PHYSICAL REVIEW D 112, 015025 (2025)

Explaining Belle data on B — K")v& decays via dark Z resonances
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The Belle 1T Collaboration reported the first measurement on Br(B™ — Kvb), which lies 2.7¢ 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 Il measurement, we investigate the effect of a dark
photon/dark Z on the rare B meson decay BT — K*vi and show that the Br(B™ — K*uD) 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 Br(B™ — K'uvw) by the Belle-1I
Collaboration as well as the upper bound on Br(B® — K*°up) 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 — svv
and b — s£¢, where ¢ 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
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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*up [6-12] and B" — KTvp, 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
Br(B* — K*vp) and Br(B — K*vb) 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*uvv decays and had a measurement of B — Kvv
branching ratios, which are a few times higher than the SM
predictions [13-16]. Belle II was expected to achieve a
measurement of the BT — KTvy, BT — K*Tuvi, and
B — K*vi branching ratios with a precision of about
10% [17].

Recently, using the dataset with an integrated luminosity
of 362 fb~!, the Belle I experiment announced the first
3.5¢0 evidence for the charged decay mode Bt — K'up,
Br(B* — K™uD)geenr = (2.3 £ 0.7) x 1073 [18], showing
a 270 excess over the SM prediction Br(BT —
K*ub)gy = (429 £0.23) x 1078 [6-8] where the tree-
level contribution mediated by 7 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 — sub
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 Bt — K*vi 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 v pair, and as mentioned
above, one such channel would be B — K*vv decay, which
involves the vector meson K* in the final state, while the
kaon in the B — Kuvu 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 x 1078 for
Br(B — K*vp) [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 IT result for Br(B™ — K*vi) with new physics
in the form of a two-Higgs-doublet model extended with
U(1)p. The part of the parameter space that satisfies the
Br(B™ — K*wp) constraint will be further checked against
the Br(B® — K*%v0) 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 — K*)up processes within the
framework of U(1),, 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. U(1), 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 — K"up 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 U(1);
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)
symmetry'; 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 U(1), hypercharge field
Y, and the U(1),, dark sector field X,,. This kinetic mixing

interaction (} sin e, X**) is invariant under both the U(1),

'As 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 U(1), gauge groups. The strength of the coupling is
defined by the kinetic mixing parameter sin e, 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 U(1) 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 Ggy; x U(1),, 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 U(1),]. This is
achieved by introducing an additional SU(2) 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 U(1),, gauge group to the
2HDM [Goypm ® U(1)p]. 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 U(1),, 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

1 1 1 1 1
L= =Wy W5 =2V, Y — ngyxoﬂv —5sin eXp, Y™ + 5 mi XX
+ (D)) (D*h1) + (Dyup) (D h) + (D,by) (D) + Y _FiiDf ;. (1)

Here, X)) represents the gauge field of U(1),, while Y, and
W3, are the usual weak hypercharge field of U(1), and the
third of weak gauge fields, respectively. ¢»; and ¢, are the
usual scalar doublets under SU(2), with (¢;) = v;/V/2,

while ¢, is an additional scalar singlet with (¢,) = v,/\/2
to explain the neutrino masses. sin € indicates the strength of
the kinetic mixing between U(1), and U(1),. my is the
Stueckelberg mass parameter [62,67] for the dark gauge field
X9.D, =0, — igwt’W3, — igyYY, — igpQ'X) + - - - is the
covariant derivative with #3, ¥, and Q' being the SU(2),
generator, weak hypercharge, and dark U(1),, charges of the
fields, respectively. Here, gy, gy, and gp 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 U(1)
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 cancellation mechanisms 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.,
(Y e W3,,,X2), is not diagonal, the physical basis, denoted
as (A”, Z, Z;l) can be derived through three successive
rotations (the first one to put kinetic terms into the canonical
form and then the usual Weinberg angle rotations with 6y, and
lastly a rotation by an angle £ to eliminate the mass mixing
terms) (like given in Ref. [62] but with additional contribution
from the scalar singlet). After performing the rotations, one
can finally obtain eigenvalues corresponding to the mass
squares of the photon (A4,), the dark Z (Z,/,), and the
electroweak neutral boson (Z,,), respectively:

M3 =0, )

m3, = sec? € cos? Emy + sec? € cos? &(v?(cos? O, + sin’ fO3 ) + v20 )

3

+ 2vsec e cos Emy, (cos? Oy, + sin? O, )(sin & — cos & sin Oy tan €)

+ m3, (sin& — cos &sin Oy, tane)?, (3)

015025-3
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TABLE 1. Dark quantum charges of the fields under U(1),, adapted from Ref. [63].
Fields g dg 0, L, er g b» !
Dark charges 0, 0, % —w (20, + Q) -(Qu +20,) % SQ;jQ&
Model A % - % 0 0 - % %1 %1 - %
1 1 1 1
Model B ? 51 01 S) ! _g _? %
Model C ‘1_‘ -3 - lg % 0 % ? _Sg
Model D 3 (1) ‘1_‘ - g —11 -3 Zl %I
Model E 0 3 i - i - g —i -1 z
2 1 1 _3 _3 _4 1 17
Model F 3 ? ? 2 3 3 8 §
Model G -5 3 5 - ? ? - ? -1 3
Model B - L % 1 L -3 -1 -1 0 1

m3 = sec? e sin® Emy + sec? e sin” &(v*(cos® SO + sin” O ) + v 05 )

— 2usecesinémy (cos? Oy, + sin® O, )(cos & + sin £ sin Oy, tan €)

+ m3, (cos & + sin & sin Oy tan e)?.,

Here, tan 8 = v,/v, (with \/v} + v3 = v = 246 GeV).
Qi/),- is the dark charge of the scalar doublet ¢;,i =1, 2.
mz, =3+/g% + giyv is the mass of the SM Z boson. The
parameter sin e describes the strength of the kinetic mixing
between U(1)y, and U(1),. From now on, we define
9p Q) = Qip, for later convenience” and Q:ﬁs = Q;ﬂl - Q;,Z

The rotation angle & should satisfy tan2& = 2b/(a — c)
where the parameters a, b, and ¢ are given (like given in
Ref. [62] with nonzero v,),

— 2
a=mz,

b=m3 (cos® fA; +sinfA,),
c=sec?e(m} + v} Q05 ) +mj (cos’ A} +sin? fAT).  (5)

Here, the functions A; are defined as follows:

2y, =12, (6)

A, =sinfy tane —
mZO

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

—ypLy by ug — yyVs s vg, which generate both Dirac
and Majorana mass terms. These terms are governed by

*Since the gauge coupling gp and the free charges of the model
(Q,, and Q') enter the vertex factors and other relevant terms via
the covariant derivative as a product, the tilde parameters have
been defined accordingly.

4)

|

the vacuum expectation values v, and vy, respectively, in
conjunction with their corresponding Yukawa couplings yp,
and y,,.

Once the diagonalization of the mass matrix is per-
formed, the effective neutrino mass emerges in the canoni-
cal seesaw form —mhmy'mp, where mp = ypv,/(2v/2)
represents the Dirac mass term and mp = yyv,/(2v/2)
corresponds to the Majorana mass term. For our numerical
analysis, we fix the vacuum expectation value of the scalar
singlet v, at the 1 TeV scale. Under these conditions, with
vy =~ 1, the right-handed neutrinos acquire masses of
approximately 350 GeV. Simultaneously, the left-handed
neutrinos v; attain masses of 0.1 eV when y;, = 2.4 x 1076
and tan f = 2, consistent with experimental constraints on
neutrino masses [71].

III. B —» K*)uw DECAY IN U(1),-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 — svv
transition within the U(1),-extended two-Higgs-doublet
model. For convenience, we give a list of the vertex factors
for fermion-fermion-Z/Z’ interactions that are relevant to
the B — K"up decays in Table II, according to the
parametrization given by the following Lagrangian terms:

LOF(Chr' + Cor' ) f 2, + F(Clr + ) 12, (7)
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

015025-4



EXPLAINING BELLE DATA ON B — K"up ...

PHYS. REV. D 112, 015025 (2025)

TABLE II.

The relevant fermion-fermion-Z/Z’ vertex factors for B — K)o decays in the two-Higgs-doublet models extended with

a dark U(1);, group. A shorthand notation is used for the trigonometric expressions. For example, (s, 7.) stand for (sin ¢, tan e) and

similarly for the others.

Vertices C'(, C'/Z
7 ‘ _ 5:(10,+50),) + e(cetsetesw) _s:(04=0)  e(cetselesw)
4ee dewsw 4ece dewsw
12
v
7 ' s:(0/,+30),) _ecg(8sy,—3)+5esetesw _ 5:(0,—01) _eleetsetesw)
4c, 12cysy 4e, dey sy
u
u
7 ' 55(3Q;+Q;) + ece(4s3,—3)+escl sy S;(Q;*QL) + e(cetsetesw)
4, 12y sy 4c, 4eysy
d
d
cl cf
e _ c:(10,+50,) _else=cetesw) _ c:(0,-0,) + e(se—cetesw)
4e, dey sy 4c, deysy
14
v
O —0) L ,
Cg(Q£I+3Q,’4) e.v;(gsﬁ/—3)—5@cfté.s&v - CE(Q;, ) + E(XZ _C‘f,tfxu)
4c, + 12cysw Ce wSw
CE(SQ;+Q1¢) _ 935(4'§fv—3)—ecgfsw Cs(Q:/—QL) _ e(se—celosw)
4c. ey sy 4e, dey sy

corresponding charges Q) and Q/,, given in Table I. By

taking the appropriate limiting values, Q; , — 0 (or
gp = 0) and € — 0 [which makes ¢ — 0, seen from
Egs. (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

* 2
th Vts GFaemmW

M p—
’ Zﬂnm%

(C{LOL + CiROLR). (8)

while the matrix element for dark Z exchange takes the
form

* 2
_ Vrb VtsGFaemmW

My =
“ 2\/57[(7’"%/ - q2>

(C7,011 + CErOLk). (9)

Here, the coefficients are defined as

C%L(R) = C{%(R) + C{%(R)’ (10)
C{L(R) = C{%(R) + Ci%(R)’ (11)

where the superscripts 7 and S denote contributions from
triangle and self-energy diagrams, respectively. Lastly, the
matrix element for the box diagrams can be expressed as

015025-5
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* 2
th Vts GFaem myy

2\/57[

Explicit expressions for these C coefficients are provided in
the Appendix. The operators O ; and O, correspond to
the local ones

MBx = CP Oy (12)

Orr = 57,(1 —ys)boy, (1 —ys)v,
Orr = 57,(1 —y5)biy, (1 +ys)v.
|
, my — m%(
(K(pk)I57,b|B(pg)) = |(Ps + Pk)u—
. _ w o o 2V(d)
(K*(pg-. €)[57,b|B(pg)) = €upot P%PK*W’

(K*(pk--€)[57,75b|B(pp))

where the scalar and vector form factors for the B — K transition are f(
2), and V(q

factors for B — K* are Ay(q*).A1(q%).A2(q%). As(q

Qﬂ f+( )

- sz(mg g )AL () -

Using the contributions at the quark level given in Egs. (8),
(9), and (12), the hadronic matrix element for the B —
K™up decays can be calculated by sandwiching the quark
current between the initial B meson and the final K*)
meson states. The hadronic matrix elements appearing in
B — K™up 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 — K*) transitions are

2 2
mB

—m
TKqﬂfo(qz),

(Ps + Px), 40

Ay (g?)—
mg + mge 2(4)

q*) and f(q?), while the vector and axial form
2). Among these, f;, Ag, and A5 do not contribute to

B — K"“up decays due to having negligible neutrino masses. The remaining set of form factors can be chosen as

(f4, A1, A, V) after employing the following relation:

A2:—

(mp 4+ mg)[Ay(mg + my- ) (—=mp + my. + %) + 16A12mBmK*}

The differential decay widths for the exclusive decays
B — Kvv and B — K*vv can be cast into the following
compact forms:

dI'(B — Kup) 1
dq2 = 51222m3 f%—(qz)(c%L + C%R)/P/z’ (14)
B
dI'(B - K*vv) A(CE, + Clg)

dq? 256 my(mp + my)?
X [ﬂqsz +A2 z(mB + mK*)4
+32A%,mymy. (mg + mg- )7, (15)
2 2 _

where i(mB, My, q°) = mp +ms + q* = 2mpm?

—2m3q 2mK(* g%, and

C thstGFaemmW <C€L(R) + C%L(R) ) (16)

LL(R) — 2\/—][ m% m%, _qz :
Here, ¢> = (pp — pgw)? and the explicit forms of the

coefficients C% L(r) and C%’L(R) are given in the Appendix.

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

—2my(my. + q*) + (mk. — ¢*)?

5 (13)

|
important role to enhance the new physics effects in

Br(B — K"up). The width affects can placed with the
use of the Breit-Wigner formula

1 1
-
q* —m

, 17
q2 - m%/ + irz/mz/ ( )

where ', 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 Z’
when m, > 2mf(f =vg et u,d, c,s,b)

487 vf{”?'lcllj/[|2+Tf|Cj{|2}s

(18)

where vy = /1 —4m3/m7, and N is equal to 3 for quarks

and 1 for the others. The fermion-fermion-Z’ couplings, C’"f

I,(Z — ff) = Z

and C;‘f, are given explicitly in Table II.

In the numerical analysis of both decays, the following z
parametrizations for the form factors (f,, F; = A;,A», V)
are employed [8,72]:

015025-6
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f+(q?) = P( 2)N_1 a*[Z( 2= (1) NEZ( Z)N}
+\q +\q 2 r |24 N q )
Fi(q?) = Pi(¢*) _ailz(g*) — z(0)]%. (19)

k
Here, PH(qz) =(1 _qz/M%+)—1 with M| = 5.4154 GeV,

and the other mass parameters are

B {5.415 GeV F,=V
" 15829 GeV F; =A; Ap.

The z function is defined as

) = VD VTR (20)
Vie—@+ =1

where 1, = (mg & my)? and to=1t.[1—(1—1_/1,)
Lastly, the fit parameters a;' are used from Refs. [8,72].

IV. NUMERICAL ANALYSIS OF B - K®up

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 Br(B — Kvp) [18] and
Br(B — K*vw) [16] data from the Belle Collaboration.

The model primarily includes the following five param-
eters: Q' Q; sine, tan 5, and M. The Q 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 — Kvv and
B — K*vv decays.

Another and perhaps the most important observation
obtained from our analysis is that when performing the g?
integral encountering the kinematic situation where g>
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 — Kvv decay.

The variation of the branching ratio of the B — Kvv
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 setting my 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.

%1070
L % %//%////
20 Il — B" =K'vp
.g — B K%
e (BT 5K vi)gyg
Z10F 2 (B 5K Owi)ng -
K F 4
g Lo (B* =K *vi)sy
g [ - (B =K vp)su
5l Inaccessible
I (Q Q) =(7.0x107*, =7.0x10%), sine=1.0x 104, t53=2, v, = 1.0 TeV
3 F
" 1 " " " "
1 3 5
my (GeV)
FIG. 1. The branching ratios of B — K*)up decays as a

function of dark Z mass my for representative values of the
input variables. Belle IT measurement [18] of Br(B*™ — Kwp) is
displayed by the green band, while the exclusion region by
Br(B° — K*%up) 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 Z’' masses.

In this calculation, it is also necessary to determine the
decay width of the dark Z, 'y, 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 sine or tanp.
The numerical value of I'y, which is vital for deviations
from the SM, depends on various model parameters. For
example, for the inputs given in Fig. 1, I'» ~0.1 keV
when m, = 4.5 GeV.

Deviations from the Standard Model 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*vv decay. Although
the mass dependence occurs at a slightly lower value
compared to the B — Kuvi 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*vv and the current
upper limit decreases further, potentially even reaching the
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FIG. 2. The branching ratios of B — K*)ui decays as a function of dark Z mass m. 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 Br(Bt — K*vp) is
displayed in the green band, while the hatched region as the exclusion region determined by the upper bound of Br(B? — K*°up) 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.

SM value, the outcomes we have derived here will remain
unaffected. We note that the decay width of Z' 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 Z’ boson is very subdued so that
it decays within the detector.

If we want to visualize the allowed regions from the
Br(B — Kvv) measurement along with the inaccessible
regions from the dark Z mass considerations in the
(0!}, Q) plane, we obtain Fig. 3. The Br(B — K*vp) data

1072 T T T T T T T
1073 -2 D N
¢ B-L
1074 = .D ’
c B-L
1075 ap -
- e 5x107°
Qu  of . 5x107* °E *E
_10-5 BT =K' vi)py
Inaccessible
—1074F Qu=-2Q ‘G E
_10-3 [mzr:4.4GeV, sine=5x 10", tanf=2, v;l.ﬂTeV} A o -
*A
_10—2 1 1 1 1 1 1 1
-1072 -10"3 -10"* -10° 0 107> 1074 1073 1072
Q4
FIG. 3. The Belle II measurement [18] of Br(B* — Kwvp)

(thin green shaded area) is shown in the (Q/,, Q) plane for the
favored dark Z mass. Points representing the models listed in
Table I are marked for two different g, values. The Belle data
[16] for Br(B® - K*%up) are not shown since it remains under
the red shaded area, representing the inaccessible region by dark
Z mass considerations. Additionally, the line representing Q/, =
—ZQ; is shown in black, and it marks the cases where the neutral
flavor conserving criterion is violated [63].

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 Br(B — Kvv), while the
excluded region from Br(B — K*uvr) 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 gp. As an example, we consider
gp =5x107* and gp = 5 x 1073, Particularly, for g, =
5 x 1073, some models lie within the green region, whereas
for smaller values of gp, all models can be excluded. We
believe that the Br(B — K*)up) 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
(0!, 0,) = (0,0) in Fig. 3 as representing the SM, this
interpretation is not entirely accurate. Although this point
corresponds to gp = 0 (and/or zero dark charges), the
presence of nonzero mixing (e.g., sin € # 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
Br(B™ — K'vp), our primary objective in this plot is to
identify which parameter combinations of (0, Q))
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 — Kvb
versus B — K*vv plane. The following parameter ranges
were considered:
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FIG. 4. Scatter plot in the (Br(B™ — K'vi),Br(B — K*ub))
plane for various sign conventions of (0, Q). The rare red
points represent a scenario with m, > 4.77 GeV, while the blue
ones are for my < 4.3 GeV. The remaining green dots [varying
tones encoded with changing signs of (Q/,Q)) parameters]
represent 4.3 GeV < m, < 4.77 GeV.

107 < sine < 1072,

10 MeV < m, < 10 GeV. (21)

1073 < |0, 4| < 10%,
1 <tanf < 60,

Under these conditions, Fig. 4 was obtained, and as can be
seen from the figure, neither red nor blue points can enter the
allowed region of B — Kvv without going through the
excluded region of B — K*vw. Only the green points satisfy
both conditions, indicating that the allowed mass range is
4.3 GeV < my < 4.77 GeV since the red (blue) points
represent a scenario with my >4.77 GeV (my <
4.3 GeV). These results depend particularly on the values
and signs of O/, and Q). In the figure, scenarios with both 0,
and O, 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 — Kuvv axis correspond to the region where the branching
ratio of B — K*vris not yet affected by the dark Z, while the
branching ratio of B — Kuvv 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
BT — K™vb showed a 2.7¢ deviation from the SM value,
which can be seen as fertile ground for searching new
physics. The Belle Collaboration additionally has data on
another rare B meson channel, namely, B® — K*up, setting
an upper bound 1.8 x 10~ 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 group U(1),, would account for
the discrepancy mentioned above as well as satisfying the
exclusion bound for B - K*9up 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 to make sure that the total matrix elementis UV 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 B" — K*vb would not be elucidated by the exist-
ence of a dark Z unless the resonant contributions around
q* = m%, 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 B® — K*0up prefer a heavier
dark Z scenario, BY — KTvp 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 (Q),, '}, sin e, tan ), 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
sineortan 3, the values of the other two parameters Q,
and QQ 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
Br(B” — K*%up) 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 B* — K'vp decay will
tighten up the allowed region more and will determine
whether a common solution would still be possible or not.
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of this research project. The data are available from the
authors upon reasonable request.

APPENDIX: EXPLICIT EXPRESSIONS OF THE
COEFFICIENTS FOR C;; AND Cj

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

cosé

) } csc 20y,
—sin

1 3 . -
-5 {siné(— (0, + Q,,) sece —2tane sec 9W> + cos &(£6 cot Oy — 2 tan HW)} ,
e
L(3[C sinésece + - (cos étan By, + sin Etan e sec Oyy)
= — | — - € € 5
6\e O 2 v v
3 . -
= {cosf(;(Qﬁ, + 0;) sece —2tanesec 9w> + sin &(F 6cot Oy + 2tan GW)},
1 /370, —4] : )
=—|—-1|72 |cosésece+ —sin £tan @y, + cos Etan e sec @ ,
o 6(8{%] gsccet | | (-sincanoy + coscanesecy)

cos
) sece+2tanesec€w> —|—2[ ) 5] tan9W>,

sin &

cosé&

}(1 — cot?’Oy).

2 | —siné

1. Triangle Z diagrams

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

* 2
Tri __ th VtsGFaemmW

77 TZ
2 O an(m — g (CrzOwL + C1%O0Lr).

(A1)

where

3 After 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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Cclz = C’i{ {—}—CO(O, 0,0; m¥,, m¥,, m¥,)4m3, cos & cot Oy, — Cy(0, 0, 0; m3,, m?, m?)2m?(C4 x + 2C%)

2
’::t (GY9Z sin Oy, + 27 cos Ecot Oy ) — Coo(0,0,0; mi,, m3,, m3, )16 cos & cot Oy,

— Cy(0,0,0; m?, m§,, m,)
+ Cg(0,0,0; m3,, m?, m?)4(2C% + Chx) 4+ Coo(0, 0,05 m?, m3,, m},)4(G5%x — 2 cos & cot )

+ 4 cos Ecot By — (4CH + C;gx)] —(m, - 0)} (A2)
and

ClZ = C’je{ [—I—CO(O, 0,0;m3,, m3,, m%,)4m?, cos & cot Oy, — Cy(0, 0, 0; m3,, m?, m?)2m?(Cl x + 2C%)

2m?

- Cy(0,0,0; m?, m3,, m%,) —- - (GYY9Z sin Oy, + 271 cos Ecot By ) — Coy(0,0,0; m3,, m%,, m3,)16 cos & cot Oy,

+ Cpo(0, 0,05 m3,, m?, m?)4(2C% + C%x) + Cyy(0, 0, 0; m?, m3,, m%,)4(GS%%x — 2 cos Ecot )

+ 4 cos&cotfy — (4CY + C;‘ex)} - (m, > 0)} (A3)

2. Triangle Z’' diagrams

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

MTH _ Vth[S GFaemmW
7

= crZ0,, + 20 A4
2\/_77.'(1712/ _q )( LL LL LR LR) ( )

where

cr? =cv { [—CO(O, 0,0;m3,, m3,, m%,)4m%, sin & cot Oy, — 2Cy(0, 0, 0; m3,, m?, m?)2m?(2C"% + C'*x)

2
+ Co(0,0,0;m2, my, m,) L m;
T

(GY9Z sin Oy + 2z sin EcotBy) + Coo(0,0,0; m?,, m3,, m?,) 16 sin & cot Oy

+ Cpo(0,0,0; m3,, m*, m?)4(2C"% + C'%x) + Coo(0,0,0; m2, m3,, m%[,)4(GGGZ/x — 2sinécotOy)

—4sinécotOy — (4C"Y + C/,"Qx)] - (m, —> 0)} (AS)
and

Cl7 = C’%{ [—CO(O,O,O;m%V, mi,, m3,)4m3, sin & cot Oy — 2C(0,0,0; m3,, m7, m?)2m? (2C"% + C'% x)

2 - . .
’::' (GYYZ sin Oy, + 2z sin Ecot By ) + Coo(0, 0, 0; myy, mi,, m3,)16 sin & cot Oy

+ Cy(0,0,0; m?, m%,, m3,)

+ Co0(0,0,0; m3,, m2, m?»)4(2C"% + C'%x) + Cyo(0,0,0; m?, m3,, m3,)4(GY% x — 2 sin Ecot Oy

—4sinécotOy — (4CY + C’,”ex)] - (m; - 0)} (A6)
3. Self-energy Z and Z' diagrams

Finally, we present the self-energy diagrams due to the Z and dark Z' 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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FIG. 6. Triangle Z' diagrams relevant for b — svo. Only one
neutrino generation is shown.

FIG. 7. Self-energy Z diagrams relevant for » — svw. Only one
neutrino generation is shown.

* 2
Self __ Vth VtsGFaemmW

L 2V 2a(md ~ ¢7)

where

(CP20, + CiZ0R),  (AT)

C}7 = 2C; CLA[B1(0:m7, m3)(2 + x) + 1] = (m, — 0)}
(A8)

and

C3% = 2C%C4{[B,(0; m?, m%)(2 + x) + 1] — (m, = 0)}.
(A9)

b. Self-energy Z'’

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

FIG. 8. Self-energy Z' diagrams relevant for » — svp. Only one
neutrino generation is shown.

* 2
Self __ thvtsGFaemmW

¢ CS20,; + C320, ), (A10
z Zx/iﬂ(m%, _ qz) ( LLYLL LR L) ( )
where

Ci =20 C'H{[By (0;mF, my) (2 + x) + 1] = (m, — 0)}
(Al1)

and

Cik = 2C%C{{[B\(0;m7, my) (2 + x) + 1] = (m, = 0)}.
(A12)

4. Box diagrams

Finally, the box diagram amplitude from Fig. 9 is

* 2
Vth Vts GFaemmW C

R /L NIND)
where
CBox = [-2Dy(0,0,0,0,0,0; m?, m3,, m2, m3,)m3,xy

+ Dy(0,0,0,0,0,0; m?, m3,, m2, m¥,)

x (16 + xy)] = (m, = 0). (Al14)

It should be noted that the dark Z do not contribute to the
box diagrams. The one-loop integral expressions B;, C,
Coo» Dy, and Dy, are the standard Passarino-Veltman
functions, and they are defined by using the convention
in Ref. [76].
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