
Chapter 9
Probing Anomalous tcZ Couplings with
Rare B and K Decays

Jyoti Saini and Suman Kumbhakar

Abstract In this work, we study the effects of anomalous tcZ couplings. Such
couplings would potentially affect several neutral current decays of K and B mesons
via Z -penguin diagrams. Using constraints from relevant observables in K and B
sectors, we calculateB(t → cZ) andB(KL → π0νν̄) in the presence of anomalous
tcZ coupling. Further, we find that the complex tcZ coupling can also provide large
enhancements in many CP violating angular observable in B → K ∗μ+μ− decay.

9.1 Introduction

The measurement of several observables in B meson decays do not agree with their
Standard Model (SM) predictions. These observables include the measurement of
RK (∗) , angular observables in B → K ∗μ+μ− (in particular P

′
5), B(Bs → φμ+μ−)

in the neutral current sector and RD(∗),J/ψ in the charged current sector. These mea-
surements can be considered as hints of physics beyond the SM.

Apart from the decays of B meson, the top quark decays are particularly important
for hunting physics beyond the SM. As it is the heaviest of all the SM particles, it is
expected to feel the effect of new physics (NP) most. Also, LHC is primarily a top
factory producing abundant top quark events. Hence one expects the observation of
possible anomalous couplings in the top sector at the LHC. The SM predictions for
the branching ratios of the flavor changing neutral current (FCNC) top quark decays,
such as t → uZ and t → cZ decays are ∼10−17 and 10−14, respectively [1, 2], and
are probably immeasurable at the LHC until NP enhances their branching ratios up to
the detection level of LHC.
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In this work, we study the effects of anomalous tcZ couplings on rare B and
K meson decays. Using these decays, we obtain constraints on anomalous t → cZ
coupling.We then look for flavor signatures of anomalous tcZ coupling. In particular,
we examineB(KL → π ν ν̄) and variousCP violating angular observables in B →
K ∗ μ+ μ−. We find that the complex tcZ coupling can give rise to large new physics
effects in these CP violating observables.

9.2 Effect of Anomalous t → cZ Couplings on Rare B
and K Decays

The effective tcZ Lagrangian can be written as [3]

LtcZ = g

2 cos θW
c̄γ μ

(
gL
ct PL + gR

ct PR
)
t Zμ

+ g

2 cos θW
c̄
iσμν pν

MZ

(
κ L
ct PL + κ R

ct PR
)
t Zμ + h.c., (9.1)

where PL ,R ≡ (1 ∓ γ5)/2 and gL ,R
ct and κ

L ,R
ct are NP couplings. The anomalous

tcZ couplings can provide additional contributions to b → s l+ l−, b → d l+ l− and
s → dνν̄ decays via Z penguin diagrams and hence have the potential to affect the
decays of several B and K mesons.

Let us now consider the contribution of anomalous tcZ couplings to the rare B
decays induced by the quark-level transition b → s μ+ μ−. The effective Hamilto-
nian for the quark-level transition b → s μ+ μ− in the SM can be written as

Heff = −4GF√
2
V ∗
tsVtb

10∑

i=1

Ci (μ) Oi (μ) , (9.2)

where the form of the operators Oi are given in [4]. The effective tcZ vertices,
given in (9.1), affect b → s μ+ μ− transition. This contribution modifies the Wilson
coefficients (WCs) C9 and C10. The NP contributions to these WCs are [5]

Cs,N P
9 = −Cs,N P

10 = − 1

8 sin2 θW

V ∗
cs

V ∗
ts

[ (
−xt ln

M2
W

μ2
+ 3

2
+ xt − xt ln xt

)
gL
ct

]
,

(9.3)
with xt = m̄2

t /M
2
W . Here the right-handed coupling, gR

ct , is neglected as it is sup-
pressed by a factor of m̄c/MW . Here we have also neglected the contributions from
CKM suppressed Feynman diagrams. The NP contributions to C9, 10 have been cal-
culated in the unitary gauge with the modified minimal subtraction (MS) scheme [5].
The effective Hamiltonian and the NP contributions to the WCs C9 and C10 for the
process b → d μ+ μ− can be obtained from (9.2) to (9.3), respectively, by replacing
s by d.
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We now consider NP contribution to s → d νν̄ transition. The K+ → π+ νν̄

decay is the only observed decay in this sector. The effective Hamiltonian for K+ →
π+ νν̄ in the SM can be written as

Heff = GF√
2

α

2π sin2 θW

∑

l=e,μ,τ

[
V ∗
csVcd X

l
N L + V ∗

tsVtd X (xt )
] × (s̄d)V−A(ν̄lνl)V−A ,

(9.4)
where Xl

NL and X (xt ) are the structure functions corresponding to charm and top
sector, respectively [4, 6, 7]. The contribution of anomalous tcZ coupling to s̄ →
d̄ νν̄ transition then modifies the structure function X (xt ) in the following way:

X (xt ) → X tot(xt ) = X (xt ) + XNP , (9.5)

where

X (xt ) = ηX
xt
8

[
2 + xt
xt − 1

+ 3xt − 6

(1 − xt )2
ln xt

]
, (9.6)

XNP = −1

8

(
VcdV ∗

ts + VtdV ∗
cs

VtdV ∗
ts

)(
−xt ln

M2
W

μ2
+ 3

2
+ xt − xt ln xt

)
(gL

ct)
∗ . (9.7)

Here ηx = 0.994 is the NLO QCD correction factor.

9.3 Constraints on the Anomalous t cZ Couplings

In order to obtain the constraints on the anomalous tcZ coupling gL
ct , we perform a

χ2 fit using all measured observables in B and K sectors. The total χ2 is written as
a function of two parameters: Re(gL

ct) and Im(gL
ct). The χ2 function is defined as

χ2
total = χ2

b→s μ+ μ− + χ2
b→d μ+ μ− + χ2

s→dνν̄ . (9.8)

In our analysis, we include all recent CP conserving data from b → sμ+μ− to
obtain constraints on Cs,N P

9,10 . Assuming the WCs Ci to be real, we obtain CNP
9 =

−CNP
10 = −0.51 ± 0.09 [8]. This is consistent with several global fit results such

as [9–11]. For complex WCs, we get CNP
9 = −CNP

10 = (−0.56 ± 0.26) + i(0.55 ±
1.36). The fit values thus obtained can be used to constrain gL

ct . For real g
L
ct coupling,

we have

χ2
b→sμ+μ− =

(
Cs,N P
9 + 0.51

0.09

)2

. (9.9)

For complex gL
ct couplings, the χ2 function can be written as

χ2
b→sμ+μ− =

(
Re(Cs,N P

9 ) + 0.56

0.26

)2

+
(
Im(Cs,N P

9 ) − 0.55

1.36

)2

. (9.10)
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From b → dμ+μ− sector the branching ratio of B+ → π+ μ+ μ− and Bd →
μ+μ− decay are included in our analysis:

χ2
b→d μ+ μ− = χ2

B+→π+ μ+ μ− + χ2
Bd→μ+μ− . (9.11)

For B+ → π+ μ+ μ− decay,

χ2
B+→π+ μ+ μ− =

(
B(B+ → π+ μ+ μ−) − 2.3 × 10−8

0.66 × 10−8

)2

, (9.12)

where, following [12], a theoretical error of 15% is included inB(B+ → π+ μ+ μ−).
For B(Bd → μ+μ−) decay,

χ2
Bd→μ+ μ− =

(
B(Bd → μ+ μ−) − 3.9 × 10−10

1.6 × 10−10

)2

. (9.13)

The branching ratio of Bd → μ+ μ− in the presence of anomalous tcZ coupling
is given by

B(Bd → μ+ μ−) = G2
Fα2MBdm

2
μ f 2Bd τBd

16π3 |VtdV ∗
tb|2

√
1 − 4(m2

μ/M2
Bd

)

∣
∣∣C10 + Cd,N P

10

∣
∣∣
2
.

(9.14)

The branching ratio of K+ → π+νν̄, the only measurement in s → d νν̄ sector,
in the presence of anomalous tcZ coupling is given by

B(K+ → π+νν̄)

κ+
=

(
Re(VcdV ∗

cs)

λ
Pc(X) + Re(VtdV ∗

ts)

λ5
X tot(xt )

)2

+
(
Im(VtdV ∗

ts)

λ5
X tot(xt )

)2

, (9.15)

where Pc(X) = 0.38 ± 0.04 [13] is the NNLO QCD-corrected structure function in
the charm sector and

κ+ = rK+
3α2B(K+ → π0e+ν)

2π2 sin4 θW
λ8 . (9.16)

Using rK+ = 0.901, we estimate

B(K+ → π+νν̄)

κ+
= 3.17 ± 2.05. (9.17)
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Table 9.1 Values of anomalous tcZ couplings

Real coupling Complex coupling

gctL = (−7.04 ± 1.28) × 10−3 Re(gctL ) = (−7.63 ± 3.69) × 10−3; Im(gctL ) =
(1.87 ± 1.02) × 10−2

In order to include B(K+ → π+νν̄) in the fit, we define

χ2
K+→π+νν̄ =

(
B(K+ → π+νν̄)/κ+ − 3.17

2.05

)2

+
(
Pc(X) − 0.38

0.04

)2

. (9.18)

Thus, the error on Pc(X) has been taken into account by considering it to be a
parameter and adding a contribution to χ2

total.
The B(t → cZ) in the presence of tcZ coupling is given as [14–16]

B(t → c Z) = β4
Z (3 − 2β2

Z )

2β4
W (3 − 2β2

W )

|gL
ct |2 + |gR

ct |2
|Vtb|2 , (9.19)

with βx = (1 − m2
x/m

2
t )

1/2, being the velocity of the x = W, Z boson in the top
quark rest frame.

The fit results for real and complex tcZ couplings are presented in Table9.1.
Using the fit results, we find that for real tcZ coupling, B(t → c Z) = (0.90 ±
0.33) × 10−5. For complex tcZ coupling, 2σ upper bound on the branching ratio is
2.14 × 10−4. Hence, any future measurement of this branching ratio at the level of
10−4 would imply the coupling to be complex.

9.4 Predictions for Various CP Violating Observables

We now see whether large deviation is possible in some of the flavor physics observ-
ables due to the anomalous tcZ coupling.

B(KL → π0 ν ν̄): Thepreset upper boundonB(KL → π0 ν ν̄) is 2.6 × 10−8 [17]
at 90% C.L. which is about three orders of magnitude above the SM prediction. The
branching ratio of KL → π0 ν ν̄ is a purely CP violating quantity.The branching
ratio of KL → π0 ν ν̄ in the presence of tcZ coupling is given by

B(KL → π0 ν ν̄) = κL

[
Im

(
V ∗
tsVtd X tot(xt )

)

λ5

]2

, (9.20)

where X tot(xt ) is given in (9.5).
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Fig. 9.1 (Color Online) The plots depicts various CP violating observables in B → K ∗ μ+ μ−
decays

Usingfit result for the complex tcZ coupling,we get Br(KL → π0νν̄) = (9.88 ±
5.96) × 10−11. The 2σ upper bound onB(KL → π0 ν ν̄) is obtained to be≤ 2.18 ×
10−10, an order of magnitude higher than its SM prediction.

CP violating observables in B → K∗ μ+ μ−: We study various CP violating
observables in B → K ∗ μ+ μ− decays in the presence of complex anomalous tcZ
couplings.The CP-violating observables for these decays are defined as [18]

Ai = Ii − Īi
d(Γ + Γ̄ )/dq2

, (9.21)

where Ii s are given in [18]. These asymmetries are largely suppressed in SM because
of the small weak phase of CKM and hence they are sensitive to complex NP cou-
plings. These symmetries can get significant contribution from theNP in the presence
of CP-violating phase [19–21].

The predictions for CP-violating asymmetries A7 and A8 in the presence of
complex anomalous tcZ couplings are shown in Fig. 9.1. It can be seen from our
results that the asymmetry A7 can be enhanced up to 20% whereas enhancement
in A8 can be up to 10% in the low-q2 region. For all other asymmetries, large
enhancement is not possible.
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