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The Belle II Collaboration reported the first measurement on BrðBþ → Kþνν̄Þ, which lies 2.7σ away
from the Standard Model expectation. This result may be manifestation of new physics beyond the
Standard Model. In present work, motivated by the Belle II measurement, we investigate the effect of a dark
photon/dark Z on the rare B meson decay Bþ → Kþνν̄ and show that the BrðBþ → Kþνν̄Þ excess from
Belle II over the Standard Model expectation explained by the appearance of the dark Z especially in
resonances. We also derive constraints on various parameters of the two-Higgs-doublet model extended
with a dark Abelian gauge group, in light of the measurement of the BrðBþ → Kþνν̄Þ by the Belle-II
Collaboration as well as the upper bound on BrðB0 → K�0νν̄Þ decay, set by the Belle data. Our results
indicate that there exists a common region where both experimental results are satisfied for a dark Z mass
around 4.5 GeV with suitable values of the other parameters.
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I. INTRODUCTION

The observation of the Higgs boson at the CERN Large
Hadron Collider [1,2] completed the Standard Model (SM).
However, this does not rule out the existence of physics
beyond the SM; instead, it merely restricts its possible scale
and strongly encourages the experimental search for it.
New particles can be explored both directly through high-
energy experiments and indirectly through low-energy
precision frontier. Historically, indirect evidence for new
particles has often come before their direct discoveries.
Notably, the existence of the charm quark, the W boson, the
top quark, and the Higgs boson was predicted based on
indirect measurements such as Fermi interactions, kaon
mixing, and electroweak precision observables. In this
context, semileptonic B meson decays are especially useful
for conducting indirect searches for new physics (NP) due
to the fact that they exhibit distinct and clear experimental
signatures.
The flavor-changing neutral transitions, such as b → sνν̄

and b → sll, where l represents a charged lepton, are
highly suppressed in the SM due to the Glashow-
Iliopoulos-Maiani [3] mechanism, making them a powerful
tool for new physics searches beyond the SM [4,5]. In the
SM the flavor-changing neutral current (FCNC) processes
are forbidden at the tree level and take place only at loop

level. Obviously, these processes are inherently sensitive to
any new physics. Rare semileptonic decays of mesons
mediated by the FCNC are one of the promising
areas to observe indirect NP effects. The rare B meson
decays with a neutrino pair in the final state,
B → K�νν̄ [6–12] and Bþ → Kþνν̄, are cleanest of them
to search for new physics, due to their well-controlled
theoretical uncertainty in the SM, and for this reason are
rather sensitive to NP beyond SM. Many beyond-the-SM
(BSM) scenarios predict a significant deviation of
BrðBþ → Kþνν̄Þ and BrðB → K�νν̄Þ with respect to their
SM prediction, and therefore those branching ratios can
provide us with either a test of validity of a given model or
with a constraint acceptable scenario of physics BSM.
Experimentally, BABAR and Belle imposed upper limits on
the B → K�νν̄ decays and had a measurement of B → Kνν̄
branching ratios, which are a few times higher than the SM
predictions [13–16]. Belle II was expected to achieve a
measurement of the Bþ → Kþνν̄, Bþ → K�þνν̄, and
B → K�νν̄ branching ratios with a precision of about
10% [17].
Recently, using the dataset with an integrated luminosity

of 362 fb−1, the Belle II experiment announced the first
3.5σ evidence for the charged decay mode Bþ → Kþνν̄,
BrðBþ → Kþνν̄ÞBelle II ¼ ð2.3� 0.7Þ × 10−5 [18], showing
a 2.7σ excess over the SM prediction BrðBþ →
Kþνν̄ÞSM ¼ ð4.29� 0.23Þ × 10−6 [6–8] where the tree-
level contribution mediated by τ leptons has been sub-
tracted [19]. If the results are taken at face value, the
following conclusions can be drawn: either lepton flavor
universality is violated at the (multi)-TeV scale or NP
effects may be involved. This result is intriguing as it may
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suggest not only the existence of NP in the b → sνν̄
transitions but also the possible presence of new light
states [20]. The possibility of explaining the excess
reported by Belle II in terms of NP has been considered
in many different scenarios [19–43]. Recently, research on
these types of experimental signatures has intensified
within the context of dark sectors.
The Bþ → Kþνν̄ decay rate can be significantly influ-

enced in models that introduce non-SM particles [18], like
leptoquarks [44]. Additionally, the B meson might decay
into a kaon and an invisible particle, such as an axion [45]
or a dark-sector mediator [46]. There are other rare decays
of the B meson including the νν̄ pair, and as mentioned
above, one such channel would be B → K�νν̄ decay, which
involves the vector meson K� in the final state, while the
kaon in the B → Kνν̄ process is a scalar particle. The Belle
search for this decay has shown no excess over the SM, so it
is converted to an exclusion bound of 1.8 × 10−8 for
BrðB → K�νν̄Þ [16].
In the last few years, the existence of dark sectors has

emerged as a compelling theoretical framework. The
simplest dark sector may be referred to as the dark photon
model [47,48], where a new Abelian gauge boson is added
to the particle content of the SM. Dark sectors generally
contain one or more mediator particles that interact with the
SM through a portal. The portal relevant for interactions
between the dark sector and the SM depends on the
mediator’s spin and parity. The portal can be a scalar, a
pseudoscalar, a fermion, or a vector. The gauge and Lorentz
symmetries of the SM significantly restrict the possible
ways the mediator can couple to the SM. In particular, light
dark sectors with masses ranging from few MeV to few
GeV have triggered a lot of attention, and the Belle II
experiment is known to be highly sensitive to many such
scenarios.
The dark photon scenario [47,49,50] has been

extensively analyzed in the literature, mainly in its massive
case, and is the focus of many ongoing experimental
searches [48]. In the context of astrophysics and cosmol-
ogy, massless dark photons have been studied as mecha-
nisms for long-range interactions among dark matter
components [51–55]. Additionally, massless dark photons
have been employed to understand the Standard Model’s
flavor hierarchy problem, flavor-changing neutral currents,
and phenomena in kaon physics [56–60].
Dark photon models can be classified into two separate

types depending on whether the associated field quanta are
massive or massless. These possibilities lead to distinctly
different experimental signatures: a massless dark boson
does not have tree-level couplings to any SM fermions and
thus can only interact with ordinary matter through oper-
ators of dimension higher than 4 [47,48,61]. In contrast,
massive dark bosons can interact with ordinary matter
through a renormalizable dimension-4 operator involving
an arbitrarily small charge. These two categories are

distinct since the massless case cannot be achieved as a
limit of massive dark photon models.
In the present work, we study the compatibility of the

recent Belle II result for BrðBþ → Kþνν̄Þ with new physics
in the form of a two-Higgs-doublet model extended with
Uð1ÞD. The part of the parameter space that satisfies the
BrðBþ → Kþνν̄Þ constraint will be further checked against
the BrðB0 → K�0νν̄Þ bound, which would reduce the
allowed space significantly. Our paper is organized as
follows. After the two-Higgs-doublet model extended with
a dark gauge group is briefly outlined in Sec. II, we present
the decay widths of B → Kð�Þνν̄ processes within the
framework of Uð1ÞD extended two-Higgs doublet models
in Sec. III. The next section is devoted to the numerical
analysis of branching ratios mentioned above. The last
section contains our discussions and conclusions.

II. Uð1ÞD EXTENDED TWO-HIGGS DOUBLET
MODELS

In this section, we outline the basic elements of the
theoretical framework, and we refer to Refs. [62,63] for
further details. Then, a numerical analysis of the process
B → Kð�Þνν̄ will follow.
Although its definition is rather broad, dark sector

physics can be effectively and systematically investigated
by using specific portal interactions as a guide. Dark sectors
typically contain one or more mediator particles that
connect to the SM through a portal. The interactions
between the SM and dark sector could be controlled
through various portals, classified further based on types
of particles involved. A vector portal, requiring a dark
vector boson coupling with the SM particles through
dimension-4 operators, is one of such commonly studied
scenarios.
The gauge group of the Abelian vector portal is Uð1ÞD;

the mediator originating from this additional gauge group is
a vector boson, known as the dark Z. Even though it is
taken to be massive, the vector boson (dark photon/dark Z)
resembles the SM photon because it is based on a U(1)
symmetry1; however, unlike the photon, it mediates a new
kind of fundamental force, known as the dark force, which
might have some detectable effects at colliders as well as
low energy with high-luminosity experiments. The vector
portal fundamentally involves an interaction through
kinetic mixing between the SM Uð1ÞY hypercharge field
Yμ and the Uð1ÞD dark sector field Xμ. This kinetic mixing
interaction (1

2
sin ϵYμνXμν) is invariant under both theUð1ÞY

1As far as conventions about the naming of this new vector
boson, as dark photon or dark Z, are concerned, there might be
different usages in the literature. However, the guiding principle
would be that if the new vector boson has axial vector couplings
it resembles the SM Z and thus would be called dark Z, rather
than dark photon. We will follow this convention and call it dark
Z in the rest of the paper.
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and Uð1ÞD gauge groups. The strength of the coupling is
defined by the kinetic mixing parameter sin ϵ, which is a
free parameter. Since it behaves as a small perturbation to
the SM, to be consistent with observations, it is generally
expected to have a small value. The phenomenology of the
vector portal represents a broad class of well-motivated
models, including scenarios where the mediator preferen-
tially couples to baryonic, leptonic, or baryon number
minus lepton number (B − L) conserving currents.
In its original form, there exists only a nonzero mixing

between the photon field and the dark vector field, which
results in limited access to the SM fermions without
involving any additional gauge symmetry. This picture
can be extended if the dark vector field is a gauge field of a
local Uð1Þ symmetry under which the SM fields are
charged. Indeed, baryon number minus lepton number
(B − L) is assigned to the SM fields plus right-handed
neutrinos as the new charges, and one can show that the
theoretical framework with GSM ×Uð1ÞD gauge symmetry
would be free of gauge anomalies.
A popular way to extend the SM is through its scalar

sector while keeping the dark sector minimal [specifically,

assuming an Abelian dark gauge group Uð1ÞD]. This is
achieved by introducing an additional SUð2Þ doublet,
leading to the so-called two-Higgs-doublet models
(2HDMs) [64]. In its general form, the 2HDM struggles
with the FCNC problem. To resolve this issue, a discrete
symmetry is typically required. Furthermore, neutrino
masses, which are among the most important observational
evidence for new physics, are typically not addressed in the
2HDM. In this study, a gauge solution will be employed to
address the FCNC problem. The idea here is to obtain
anomaly-free, conventional 2HDM scenarios without
FCNC by adding an Abelian Uð1ÞD gauge group to the
2HDM [G2HDM ⊗ Uð1ÞD]. The particle content of the
model will include right-handed neutrinos, which will
not only address the neutrino mass issue but also make
it possible to satisfy the new anomaly equations that arise in
the 2HDM under the Uð1ÞD group. The details of the
scenarios have been extensively examined in previous
studies [63,65,66]. We focus solely on the relevant part
of the model which we need in the present study. The
Lagrangian of the considered model is

L ¼ −
1

4
W3μνW

μν
3 −

1

4
YμνYμν −

1

4
X0
μνX0μν −

1

2
sin ϵX0

μνYμν þ 1

2
m2

XX
0
μX0μ

þ ðDμϕ1Þ†ðDμϕ1Þ þ ðDμϕ2Þ†ðDμϕ2Þ þ ðDμϕsÞ†ðDμϕsÞ þ
X
i

f̄iiDfi: ð1Þ

Here, X0
μ represents the gauge field of Uð1ÞD while Yμ and

W3μ are the usual weak hypercharge field of Uð1ÞY and the
third of weak gauge fields, respectively. ϕ1 and ϕ2 are the
usual scalar doublets under SUð2ÞL with hϕii ¼ vi=

ffiffiffi
2

p
,

while ϕs is an additional scalar singlet with hϕsi ¼ vs=
ffiffiffi
2

p
to explain the neutrino masses. sin ϵ indicates the strength of
the kinetic mixing between Uð1ÞY and Uð1ÞD. mX is the
Stueckelberg mass parameter [62,67] for the dark gauge field
X0
μ. Dμ ¼ ∂μ − igWt3W3μ − igYYYμ − igDQ0X0

μ þ � � � is the
covariant derivative with t3, Y, and Q0 being the SUð2ÞL
generator, weak hypercharge, and darkUð1ÞD charges of the
fields, respectively. Here, gW , gY , and gD refer to the
corresponding gauge coupling constants. In the literature,
the Stueckelberg extension of the SM with and without
kinetic mixing has been thoroughly analyzed [68,69]. The
two-Higgs doublet model, augmented by an additional Uð1Þ
gauge symmetry, has been examined in Ref. [70] by
considering the Stueckelberg contribution to the mass terms.

The comprehensive discussion of the scalar sector and the
anomaly cancellationmechanisms of the model can be found
in Ref. [63]. Certain relevant parts will be reiterated here. For
instance, the dark charge assignments of the SM fields that
satisfy the anomaly conditions are provided in Table I. Since
the original gauge basis in the neutral sector, i.e.,
ðYμ;W3μ; X0

μÞ, is not diagonal, the physical basis, denoted
as ðAμ; Zμ; Z0

μÞ, can be derived through three successive
rotations (the first one to put kinetic terms into the canonical
formand then the usualWeinberg angle rotationswith θW and
lastly a rotation by an angle ξ to eliminate the mass mixing
terms) (like given inRef. [62] butwith additional contribution
from the scalar singlet). After performing the rotations, one
can finally obtain eigenvalues corresponding to the mass
squares of the photon (Aμ), the dark Z (Z0

μ), and the
electroweak neutral boson (Zμ), respectively:

M2
A ¼ 0; ð2Þ

m2
Z0 ¼ sec2 ϵ cos2 ξm2

X þ sec2 ϵ cos2 ξðv2ðcos2 βQ̃2
ϕ1

þ sin2 βQ̃2
ϕ2
Þ þ v2sQ̃

2
ϕs
Þ

þ 2v sec ϵ cos ξmZ0
ðcos2 βQ̃ϕ1

þ sin2 βQ̃ϕ2
Þðsin ξ − cos ξ sin θW tan ϵÞ

þm2
Z0
ðsin ξ − cos ξ sin θW tan ϵÞ2; ð3Þ
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m2
Z ¼ sec2 ϵ sin2 ξm2

X þ sec2 ϵ sin2 ξðv2ðcos2 βQ̃2
ϕ1

þ sin2 βQ̃2
ϕ2
Þ þ v2sQ̃

2
ϕs
Þ

− 2v sec ϵ sin ξmZ0
ðcos2 βQ̃ϕ1

þ sin2 βQ̃ϕ2
Þðcos ξþ sin ξ sin θW tan ϵÞ

þm2
Z0
ðcos ξþ sin ξ sin θW tan ϵÞ2: ð4Þ

Here, tan β≡ v2=v1 (with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ v ¼ 246 GeV).

Q0
ϕi

is the dark charge of the scalar doublet ϕi; i ¼ 1, 2.

mZ0
¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2Y þ g2W

p
v is the mass of the SM Z boson. The

parameter sin ϵ describes the strength of the kinetic mixing
between Uð1ÞY and Uð1ÞD. From now on, we define
gDQ0

ϕi
≡ Q̃0

ϕi
for later convenience2 and Q̃0

ϕs
¼ Q̃0

ϕ1
− Q̃0

ϕ2
.

The rotation angle ξ should satisfy tan 2ξ ¼ 2b=ða − cÞ
where the parameters a, b, and c are given (like given in
Ref. [62] with nonzero vs),

a¼m2
Z0
;

b¼m2
Z0
ðcos2βΔ1þsin2βΔ2Þ;

c¼ sec2ϵðm2
Xþv2sQ̃

2
ϕs
Þþm2

Z0
ðcos2βΔ2

1þsin2βΔ2
2Þ: ð5Þ

Here, the functions Δi are defined as follows:

Δi ¼ sin θW tan ϵ −
v sec ϵ
mZ0

Q̃0
ϕi
; i ¼ 1; 2: ð6Þ

A compelling feature of this model is its ability to explain
the small yet nonzero Dirac masses observed in neutrinos
through the seesaw mechanism. In the neutrino sector,
we can incorporate the Yukawa Lagrangian terms
−yDLL

fϕ2 νR − yMνcR eϕs νR, which generate both Dirac
and Majorana mass terms. These terms are governed by

the vacuum expectation values v2 and vs, respectively, in
conjunction with their corresponding Yukawa couplings yD
and yM.
Once the diagonalization of the mass matrix is per-

formed, the effective neutrino mass emerges in the canoni-
cal seesaw form −mT

Dm
−1
R mD, where mD ¼ yDv2=ð2

ffiffiffi
2

p Þ
represents the Dirac mass term and mR ¼ yMvs=ð2

ffiffiffi
2

p Þ
corresponds to the Majorana mass term. For our numerical
analysis, we fix the vacuum expectation value of the scalar
singlet vs at the 1 TeV scale. Under these conditions, with
yM ≃ 1, the right-handed neutrinos acquire masses of
approximately 350 GeV. Simultaneously, the left-handed
neutrinos νL attain masses of 0.1 eV when yD ¼ 2.4 × 10−6

and tan β ¼ 2, consistent with experimental constraints on
neutrino masses [71].

III. B → Kð�Þνν DECAY IN Uð1ÞD-EXTENDED 2HDM

After describing the necessary ingredients of the theo-
retical framework in the previous section, we now delve
into the details of the matrix element for the b → sνν̄
transition within the Uð1ÞD-extended two-Higgs-doublet
model. For convenience, we give a list of the vertex factors
for fermion-fermion-Z=Z0 interactions that are relevant to
the B → Kð�Þνν̄ decays in Table II, according to the
parametrization given by the following Lagrangian terms:

L⊃ f̄ðCf
Vγ

μþCf
Aγ

μγ5ÞfZμþ f̄ðC0f
V γ

μþC0f
A γ

μγ5ÞfZ0
μ: ð7Þ

The vertex factors of the models, namely, models A, B,
C, D, E, F, G, and B − L (listed in Table I), can be read off
from the entries in Table II by plugging the values of the

TABLE I. Dark quantum charges of the fields under Uð1ÞD, adapted from Ref. [63].

Fields uR dR QL LL eR νR ϕ2 ϕ1

Dark charges Q0
u Q0

d
Q0

uþQ0
d

2
− 3ðQ0

uþQ0
dÞ

2
−ð2Q0

u þQ0
dÞ −ðQ0

u þ 2Q0
dÞ Q0

u−Q0
d

2

5Q0
uþ7Q0

d
2

Model A 1
2

− 1
2

0 0 − 1
2

1
2

1
2

− 1
2

Model B 1
2

1
2

0 0 1
2

− 1
2

− 1
2

1
2

Model C 1
4

− 1
2

− 1
8

3
8

0 3
4

3
8

− 9
8

Model D 1
2

0 1
4

− 3
4

−1 − 1
2

1
4

5
4

Model E 0 1
2

1
4

− 3
4

− 1
2

−1 − 1
4

7
4

Model F 2
3

1
3

1
2

− 3
2

− 5
3

− 4
3

1
6

17
6

Model G − 1
6

1
3

1
12

− 1
4

0 − 1
2

− 1
4

3
4

Model B − L 1
6

1
6

1
6

− 1
2

− 1
2

− 1
2

0 1

2Since the gauge coupling gD and the free charges of the model
(Q0

u and Q0
d) enter the vertex factors and other relevant terms via

the covariant derivative as a product, the tilde parameters have
been defined accordingly.
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corresponding charges Q0
u and Q0

d, given in Table I. By
taking the appropriate limiting values, Q0

u;d → 0 (or
gD → 0) and ϵ → 0 [which makes ξ → 0, seen from
Eqs. (5) and (6)], the vertex factors in Table II can be
reduced to their SM forms. In this limit, it is clear that all
dark Z vertices vanish, as expected.
The b → s transition happens at one-loop level, receiv-

ing contributions from the so-called self-energy diagrams,
triangle diagrams involving Z and dark Z exchanges, and
box diagrams. At this point, two key observations are worth
noting: (a) the model introduces right-handed neutrino
currents, and (b) neither Z nor the dark Z contributes to
the box diagrams. The contribution from diagrams involv-
ing Z-boson exchange can be expressed as

MZ ¼ VtbV�
tsGFαemm2

W

2
ffiffiffi
2

p
πm2

Z

ðCZ
LLOLL þ CZ

LROLRÞ; ð8Þ

while the matrix element for dark Z exchange takes the
form

MZ0 ¼ VtbV�
tsGFαemm2

W

2
ffiffiffi
2

p
πðm2

Z0 − q2Þ ðC
Z0
LLOLL þ CZ0

LROLRÞ: ð9Þ

Here, the coefficients are defined as

CZ
LLðRÞ ¼ CTZ

LLðRÞ þ CSZ
LLðRÞ; ð10Þ

CZ0
LLðRÞ ¼ CTZ0

LLðRÞ þ CSZ0
LLðRÞ; ð11Þ

where the superscripts T and S denote contributions from
triangle and self-energy diagrams, respectively. Lastly, the
matrix element for the box diagrams can be expressed as

TABLE II. The relevant fermion-fermion-Z=Z0 vertex factors for B → Kð�Þνν̄ decays in the two-Higgs-doublet models extended with
a dark Uð1ÞD group. A shorthand notation is used for the trigonometric expressions. For example, ðsξ; tϵÞ stand for (sin ξ; tan ϵ) and
similarly for the others.

Vertices Cf
V Cf

A

− sξð7Q̃0
dþ5Q̃0

uÞ
4cϵ

þ eðcξþsξtϵsWÞ
4cWsW

− sξðQ̃0
d−Q̃

0
uÞ

4cϵ
− eðcξþsξtϵsWÞ

4cWsW

sξðQ̃0
dþ3Q̃0

uÞ
4cϵ

− ecξð8s2W−3Þþ5esξtϵsW
12cWsW

− sξðQ̃0
d−Q̃

0
uÞ

4cϵ
− eðcξþsξtϵsWÞ

4cWsW

sξð3Q̃0
dþQ̃0

uÞ
4cϵ

þ ecξð4s2W−3ÞþesξtϵsW
12cWsW

sξðQ̃0
d−Q̃

0
uÞ

4cϵ
þ eðcξþsξtϵsWÞ

4cWsW

C0f
V C0f

A

− cξð7Q̃0
dþ5Q̃0

uÞ
4cϵ

− eðsξ−cξtϵsWÞ
4cWsW

− cξðQ̃0
d−Q̃

0
uÞ

4cϵ
þ eðsξ−cξtϵsWÞ

4cWsW

cξðQ̃0
dþ3Q̃0

uÞ
4cϵ

þ esξð8s2W−3Þ−5ecξtϵsW
12cWsW

− cξðQ̃0
d−Q̃

0
uÞ

4cϵ
þ eðsξ−cξtϵsWÞ

4cWsW

cξð3Q̃0
dþQ̃0

uÞ
4cϵ

− esξð4s2W−3Þ−ecξtϵsW
12cWsW

cξðQ̃0
d−Q̃

0
uÞ

4cϵ
− eðsξ−cξtϵsWÞ

4cWsW
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MBox ¼ VtbV�
tsGFαemm2

W

2
ffiffiffi
2

p
π

CBox
LL OLL: ð12Þ

Explicit expressions for these C coefficients are provided in
the Appendix. The operators OLL and OLR correspond to
the local ones

OLL ¼ s̄γμð1 − γ5Þbν̄γμð1 − γ5Þν;
OLR ¼ s̄γμð1 − γ5Þbν̄γμð1þ γ5Þν:

Using the contributions at the quark level given in Eqs. (8),
(9), and (12), the hadronic matrix element for the B →
Kð�Þνν̄ decays can be calculated by sandwiching the quark
current between the initial B meson and the final Kð�Þ
meson states. The hadronic matrix elements appearing in
B → Kð�Þνν̄ decays are parametrized in terms of form
factors, which are further classified as scalar, psudoscalar,
vector, and axial vector.
The matrix elements for the B → Kð�Þ transitions are

hKðpKÞjs̄γμbjBðpBÞi ¼
�
ðpB þ pKÞμ −

m2
B −m2

K

q2
qμ

�
fþðq2Þ þ

m2
B −m2

K

q2
qμf0ðq2Þ;

hK�ðpK� ; εÞjs̄γμbjBðpBÞi ¼ ϵμνρσε
�νpρ

Bp
σ
K�

2Vðq2Þ
mB þmK�

;

hK�ðpK� ; εÞjs̄γμγ5bjBðpBÞi ¼ iε�ν
�
ημνðmB þmK� ÞA1ðq2Þ −

ðpB þ pK� Þμqν
mB þmK�

A2ðq2Þ−qμqν
2mK�

q2
ðA3ðq2Þ − A0ðq2ÞÞ

�
;

where the scalar and vector form factors for the B → K transition are f0ðq2Þ and fþðq2Þ, while the vector and axial form
factors for B → K� are A0ðq2Þ; A1ðq2Þ; A2ðq2Þ; A3ðq2Þ, and Vðq2Þ. Among these, f0, A0, and A3 do not contribute to
B → Kð�Þνν̄ decays due to having negligible neutrino masses. The remaining set of form factors can be chosen as
ðfþ; A1; A12; VÞ after employing the following relation:

A2 ¼ −
ðmB þmK� Þ½A1ðmB þmK� Þð−m2

B þm2
K� þ q2Þ þ 16A12mBm2

K� �
m4

B − 2m2
Bðm2

K� þ q2Þ þ ðm2
K� − q2Þ2 : ð13Þ

The differential decay widths for the exclusive decays
B → Kνν̄ and B → K�νν̄ can be cast into the following
compact forms:

dΓðB → Kνν̄Þ
dq2

¼ 1

512π3m3
B
f2þðq2ÞðC2

LL þ C2
LRÞλ3=2; ð14Þ

dΓðB → K�νν̄Þ
dq2

¼ λ1=2ðC2
LL þ C2

LRÞ
256π3m3

BðmB þmK� Þ2
× ½λq2V2 þ A2

1q
2ðmB þmK� Þ4

þ32A2
12m

2
Bm

2
K�ðmB þmK� Þ2�; ð15Þ

where λðm2
B;m

2
Kð�Þ ; q2Þ ¼ m4

B þm4
Kð�Þ þ q4 − 2m2

Bm
2
Kð�Þ

−2m2
Bq

2 − 2m2
Kð�Þq2, and

CLLðRÞ ¼
VtbV�

tsGFαemm2
W

2
ffiffiffi
2

p
π

�CZ
LLðRÞ
m2

Z
þ

CZ0
LLðRÞ

m2
Z0 − q2

�
: ð16Þ

Here, q2 ¼ ðpB − pKð�Þ Þ2 and the explicit forms of the
coefficients CZ

LLðRÞ and CZ0
LLðRÞ are given in the Appendix.

In the numerical study, we demonstrate that treating the
resonant production of the dark Z properly plays very

important role to enhance the new physics effects in
BrðB → Kð�Þνν̄Þ. The width affects can placed with the
use of the Breit-Wigner formula

1

q2 −m2
Z0
→

1

q2 −m2
Z0 þ iΓZ0mZ0

; ð17Þ

where ΓZ0 denotes the decay width of the dark Z into the
relevant fermion pairs. At this point, it would be useful to
provide an analytical formula for the decay width of Z0
when mZ0 > 2mfðf ¼ νl; e; μ; τ; u; d; c; s; bÞ

ΓZ0 ðZ0 → ff̄Þ ¼
X
f

NfmZ0

48π
vf

�
v2fjC0f

V j2 þ
3 − v2f

2
jC0f

A j2
�
;

ð18Þ

where vf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

f=m
2
Z0

q
andNf is equal to 3 for quarks

and 1 for the others. The fermion-fermion-Z0 couplings, C0f
V

and C0f
A , are given explicitly in Table II.

In the numerical analysis of both decays, the following z
parametrizations for the form factors ðfþ; Fi ¼ A1; A12; VÞ
are employed [8,72]:
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fþðq2Þ ¼ Pþðq2Þ
XN−1

k¼0

aþk

�
zðq2Þk − ð−1Þk−N k

N
zðq2ÞN

�
;

Fiðq2Þ ¼ Piðq2Þ
X
k

aik½zðq2Þ − zð0Þ�k: ð19Þ

Here, Pi;þðq2Þ¼ð1−q2=M2
i;þÞ−1 withMþ ¼ 5.4154 GeV,

and the other mass parameters are

Mi ¼
�
5.415 GeV Fi ¼ V

5.829 GeV Fi ¼ A1; A12:

The z function is defined as

zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð20Þ

where t� ¼ ðmB �mKð�Þ Þ2 and t0 ¼ tþ½1 − ð1 − t−=tþÞ12�.
Lastly, the fit parameters aþ;i

k are used from Refs. [8,72].

IV. NUMERICAL ANALYSIS OF B → Kð�Þνν̄

In light of the analytical calculations presented in the
previous section, a numerical analysis is required to
examine the selected models at the given sample points.
More importantly, we need to explore the parameter space
to determine whether there exist scenarios that simulta-
neously accommodate the BrðB → Kνν̄Þ [18] and
BrðB → K�νν̄Þ [16] data from the Belle Collaboration.
The model primarily includes the following five param-

eters: Q̃0
u, Q̃

0
d, sin ϵ, tan β, and MZ0 . The Q̃ parameters can,

in principle, be large, provided that they do not exceed the
perturbative limit. However, in that regime, a light dark Z
mass cannot be obtained, leading to no deviation from
the Standard Model predictions for the B → Kνν̄ and
B → K�νν̄ decays.
Another and perhaps the most important observation

obtained from our analysis is that when performing the q2

integral encountering the kinematic situation where q2

equals the mass of the dark Z allows the modification
of the dark Z propagator in the relevant diagrams to
incorporate the width effects. This modification enables
deviations above the Standard Model values and, in
particular, allows the explanation of the Belle data for
the B → Kνν̄ decay.
The variation of the branching ratio of the B → Kνν̄

decay with respect to the mass of the dark Z is presented in
Fig. 1. There is a lower limit on the mass of the dark Z,
which can be determined by settingmX to zero once a set of
input values are chosen for the other parameters. For
example, for the input values given in Fig. 1, the minimum
value of mass that the dark Z can have is close to 70 MeV.
Then, such a region with inaccessible dark Z masses is
shown as the red shaded color.

In this calculation, it is also necessary to determine the
decay width of the dark Z, ΓZ0 , by incorporating new
channels as the mass varies. The effects of these new
channels can be seen in Fig. 1. On the other hand, it should
be noted that the results presented here do not exhibit
significant sensitivity to the parameters sin ϵ or tan β.
The numerical value of ΓZ0 , which is vital for deviations
from the SM, depends on various model parameters. For
example, for the inputs given in Fig. 1, ΓZ0 ≃ 0.1 keV
when mZ0 ¼ 4.5 GeV.
Deviations from the StandardModel start to appear when

the dark Z mass is around 5 GeV, and the results become
compatible with Belle II data when the mass is approx-
imately 2 GeV. However, when the mass drops below
1 GeV, the dependence on mass disappears. Similar
behavior is observed for the B → K�νν̄ decay. Although
the mass dependence occurs at a slightly lower value
compared to the B → Kνν̄ decay, the branching ratio
exceeds the experimental upper limit at around 3 GeV.
Consequently, under the chosen input values, there is no
common parameter space that simultaneously satisfies both
results.
In Fig. 2, we investigated whether a common solution

region exists. The left panel shows that a common solution
is only possible in the 4–5 GeV range and how the allowed
region shrinks as the parameters vary. In the right panel, the
parameter values that yield the largest possible region are
given, and the common region has been scanned. As can be
seen, the common solution region is quite small, but it is
still possible to explain both sets of data. There is one
important feature that needs to be noted here. Even if no
excess events can be reported for B → K�νν̄ and the current
upper limit decreases further, potentially even reaching the

FIG. 1. The branching ratios of B → Kð�Þνν̄ decays as a
function of dark Z mass mZ0 for representative values of the
input variables. Belle II measurement [18] of BrðBþ → Kþνν̄Þ is
displayed by the green band, while the exclusion region by
BrðB0 → K�0νν̄Þ from Belle data [16] is hatched. The SM values
of both decays are also indicated in the figure. The red shaded
region is excluded due to inaccessible Z0 masses.
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SM value, the outcomes we have derived here will remain
unaffected. We note that the decay width of Z0 becomes
around 1 keV for the inputs in the right panel of Fig. 2.
Hence, in the laboratory frame of Belle II detector, the
typical decay length of the Z0 boson is very subdued so that
it decays within the detector.
If we want to visualize the allowed regions from the

BrðB → Kνν̄Þ measurement along with the inaccessible
regions from the dark Z mass considerations in the
ðQ̃0

d; Q̃
0
uÞ plane, we obtain Fig. 3. The BrðB → K�νν̄Þ data

are not shown since they remain under the unphysical
region indicated by the red shaded color. As seen in the
figure, for the selected input values, there exists a narrow
green-shaded region favored by BrðB → Kνν̄Þ, while the
excluded region from BrðB → K�νν̄Þ does not overlap
with it. To illustrate the new physics models selected
as representative points in such a parameter space, we
need to specify a value for gD. As an example, we consider
gD ¼ 5 × 10−4 and gD ¼ 5 × 10−3. Particularly, for gD ¼
5 × 10−3, some models lie within the green region, whereas
for smaller values of gD, all models can be excluded. We
believe that the BrðB → Kð�Þνν̄Þ data significantly con-
strain the new physics parameter space and can play a
decisive role in distinguishing between possible scenarios.
We like to note that, while one might identify the point
ðQ̃0

d; Q̃
0
uÞ ¼ ð0; 0Þ in Fig. 3 as representing the SM, this

interpretation is not entirely accurate. Although this point
corresponds to gD ¼ 0 (and/or zero dark charges), the
presence of nonzero mixing (e.g., sin ϵ ≠ 0) means that the
Z contribution still differs from that of the SM Z boson. To
avoid potential misinterpretation, we deliberately chose not
to designate any specific point as the Standard Model.
Furthermore, given that the SM has been demonstrated to
be insufficient to account for the Belle II measurements of
BrðBþ → Kþνν̄Þ, our primary objective in this plot is to
identify which parameter combinations of ðQ̃0

d; Q̃
0
uÞ

together with the other free parameters of the model and
under which specific conditions various representative
models could fall within the experimentally favored green
shaded region.
Finally, we generated a scatter plot in the B → Kνν̄

versus B → K�νν̄ plane. The following parameter ranges
were considered:

FIG. 3. The Belle II measurement [18] of BrðBþ → Kþνν̄Þ
(thin green shaded area) is shown in the ðQ̃0

d; Q̃
0
uÞ plane for the

favored dark Z mass. Points representing the models listed in
Table I are marked for two different gD values. The Belle data
[16] for BrðB0 → K�0νν̄Þ are not shown since it remains under
the red shaded area, representing the inaccessible region by dark
Z mass considerations. Additionally, the line representing Q̃0

u ¼
−2Q̃0

d is shown in black, and it marks the cases where the neutral
flavor conserving criterion is violated [63].

FIG. 2. The branching ratios of B → Kð�Þνν̄ decays as a function of dark Z mass mZ0 for three different values of the input variables
(left panel) and for a scenario with a maximized allowed region (right panel). The Belle II measurement [18] of BrðBþ → Kþνν̄Þ is
displayed in the green band, while the hatched region as the exclusion region determined by the upper bound of BrðB0 → K�0νν̄Þ from
Belle data [16]. The SM values of both decays are also indicated in the figures. In the right panel, a maximized common solution region
is highlighted.
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10−3 < jQ̃0
u;dj < 103; 10−6 < sin ϵ < 10−2;

1 < tan β < 60; 10 MeV < mZ0 < 10 GeV: ð21Þ

Under these conditions, Fig. 4was obtained, and as can be
seen from the figure, neither red nor blue points can enter the
allowed region of B → Kνν̄ without going through the
excluded region of B → K�νν̄. Only the green points satisfy
both conditions, indicating that the allowed mass range is
4.3 GeV < mZ0 < 4.77 GeV since the red (blue) points
represent a scenario with mZ0 ≥ 4.77 GeV (mZ0 ≤
4.3 GeV). These results depend particularly on the values
and signs of Q̃0

u and Q̃
0
d. In the figure, scenarioswith both Q̃

0
d

and Q̃0
u positive are encoded with light green points, while

the darker ones represent negative case for both of them.
Parameters with opposite signs are indicated by the dark
green color. The green points that appear parallel to the
B → Kνν̄ axis correspond to the region where the branching
ratio ofB → K�νν̄ is not yet affected by the darkZ, while the
branching ratio ofB → Kνν̄ increases rapidly. This region is
also indicated in Fig. 2. Even though the overall solution
space satisfying both constraints is rather small, it is seen
that, out of 85,000 points generated under the conditions
described above, relatively quite a number of them fall into
the desired region.

V. CONCLUSION

The recent Belle II measurement on rare B decay
Bþ → Kþνν̄ showed a 2.7σ deviation from the SM value,
which can be seen as fertile ground for searching new
physics. The Belle Collaboration additionally has data on
another rareBmeson channel, namely,B0 → K�0νν̄, setting
an upper bound 1.8 × 10−5 for the branching ratios of the
decay. To test whether a new physics scenario in the form of

a two-Higgs-doublet model extended in the gauge sector
with an Abelian dark gauge groupUð1ÞD would account for
the discrepancy mentioned above as well as satisfying the
exclusion bound for B0 → K�0νν̄ decay, an extensive
numerical study has been performed.Both processes happen
at one-loop level, and their Feynman diagrams can be
classified as self-energy, triangle, and box. The dark Z
contributes only to self-energy and triangle diagrams. The
matrix element of each diagram is computed and expressed
in terms of the Passarino-Veltman functions in the Appendix
in the vanishing limit of the masses and momenta of the
external particles. We have made extensive checks on our
results tomake sure that the totalmatrix element isUV finite.
Our analytical findings are further manipulated to carry loop
integrals which could be tricky under the limit employed so
that a comparison with the results available in the literature.
We found full agreement in the Standard Model limit with
the results given in Refs. [73–75].
Let us stress the following point one more time. The first

important observation we have made is that the discrepancy
between the Belle II data and the SM prediction for the
decay Bþ → Kþνν̄ would not be elucidated by the exist-
ence of a dark Z unless the resonant contributions around
q2 ¼ m2

Z0 are taken into account. Far from the resonance
region, the dark Z contribution becomes much less sig-
nificant, and no deviation would be obtained from the SM
values of both channels.
Even though satisfying either bound individually is

rather easy to achieve strictly after the resonant contribu-
tions are manifested in the analytical level, finding a
common parameter space which is good for both requires
some further analysis. Our numerical study showed that,
while the exclusion data of B0 → K�0νν̄ prefer a heavier
dark Z scenario, Bþ → Kþνν̄ measurement would indicate
very light dark Z options which can get as heavy as few
GeV. The task is to seek a common mass region which lies
in the overlapped potion of the parameter space. As shown
in the figures, for reasonable values of the other parameters
of the model (Q̃0

u; Q̃
0
d; sin ϵ; tan β), a dark Z with a 4–5 GeV

mass would explain both. Even though the sensitivity of
our results is not affected much by the parameters
sin ϵor tan β, the values of the other two parameters Q̃0

u

and Q̃0
d are playing more essential role. On the other hand,

our scatter plot would prove that the overlapping region for
the mass of the dark Z does not shift much and remains in
the 4–5 GeV range. Another important feature seen from
the figures is that, even if no excess can be reported for the
BrðB0 → K�0νν̄Þ channel and the existing upper limit value
decreases further, even dropping to the SM value, the
results we have obtained here will not be affected by this.
Current bounds already pin down the allowed range of the
dark Z mass in particular, and future improvements to
reduce the errors further in the Bþ → Kþνν̄ decay will
tighten up the allowed region more and will determine
whether a common solution would still be possible or not.

FIG. 4. Scatter plot in the ðBrðBþ → Kþνν̄Þ;BrðB → K�νν̄ÞÞ
plane for various sign conventions of ðQ̃0

d; Q̃
0
uÞ. The rare red

points represent a scenario with mZ0 ≥ 4.77 GeV, while the blue
ones are for mZ0 ≤ 4.3 GeV. The remaining green dots [varying
tones encoded with changing signs of ðQ̃0

d; Q̃
0
uÞ parameters]

represent 4.3 GeV < mZ0 < 4.77 GeV.
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APPENDIX: EXPLICIT EXPRESSIONS OF THE
COEFFICIENTS FOR CLL AND CLR

In this appendix, we present the explicit expressions of
the coefficients CLL and CLR computed from the triangle,
self-energy, and box diagrams.3 Before presenting these
expressions we introduce following short handed notations:

x ¼ m2
t =m2

W; y ¼ m2
e=m2

W;�
Cν
L

C0ν
L

�
¼ 1

4

�
sin ξ

cos ξ

��
2 tan ϵ sec θW −

3

e
ðQ̃0

d þ Q̃0
uÞ sec ϵ

�
þ
�

cos ξ

− sin ξ

�
csc 2θW;�

Cν
R

C0ν
R

�
¼ −

1

2e

�
sin ξ

cos ξ

�
ð2Q̃0

d þ Q̃0
uÞ sec ϵ;

�
Cu
L

Cd
L

�
¼ 1

12

�
sin ξ

�
3

e
ðQ̃0

d þ Q̃0
uÞ sec ϵ − 2 tan ϵ sec θW

�
þ cos ξð�6 cot θW − 2 tan θWÞ

�
;

�
Cu
R

Cd
R

�
¼ 1

6

�
3

e

�
Q̃0

u

Q̃0
d

�
sin ξ sec ϵþ

�−4
2

�
ðcos ξ tan θW þ sin ξ tan ϵ sec θWÞ

�
;

�
C0u

L

C0d
L

�
¼ 1

12

�
cos ξ

�
3

e
ðQ̃0

d þ Q̃0
uÞ sec ϵ − 2 tan ϵ sec θW

�
þ sin ξð∓ 6 cot θW þ 2 tan θWÞ

�
;

�
C0u

R

C0d
R

�
¼ 1

6

�
3

e

�
Q̃0

u

Q̃0
d

�
cos ξ sec ϵþ

�−4
2

�
ð− sin ξ tan θW þ cos ξ tan ϵ sec θWÞ

�
;

�
GWGZ

GWGZ0

�
¼ sin β csc θW

��
sin ξ

− cos ξ

��
1

e
ðQ̃0

d − Q̃0
uÞ sec ϵþ 2 tan ϵ sec θW

�
þ 2

�
cos ξ

sin ξ

�
tan θW

�
;

�
GGGZ

GGGZ0

�
¼ 1

4

�
sin ξ

cos ξ

��
1

e
ðQ̃0

d − Q̃0
uÞ sec ϵþ 2 tan ϵ sec θW

�
þ 1

2

�
cos ξ

− sin ξ

�
ð1 − cot2θWÞ:

1. Triangle Z diagrams

The total result obtained from the triangle diagrams in
Fig. 5 for the Z boson exchange is

MTri
Z ¼ VtbV�

tsGFαemm2
W

2
ffiffiffi
2

p
πðm2

Z − q2Þ ðC
TZ
LLOLL þ CTZ

LROLRÞ; ðA1Þ

where

FIG. 5. Triangle Z diagrams relevant for b → sνν̄. Only one
neutrino generation is shown.

3After computing each diagram, we checked the SM limits,
whenever relevant, and found agreement with the results avail-
able in the literature. Additionally, the UV finiteness of the
overall result has been confirmed after especially the factor of 1=2
was taken into account [73].
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CTZ
LL ¼ Cν

L

��
þC0ð0; 0; 0;m2

W;m
2
W;m

2
WÞ4m2

W cos ξ cot θW − C0ð0; 0; 0;m2
W;m

2
t ; m2

t Þ2m2
t ðCu

Lxþ 2Cu
RÞ

− C0ð0; 0; 0;m2
t ; m2

W;m
2
WÞ

2m2
t

π
ðGWGZ sin θW þ 2π cos ξ cot θWÞ − C00ð0; 0; 0;m2

W;m
2
W;m

2
WÞ16 cos ξ cot θW

þ C00ð0; 0; 0;m2
W;m

2
t ; m2

t Þ4ð2Cu
L þ Cu

RxÞ þ C00ð0; 0; 0;m2
t ; m2

W;m
2
WÞ4ðGGGZx − 2 cos ξ cot θWÞ

þ 4 cos ξ cot θW − ð4Cu
L þ Cu

RxÞ
�
− ðmt → 0Þ

�
ðA2Þ

and

CTZ
LR ¼ Cν

R

��
þC0ð0; 0; 0;m2

W;m
2
W;m

2
WÞ4m2

W cos ξ cot θW − C0ð0; 0; 0;m2
W;m

2
t ; m2

t Þ2m2
t ðCu

Lxþ 2Cu
RÞ

− C0ð0; 0; 0;m2
t ; m2

W;m
2
WÞ

2m2
t

π
ðGWGZ sin θW þ 2π cos ξ cot θWÞ − C00ð0; 0; 0;m2

W;m
2
W;m

2
WÞ16 cos ξ cot θW

þ C00ð0; 0; 0;m2
W;m

2
t ; m2

t Þ4ð2Cu
L þ Cu

RxÞ þ C00ð0; 0; 0;m2
t ; m2

W;m
2
WÞ4ðGGGZx − 2 cos ξ cot θWÞ

þ 4 cos ξ cot θW − ð4Cu
L þ Cu

RxÞ
�
− ðmt → 0Þ

�
: ðA3Þ

2. Triangle Z0 diagrams

The matrix element obtained from the triangle diagrams in Fig. 6 is

MTri
Z0 ¼ VtbV�

tsGFαemm2
W

2
ffiffiffi
2

p
πðm2

Z0 − q2Þ ðC
TZ0
LL OLL þ CTZ0

LROLRÞ; ðA4Þ

where

CTZ0
LL ¼ C0ν

L

��
−C0ð0; 0; 0;m2

W;m
2
W;m

2
WÞ4m2

W sin ξ cot θW − 2C0ð0; 0; 0;m2
W;m

2
t ; m2

t Þ2m2
t ð2C0u

R þ C0u
LxÞ

þ C0ð0; 0; 0;m2
t ; m2

W;m
2
WÞ

2m2
t

π
ðGWGZ0

sin θW þ 2π sin ξ cot θWÞ þ C00ð0; 0; 0;m2
W;m

2
W;m

2
WÞ16 sin ξ cot θW

þ C00ð0; 0; 0;m2
W;m

2
t ; m2

t Þ4ð2C0u
L þ C0u

RxÞ þ C00ð0; 0; 0;m2
t ; m2

W;m
2
WÞ4ðGGGZ0

x − 2 sin ξ cot θWÞ

− 4 sin ξ cot θW − ð4C0u
L þ C0u

RxÞ
�
− ðmt → 0Þ

�
ðA5Þ

and
CTZ0
LR ¼ C0ν

R

��
−C0ð0; 0; 0;m2

W;m
2
W;m

2
WÞ4m2

W sin ξ cot θW − 2C0ð0; 0; 0;m2
W;m

2
t ; m2

t Þ2m2
t ð2C0u

R þ C0u
LxÞ

þ C0ð0; 0; 0;m2
t ; m2

W;m
2
WÞ

2m2
t

π
ðGWGZ0

sin θW þ 2π sin ξ cot θWÞ þ C00ð0; 0; 0;m2
W;m

2
W;m

2
WÞ16 sin ξ cot θW

þ C00ð0; 0; 0;m2
W;m

2
t ; m2

t Þ4ð2C0u
L þ C0u

RxÞ þ C00ð0; 0; 0;m2
t ; m2

W;m
2
WÞ4ðGGGZ0

x − 2 sin ξ cot θWÞ

− 4 sin ξ cot θW − ð4C0u
L þ C0u

RxÞ
�
− ðmt → 0Þ

�
: ðA6Þ

3. Self-energy Z and Z0 diagrams

Finally, we present the self-energy diagrams due to the Z and dark Z0 exchange.

a. Self-energy Z

Using the Feynman diagrams in Fig. 7, the result for the self energy diagram contributions due to the Z boson exchange
becomes
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MSelf
Z ¼ VtbV�

tsGFαemm2
W

2
ffiffiffi
2

p
πðm2

Z − q2Þ ðC
SZ
LLOLL þ CSZ

LROLRÞ; ðA7Þ

where

CSZ
LL ¼ 2Cν

LC
d
Lf½B1ð0;m2

t ; m2
WÞð2þ xÞ þ 1� − ðmt → 0Þg

ðA8Þ

and

CSZ
LR ¼ 2Cν

RC
d
Lf½B1ð0;m2

t ; m2
WÞð2þ xÞ þ 1� − ðmt → 0Þg:

ðA9Þ

b. Self-energy Z0

The result for the self-energy diagram contributions due
to the dark Z0 exchange, computed from the diagrams in
Fig. 8, is

MSelf
Z0 ¼ VtbV�

tsGFαemm2
W

2
ffiffiffi
2

p
πðm2

Z0 − q2Þ ðC
SZ0
LLOLL þ CSZ0

LROLRÞ; ðA10Þ

where

CSZ0
LL ¼ 2C0ν

LC
0d
Lf½B1ð0;m2

t ; m2
WÞð2þ xÞ þ 1� − ðmt → 0Þg

ðA11Þ

and

CSZ0
LR ¼ 2C0ν

RC
0d
Lf½B1ð0;m2

t ; m2
WÞð2þ xÞ þ 1� − ðmt → 0Þg:

ðA12Þ

4. Box diagrams

Finally, the box diagram amplitude from Fig. 9 is

MBox ¼ VtbV�
tsGFαemm2

W

2
ffiffiffi
2

p
π

CBox
LL OLL; ðA13Þ

where

CBox
LL ¼ ½−2D0ð0; 0; 0; 0; 0; 0;m2

t ; m2
W;m

2
e; m2

WÞm2
Wxy

þD00ð0; 0; 0; 0; 0; 0;m2
t ; m2

W;m
2
e; m2

WÞ
× ð16þ xyÞ� − ðmt → 0Þ: ðA14Þ

It should be noted that the dark Z do not contribute to the
box diagrams. The one-loop integral expressions Bi, C0,
C00, D0, and D00 are the standard Passarino-Veltman
functions, and they are defined by using the convention
in Ref. [76].

FIG. 8. Self-energy Z0 diagrams relevant for b → sνν̄. Only one
neutrino generation is shown.

FIG. 7. Self-energy Z diagrams relevant for b → sνν̄. Only one
neutrino generation is shown.

FIG. 6. Triangle Z0 diagrams relevant for b → sνν̄. Only one
neutrino generation is shown.
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