̃ and masses mf̃1
and mf̃2

are
determined by the mass matrix of the sfermion. Since the
off-diagonal terms in the mass matrix are proportional to
the mass of the corresponding fermion [14], the mixings of
sleptons and the first two generation squarks are relatively
small. But for the third generation squarks, i.e., stops and
sbottoms, the mixings could be significant. In our calcu-
lation we consider the mixings of stops and sbottoms. For
other sfermions we neglect the mixings and, for simplic-
ity, assume a common value for their masses. The mass
matrix for stops and sbottoms are given by [14] (see (3.3)
and (3.4) on top of the next page) where sW ≡ sin θW.
M̃2

Q, M̃
2
U and M̃

2
D are the soft breaking mass terms for the

left-handed and right-handed squarks. AtM̃ and AbM̃ are
the coefficients of the dimension-three soft breaking terms
proportional to the superpotential. As an illustrative ex-
ample we set both At and Ab to unity, and

M̃Q = M̃U = M̃D = M̃ = 150GeV, (3.5)

which yields the spectrum

mt̃1
= 149GeV,mt̃2

= 283GeV,
mb̃1

= 129GeV,mb̃2
= 180GeV,

θt̃ 
 −44◦, θb̃ 
 40◦. (3.6)

For the SUSY parameter values specified above, we
further fix the slepton mass at 150GeV and plot the com-
bined effects of R conserving and �R couplings in Figs. 6–
10. Also plotted are the experimental bounds, which are
obtained from the data [11]:



558 J.M. Yang: Rb and R� in MSSM without R-parity

M2
t̃ =

(
M̃2

Q + m2
Z cos(2β)

( 1
2 − 2

3s2
W
)
+ m2

t mt(AtM̃ + µ cotβ)
mt(AtM̃ + µ cotβ) M̃2

U + m2
Z cos(2β) 2

3s2
W + m2

t

)
, (3.3)

M2
b̃ =

(
M̃2

Q + m2
Z cos(2β)

(− 1
2 +

1
3s2

W
)
+ m2

b mb(AbM̃ + µ tanβ)

mb(AbM̃ + µ tanβ) M̃2
D − m2

Z cos(2β) s2
W
3 + m2

b

)
, (3.4)

Fig. 6. δRb versus coupling strength. The solid curve is for
λ′′

3j3 (j = 1 or 2). The dashed curve is for λ′
i33 (i = 1, 2 or 3)

Fig. 7. δR� versus coupling strength. The solid curve is for
λ′′

3j3 (j = 1 or 2). The dashed curve is for λ′′
312

Rexp
b = 0.21642± 0.00073, RSM

b = 0.21583± 0.0002,

Rexp
 = 20.768± 0.024, RSM

 = 20.740,

Rexp
e = 20.803± 0.049, RSM

e = 20.748± 0.019,

Rexp
µ = 20.786± 0.033, RSM

µ = 20.749± 0.019,

Rexp
τ = 20.764± 0.045, RSM

τ = 20.794± 0.019, (3.7)

where leptonic universality is assumed for R.

Fig. 8. δRe versus coupling strength. The solid curve is for
λ′

13j (j = 1 or 2). The dashed curve is for λ′
133

Fig. 9. δRµ versus coupling strength. The solid curve is for
λ′

23j (j = 1 or 2). The dashed curve is for λ′
233

As Figs. 6–10 showed, the R conserving loop contri-
butions ∆R(MSSM)

b and ∆R
(λ′

i3k)
 are both positive. The

contributions of λ′
i3k to Ri , as shown in Figs. 8–10, are

also positive. On the contrary, the contributions of λ′′
3j3

and λ′
i33 to Rb, as shown in Fig. 6, and the contributions

of λ′′
3jk to R, as shown in Fig. 7, are negative.
From the figures one sees that the bounds from R are

stronger than from Rb. We vary the slepton mass and list
the bounds from R in Table 1. As the slepton mass gets
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Table 1. 1σ (2σ) bounds from R�. The chargino sector parameters are specified in
(3.1). The stop and sbottom parameters are specified in (3.5). The squarks of the first
two generations are assumed to have the same mass as the sleptons

Slepton mass (GeV): 100 150 200 250 300

λ′′
313, λ′′

323 0.34(0.98) 0.36(1.04) 0.38(1.09) 0.39(1.14) 0.41(1.18)
λ′′

312 0.31(0.91) 0.35(1.02) 0.39(1.12) 0.42(1.22) 0.46(1.32)
λ′

131, λ′
132 0.75(0.92) 0.83(1.03) 0.92(1.13) 1.0(1.24) 1.09(1.34)

λ′
133 0.85(1.05) 0.85(1.05) 0.84(1.04) 0.84(1.04) 0.84(1.04)

λ′
231, λ′

232 0.61(0.77) 0.68(0.85) 0.75(0.94) 0.82(1.03) 0.89(1.12)
λ′

233 0.70(0.88) 0.70(0.87) 0.69(0.87) 0.69(0.87) 0.69(0.86)
λ′

331, λ′
332 0.25(0.58) 0.28(0.65) 0.31(0.71) 0.34(0.78) 0.37(0.84)

λ′
333 0.29(0.66) 0.29(0.66) 0.29(0.66) 0.29(0.65) 0.29(0.65)

Fig. 10. δRτ versus coupling strength. The solid curve is for
λ′

33j (j = 1 or 2). The dashed curve is for λ′
333

larger, the contributions become smaller in magnitude and
thus the bounds become weaker. Note that the bounds of
λ′

i33 (i = 1, 2 or 3) remain unchanged since their dominant
contributions are from the top–sbottom loops, as shown
in the last three diagrams of Fig. 5 with j = k = 3.

Since λ′
i3k contributions to Ri have the same sign as

the R conserving contributions while the λ′′
3jk contribu-

tions to R have the opposite sign, the inclusion of the
R conserving contributions make the bounds stronger for
λ′

i3k but weaker for λ
′′
3jk, compared to the case of neglect-

ing R conserving contributions.
Among the L violating top quark couplings, λ′

131, λ
′
231

and λ′
133 are already strongly constrained by atomic parity

violation, νµ deep-inelastic scattering and the νe mass [8],
respectively. The bounds are given by

λ′
131 < 0.035(2σ),
λ′

231 < 0.22(2σ),
λ′

133 < 0.0007(1σ), (3.8)

which are stronger than the R bounds in Table 1. As for
the other �R couplings listed in Table 1: none of them have
been well constrained by other processes. Some theoretical

bounds, by assuming the gauge group unification atMU =
2 × 1016GeV and the Yukawa couplings Yt, Yb and Yτ to
remain in the perturbative domain in the whole range up
to MU , give an upper bound of 1.25 [17]. So for these
couplings the R bounds are hitherto the strongest.

Note that we only presented some illustrative results
for a limited set of SUSY parameters rather than scan-
ning the whole SUSY parameter space allowed. It should
be remarked that SUSY parameters in the MSSM are gen-
erally not well constrained experimentally at the present
time. The only robust constraints are the LEP and Teva-
tron lower bounds on some of the sparticle masses [18,
19]. Therefore, the above SUSY parameter values used in
our calculation are not the only choice. They are a set
of representative values which are allowed by the current
experimental bounds.

In the results in Table 1, we only varied the mass value
of the slepton which is assumed to be degenerate with
squarks in the first two generations. To see the effects
of varying other SUSY parameters, we give the following
comments instead of presenting lengthy numerical results.

(1) Dependence of the R conserving MSSM effects on
tanβ. The R conserving MSSM effects are dominated by
the t̃R–bL– Higgsino Yukawa coupling squared ∼ (M2

t /
M2

W)(1 + cot
2 β), which is not sensitive to tanβ in the

range of intermediate and large tanβ. It is obvious that
as tanβ becomes lower than 1, which is disfavored by the
existing experimental data, the R conserving MSSM ef-
fects will be greatly enhanced and thus the results will be
very sensitive to tanβ. Of course, the R conserving MSSM
effects also have other dependences on tanβ through the
chargino and stop masses and mixing angles. But in the
range of intermediate and large tanβ values, such a de-
pendence is also mild.
(2) Dependence of the �R effects on tanβ. The λ′

i33 con-
tributions to Z�i�̄i through top quark loops shown in the
last three diagrams of Fig. 5 involve sbottoms. The sbot-
tom masses and mixing angle show a dependence on the
tanβ value. As tanβ gets larger, the off-diagonal mass
term mb(AbM̃ + µ tanβ) increases and thus the mixing
increases, which results in lighter b̃1. Therefore, the λ′

i33
contributions increase as tanβ gets larger.
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(3) As the mass parameters M̃Q, M̃U and M̃D in the stop
and sbottom get larger, stops and sbottoms will become
heavier. As a result, the R conserving loop contribution
to Zbb̄, which involves stops, and the λ′

i33 contribution
to Z�i�̄i, which involves sbottoms, will become smaller in
magnitudes.
(4) If the mass parametersM,µ in the chargino sector get
larger, the charginos will become heavier and the R con-
serving loop contribution to Zbb̄, which involves charginos,
will become smaller in magnitude.

4 Conclusion

In summary, we evaluated the quantum effects of the tri-
linear R-parity violating interactions on Zbb̄ and Z��̄ cou-
plings in the MSSM. We found the top quark �R couplings
could give significant contributions through the top quark
loops. When deriving the bounds from the Rb and R

data, we also took into account the loop contributions of
R-parity conserving interactions, which are found to have
the same sign as the λ′

i3k contributions and have a sign op-
posite to that of the λ′′

3jk contributions. Therefore, the in-
clusion of the R-parity conserving contributions made the
bounds stronger for λ′

i3k, but weaker for λ
′′
3jk, compared

to the case of neglecting such R conserving contributions.
The bounds from R are found to be stronger than those
from Rb and serve as the hitherto strongest bounds for
some couplings.
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Appendix

The contribution factor ∆(t̃L)
R arises from the first three

diagrams of Fig. 1, ∆(t̃L)
L from the middle three diagrams

of Fig. 1 and ∆(t̃R)
L from the last three diagrams of Fig. 1,

which are given by

∆
(t̃L)
R = − g2

16π2

(
Mb√

2MW cosβ

)2

×
{

− |Uj2|2B1(Mb,Mχ̃j ,Mt̃L
) + U∗

j2Ui2
O′R

ij

gb
R

×
[
0.5− 2C24 −M2

Z(C11 − C12 + C21 − C23)

+
O′L

ij

O′R
ij

Mχ̃jMχ̃iC0

]
(k,−pb̄,Mχ̃j ,Mχ̃i ,Mt̃L

)

− gt
L

gb
R

|Uj2|22C24(pb,−k,Mχ̃j
,Mt̃L

,Mt̃L
)

}
, (4.1)

∆
(t̃L)
L = − g2

16π2

{
− |Vj1|2B1(Mb,Mχ̃j ,Mt̃L

) + Vj1V
∗
i1
O′L

ij

gb
L

×
[
0.5− 2C24 −M2

Z(C11 − C12 + C21 − C23)

+
O′R

ij

O′L
ij

Mχ̃j
Mχ̃i

C0

]
(k,−pb̄,Mχ̃j

,Mχ̃i
,Mt̃L

)

− gt
L

gb
R

|Vj1|22C24(pb,−k,Mχ̃j ,Mt̃L
,Mt̃L

)

}
, (4.2)

∆
(t̃R)
L = − g2

16π2

(
Mt√

2MW sinβ

)2
{

− |Vj2|2B1

×(Mb,Mχ̃j ,Mt̃R
) + Vj2V

∗
i2
O′L

ij

gb
L

[
0.5− 2C24 −M2

Z

×(C11 − C12 + C21 − C23) +
O′R

ij

O′L
ij

Mχ̃jMχ̃iC0

]

×(k,−pb̄,Mχ̃j ,Mχ̃i
,Mt̃R

)− gt
R

gb
R

|Vj2|22C24

×(pb,−k,Mχ̃j
,Mt̃R

,Mt̃R
)

}
. (4.3)

Here the functions B1 and Cij , C0 are 2- and 3-point
Feynman integrals defined in [20], and their functional
dependences are indicated in the bracket following them
with k, pb and pb̄ being the momentum of Z-boson, b and
b̄, respectively. The O′L

ij and O′R
ij are defined by O′L

ij =
−Vi1V

∗
j1 − Vi2V

∗
j2/2 + δij sin2 θW and O′R

ij = −U∗
i1Uj1 −

U∗
i2Uj2/2 + δij sin2 θW, respectively. The unitary matrix
elements Uij and Vij , and the chargino masses M̃j de-
pend on the parameters M , µ and tanβ via (c18)–(c21)
of [2]. Here we defined tanβ = v2/v1 with v2 (v1) being
the VEV of the Higgs doublet giving up-type (down-type)
quark masses, so θv in [2] should be substituted by π/2−β.
M is the SU(2) gaugino masses and µ is the coefficient of
the H1H2 mixing term in the superpotential.

The contribution of Fig. 2 to ZbRb̄R coupling is given
by

∆
(λ′′

ij3)
R = −|λ′′

ij3|2
fc

16π2

{
−B1(Mb,Mdj ,Mũi

R
)

−B1(Mb,Mui ,Md̃j
R
) + 2

g
ũi

R

R

gb
R

×C24(pb,−k,Mdj ,Mũi
R
,Mũi

R
) + 2

g
d̃j

R

R

gb
R

×C24(pb,−k,Mui ,Md̃j
R
,Md̃j

R
)− gdj

R

gb
R

×
[
0.5− 2C24 −M2

Z(C11 − C12 + C21 − C23)
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+
gdj

L

gdj

R

M2
djC0

]
(k,−pb̄,Mdj ,Mdj ,Mũi

R
)− gui

R

gb
R

×
[
0.5− 2C24 −M2

Z(C11 − C12 + C21 − C23)

+
gui

L

gui

R

M2
uiC0

]
(k,−pb̄,Mui ,Mui ,Md̃j

R
)

}
. (4.4)

Here, for a field f , the left- and right-handed couplings
are defined by gf

L = If
3 − efs

2
W and gf

R = −efs
2
W with ef

being the electric charge in the unit of e, and If
3 = ±1/2

the corresponding third components of the weak isospin.
fc = 2 is a color factor.

The contribution of Fig. 3 to the ZbRb̄R coupling is
found to be

∆
(λ′

ij3)
R = |λ′

ij3|2
1

16π2

∑
f,f̃

{
B1(Mb,Mf ,Mf̃ ) + 2

gf̃
L

gb
R

×C24(pb,−k,Mf ,Mf̃ ,Mf̃ )− gf
L

gb
R

[
0.5− 2C24

−M2
Z(C11 − C12 + C21 − C23) +

gf
R

gf
L

M2
fC0

]

×(k,−pb̄,Mf ,Mf ,Mf̃ )

}
, (4.5)

where the sum is performed over

(f, f̃) =



(dj , ν̃i

L),
(νi, d̃j

L),
(uj , ẽi

L),
(ei, ũj

L).

(4.6)

The contribution of Fig. 4 to ZbLb̄L coupling is given
by

∆
(λ′

i3k)
L = |λ′

i3k|2 1
16π2

{
B1(Mb,Mdk ,Mν̃i)

+B1(Mb, 0,Md̃k
R
)

−2g
ν̃i

L

gb
L

C24(−pb, k,Mdk ,Mν̃i ,Mν̃i)

+2
gd̃k

R

gb
L

C24(pb,−k, 0,Md̃k
R
,Md̃k

R
)

−gdk

R

gb
L

[
0.5− 2C24 −M2

Z(C11 − C12 + C21

− C23)] (−k, pb̄,Mdk ,Mdk ,Mν̃i)

+
gνi

L

gb
L

[
0.5− 2C24 −M2

Z(C11 − C12 + C21

− C23)] (k,−pb̄, 0, 0,Md̃k
R
)
}
. (4.7)
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