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Recent Belle II data on Bþ → KþEmiss show an excess consistent with a two-body decay involving a
light invisible particle with mass around 2.1 GeV. We present a UV-complete explanation based on a
Higgsed Uð1Þ0 gauge symmetry with a light vector boson Z0 and a vectorlike top partner, which naturally
enhances b → s transitions. While the minimal model can reproduce the required B → Kð�ÞZ0 rate, it is
excluded by LHCb searches for resonant dimuon decays due to unavoidable loop-induced couplings of Z0

to charged leptons. We show that a minimal extension with an additional light Uð1Þ0-charged singlet
fermion allows Z0 to decay dominantly invisibly, evades existing constraints coming also from dark photon
and collider searches as well as Higgs measurements, and can simultaneously account for the Belle II
excess and the observed dark matter abundance through resonant thermal freeze-out.
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I. INTRODUCTION

Rare flavor-changing neutral current (FCNC) transitions
in the quark sector provide a powerful window into physics
beyond the Standard Model (SM). The loop- and Cabibbo-
Kobayashi-Maskawa-suppressed rates predicted in the SM
allow us in many cases to probe new short distance
dynamics much above the TeV scale. However, new
degrees of freedom affecting rare FCNC processes can
also appear at or even below the SM weak and QCD scales.
The decays B→Kð�ÞEmiss,D0 → π0Emiss, and K → πEmiss,
where the missing energy represents final state particles
that escape detection, have recently emerged as sensitive
probes of such new physics. In particular, the Belle II
Collaboration has reported a 2.9σ excess in Bþ → KþEmiss
over SM expectations based on the b → sνν̄ transition [1].
Even more interestingly, the excess is somewhat concen-
trated around the (two-body decay) kinematic region

corresponding to the missing energy carried away by a
single particle with mass of about 2.1 GeV [2].1

In Refs. [2,4], we analyzed this excess using a model-
independent approach based on the effective field theory
(EFT) framework for new light SM singlet fields coupled to
quark flavor-changing currents [5] (see also Refs. [6–11]
for related work). Among several considered scenarios
which can consistently account for the Belle II result, the
data give slight preference to the emission of a single spin-0
or spin-1 state, provided its mass and couplings to the quark
sector fall within a narrow range. However, the EFT
description alone leaves open the question of UV consis-
tency and the microscopic origin of such scenarios. In this
work, we try to address this by constructing an explicit,
renormalizable new physics model, which matches onto the
low energy EFT of a new massive vector field predomi-
nantly coupling to b → s currents. Our model is built on the
aligned gauged and Higgsed Uð1Þ0 framework with a
vectorlike top partner, following the general ideas intro-
duced in Ref. [12]. It is an explicit realization of a rank-1*Contact author: patrick.bolton@ijs.si
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1Very recently, Belle has presented preliminary results of their
search targeting resonant Bþ → KþðX → invisibleÞ decays,
putting stringent bounds on the two-body decay topology of
Bþ → KþEmiss [3]. However, the region of resonant masses
mX ∼ 2 GeV preferred by our analysis [2] is vetoed due to
overwhelming SM backgrounds and thus remains unconstrained.
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flavor symmetry breaking [10,13] and naturally imple-
ments the minimally flavor-violating approximate Uð2Þ
flavor symmetry structure of beyond the Standard Model
effects [14–16], predicting the largest contributions to b →
s FCNCs.
Several alternative explanations of the Belle II excess

within explicit models have appeared in the literature,
targeting both two-body [17–26] and three-body
[21,27–43] B → KEmiss decay kinematics. In particular,
Ref. [40] considered an SM extension with an unbroken
gauged Uð1Þ0 symmetry and new light Dirac fermions
charged under it. The Belle II excess is then accommodated
via off-shell exchange of the massless dark photon asso-
ciatedwith this new gauge symmetry, where the dark photon
interactions to SM quarks are parametrized by nonrenor-
malizable effective operators. Reference [21] (see also
Ref. [25]) instead considers a similar model, where the
extra symmetry is a (Higgsed) Uð1Þτ−μ. In this case, the
Belle II signal is accommodated via light Uð1Þτ−μ Higgs
boson emission (either on or off shell) and subsequent decay
to new fermions, also charged under Uð1Þτ−μ. The corre-
spondingmassive vector boson in this model does not play a
relevant role in flavor phenomenology, but is crucial in
accounting for correct cosmological dark matter (DM)
abundance of the new fermions. Similarly, Ref. [18] briefly
considers a Higgsed Uð1ÞB3−L3

, where the emission of the
associated light Z0 decaying to ντν̄τ pairs accounts for the
Belle II excess. Conversely, Ref. [24] considered gauging
and Higgsing the anomalous Uð1Þτ, where the Z0 couplings
to SM quarks arise at one loop through the associatedWess-
Zumino terms [24]. Finally, Ref. [22] recently considered a
Higgsed Uð1Þ0 mediating DM interactions, where the asso-
ciated lightZ0 appearing inB → Kð�ÞEmiss only interactswith
the SM fermions though kinetic mixing with hypercharge.
The main goals of this paper are threefold: first, we

present the minimal aligned Uð1Þ0 model realization and
demonstrate how it could account for the Belle II excess in
B → Kð�ÞEmiss through the production of a light massive
and invisibly decaying Z0. We also comment on similarities
and main differences with existing related proposals
[18,22,24]. Second, we analyze the full set of phenomeno-
logical constraints on the model, including other flavor
observables, electroweak precision data, and collider
bounds. Importantly, we show that after electroweak sym-
metry breaking, irreducible Z − Z0 mass mixing induces Z0
couplings to all SM fermions and the model is excluded by
the LHCb searches for prompt and displaced μþμ− reso-
nances in B → Kð�Þμþμ− decays [44,45]. Third, we inves-
tigate a possible minimal extension of the model that avoids
the LHCb constraint by introducing an additional light SM
singlet fermion charged under the Uð1Þ0, and thus opening
new dominant invisible decay channels of the Z0. This
additional particle turns out to be a viable DM candidate, and
we explore the related phenomenology in detail.

Altogether, our results highlight the potential of UV-
complete dark sector models to address the Belle II
anomaly while remaining predictive and testable across
multiple experimental frontiers.
The remainder of this work is organized as follows: in

Sec. II, we introduce the minimal aligned Uð1Þ0 model,
detailing its field content, gauge and scalar interaction
sectors, and the resulting mass and mixing structures. We
then study its implications for B → Kð�ÞEmiss at Belle II,
together with other closely related experimental con-
straints. In Sec. III, we study a minimal extension of the
model with an additional light SM singlet fermionic field
introducing interesting correlations between flavor probes,
dark photon and collider searches, electroweak precision
observables, and DM phenomenology. We summarize our
findings and discuss possible other, nonminimal extensions
of the model in Sec. IV.

II. MINIMAL MODEL

Here, we consider a minimal aligned Uð1Þ0 model which
introduces a vectorlike quark T 0ð3; 1; 2=3; q0Þ and an SM
singlet scalar Φð1; 1; 0; q0Þ, where q0 is the charge of both
fields under an additional Uð1Þ0. The Lagrangian of the
model contains

L ⊃ −
1

4
B0
μνB0μν −

ϵB
2
BμνB0μν þ jDμΦj2 − VðH;ΦÞ

þ T̄ 0ði=D −MTÞT 0 −
h
yrTT

0Φu0Rr þ H:c:
i
; ð1Þ

with Dμ ⊃ ig̃q0B0
μ and B0

μν ¼ ∂μB0
ν − ∂νB0

μ, where B0
μ is the

gauge field associated with the Uð1Þ0, Bμ is the Uð1ÞY
hypercharge gauge field, H the SUð2ÞL Higgs doublet, and
u0Rr the up-type right-handed quark with generation index
r ¼ u, c, t. Additional terms in the scalar potential are

VðH;ΦÞ ¼ −μ̃2jΦj2 þ λ̃jΦj4 þ λ0jΦj2ðH†HÞ: ð2Þ
The complex scalar Φ obtains a vacuum expectation value
(VEV) ṽ that breaks the Uð1Þ0. In the broken phase, the
model admits an additional massive vector boson, Z0, with
the mass MZ0 ¼ g̃q0ṽ.

A. Spectrum and theoretical constraints

1. Fermions

In the following, we consider ytT ≠ 0 and yuT ¼ ycT ¼ 0,
so that the vectorlike quark T 0 only mixes with the top
quark (and is thus a heavy top partner). In the broken phase,
the relevant mass matrix in the top-type quark sector is thus

L ⊃ −
1ffiffiffi
2

p
�
t̄0L T̄ 0

L

� vyt 0

ṽytT
ffiffiffi
2

p
MT

! 
t0R
T 0
R

!
þ H:c:;

ð3Þ
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with yt the top Yukawa coupling, L ⊃ −ytQ̄3H̃t0R þ H:c:,
and where, without loss of generality, yt, ytT , and MT can
be made real and positive by a rephasing of the chiral
fields. The resulting mass basis fields can be obtained
via the biunitary rotation t0X ¼ PXðcXtþ sXTÞ and T 0

X ¼
PXð−sXtþ cXTÞ for X ¼ L, R, with sX ¼ sin θX and
cX ¼ cos θX, where the left- and right-handed mixing
angles are given by

tan 2θL;R ¼ ṽytTfvyt;
ffiffiffi
2

p
MTg

M2
T � ðṽytTÞ2=2 − ðvytÞ2=2

; ð4Þ

and the physical masses satisfy mtmT ¼ vytMT=
ffiffiffi
2

p
and

m2
t þm2

T ¼ ðvytÞ2=2þ ðṽytTÞ2=2þM2
T . In the following,

fmT; g̃q0; ytTg are taken as input parameters, assuming
mT > mt. Using the relation MZ0 ¼ g̃q0ṽ, the VEV ṽ can
be eliminated in favor of g̃q0 and MZ0 ¼ 2.1 GeV, with the
latter being kept fixed to best fit of the Belle II excess. The
top quark Yukawa coupling is given in terms of the input
parameters as vyt=

ffiffiffi
2

p ¼ mtcLcR þmTsLsR. From the
identity mtcLsR ¼ mTcRsL, we expect sL ≪ sR in the limit
mt ≪ mT . For ytT → 0, sL;R → 0 and t (withmt ¼ vyt=

ffiffiffi
2

p
)

and T (mT ¼ MT) decouple.
In most of the viable parameter space, the t − T mixing is

given by sR ≈ sLmT=mt ≈ ṽytT=
ffiffiffi
2

p
mT. However, we can

determine the maximal values of sL;R by combining the
relations below Eq. (4) with ðMT − vyt=

ffiffiffi
2

p Þ2 ≥ 0, yielding
ṽytT=

ffiffiffi
2

p
≤ mT −mt, or equivalently

g̃q0 ≥
MZ0ytTffiffiffi

2
p ðmT −mtÞ

: ð5Þ

We refer to this as a consistency bound, as its violation
would imply deviations from the assumed t − T mixing
from Eq. (3). The lower bound in Eq. (5) corresponds to the
upper limits s2L;R ≤ mt;T=ðmt þmTÞ. To remain compatible
with perturbative unitarity, the two Yukawa couplings must
satisfy yt; ytT <

ffiffiffiffiffiffiffiffiffiffi
8π=3

p
[46].

Considering next the quark gauge interactions in the
broken phase, i.e., L⊃−J μAμ− gffiffi

2
p ½Jþμ WþμþH:c:�, where

J μ ¼ ðeJμ; g
cw
JZμ ; g̃J0μÞ and Aμ ¼ ðAμ; Zμ; Z0

μÞT , the up-
type quarks can be rotated to the mass basis. The currents
then contain the terms

Jμ ⊃ Quðt̄γμtþ T̄γμTÞ;

JZμ ⊃
1

2
ðcLt̄þ sLT̄ÞγμPLðcLtþ sLTÞ − s2wJμ;

J0μ ⊃ q0ð−sXt̄þ cXT̄ÞγμPXð−sXtþ cXTÞ;
Jþμ ⊃ VtiðcLt̄þ sLT̄ÞγμPLdi; ð6Þ

where Qu ¼ 2=3, θw is the weak mixing angle, and Vij are
elements of the Cabibbo-Kobayashi-Maskawa matrix.

2. Gauge bosons

In general, Aμ, Zμ, and Z0
μ above are not gauge sector

mass eigenstates of the model. At tree level, the SM gauge
bosons B=W3 do not mix with B0. The former are rotated to
the mass basis fields γ=Z, while B0 produces the extra
massive field Z0. However, at one loop, kinetic and mass
mixing of Z0 and γ=Z arises. The kinetic mixing of B0 and B
is controlled by ϵB in Eq. (1), which runs above the
vectorlike quark massMT according to the renormalization
group evolution (RGE) dϵB=d ln μ ¼ −eg̃q0=3π2cw. In the
unbroken phase, this running is generated by the one-loop
exchange of T 0, which is charged under both Uð1Þ0 and
Uð1ÞY . The RGE also applies in the broken phase of the
theory, with the mass eigenstates t=T in the loop, as
depicted in Fig. 1. We note that in the broken phase, the
kinetic mixing ϵW is also effectively induced between B0

andW3 from the mixing of upper component of the SUð2ÞL
doublet Q3 and T 0

L. This is is equivalent to the contribution
of the d ¼ 8 operator jΦj2ðH†τ3HÞW3

μνB0μν [47]. The
kinetic mixing ϵB also receives threshold contributions
encoded by jΦj2BμνB0μν at d ¼ 6 and jΦj2ðH†HÞBμνB0μν

and jΦj4BμνB0μν at d ¼ 8.
For ϵB;W ≠ 0, the kinetic mixing terms in the gauge

boson mass basis are L ⊃ − ϵA
2
FμνZ0μν − ϵZ

2
ZμνZ0μν, where

ϵA ¼ cwϵB þ swϵW and ϵZ ¼ −swϵB þ cwϵW are the θw
rotated kinetic mixing coefficients. For ϵBðμÞ ≠ 0 at the
high scale μ ¼ Λ ≫ mT , ϵA;Z are given by

ϵA ¼ cwϵBðΛÞ þ
eg̃q0

6π2

�
ln

Λ2

m2
T
þ 1

2
ðs2L þ s2RÞ ln r

�
; ð7Þ

ϵZ ¼ −twϵA −
gg̃q0

16π2cw
c2Ls

2
LfðrÞ; ð8Þ

where tw ¼ tan θw, r ¼ m2
T=m

2
t , and

fðxÞ ¼ 5x2 − 22xþ 5

3ðx − 1Þ2 −
x3 − 3x2 − 3xþ 1

ðx − 1Þ3 ln x: ð9Þ

The second term in ϵZ arises from threshold effects. In the
following, we will mostly assume that ϵBðΛÞ ¼ 0 at the
high scale Λ ¼ 1016 GeV and use the induced values
of ϵA;Z from the RGE plus threshold corrections. In
much of the relevant parameter space, sL ≪ sR < 1,
giving ϵA ≈ −ϵZ=tw ≈ 3 × 10−4ðg̃q0=10−3ÞðLT=55Þ with

FIG. 1. One-loop contributions of t=T to the kinetic and mass
mixing between Z0 and γ=Z.
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LT ≡ lnΛ2=m2
T . We note that ϵA may be suppressed if there

is a cancellation between ϵBðΛÞ and the value generated by
the running. Even in the presence of this fine-tuning, ϵZ
would still be generated by the second term in Eq. (8)
Finally, in the ytT → 0 limit, ϵA ¼ −ϵZ=tw ¼ eg̃q0LT=6π2

holds exactly.
After electroweak symmetry breaking, the diagram in

Fig. 1 also induces mass mixing between Z and Z0. The
effective mass term can be written as L ⊃ M2

ZZ0ZμZ0μ, from
which it is convenient to define the dimensionless quantity
δZ ¼ M2

ZZ0=M2
Z. For mt ≪ mT, the one-loop contribution

yields

δZ ¼ −
3gg̃q0

32π2cw

m2
t

M2
Z
s2L
h
c2LgðrÞ − 2c2RhðrÞ

i
; ð10Þ

where gðxÞ ¼ 1þ x − 2x
x−1 ln x and hðxÞ ¼ 2x − xðxþ1Þ

x−1 ln x.
The mass mixing can also be viewed as the contribution of
the d ¼ 6 operator ðH†DμHÞðΦ†DμΦÞ þ H:c:, and is an
irreducible effect (cannot be cancelled against a UV
parameter) in the model for ytT ≠ 0. Thus, δZ → 0 is
only possible for ytT → 0, while on the other hand, we
need ytT ≠ 0 in order to accommodate the Belle II result via
Bþ → KþZ0 decays, as we demonstrate in Sec. II B.
The impact of the kinetic and mass mixing can be seen in

the low energy interactions of γ, Z, and Z0. With ϵA;Z ≠ 0,
the massive gauge fields are not canonically normalized;
a nonunitary rotation can first diagonalize the matrix
containing the kinetic mixing terms, followed by a
unitary rotation diagonalizing the gauge boson mass matrix
containing the mass mixing term δZ. We obtain the
following redefinition of fields: Aμ → Aμ − ϵAZ0

μ,
Zμ → Zμ − ðδZ − xϵZÞZ0

μ, and Z0
μ → Z0

μ þ ðδZ − ϵZÞZμ,
where we expand to leading order2 in ϵA;Z, δZ and the
ratio x≡M2

Z0=M2
Z ¼ 5.3 × 10−4. Explicitly, the coupling

of Z0 to fermions is L ⊃ −f̄γμðvfZ0 − afZ0γ5ÞfZ0μ, with the
vector and axial-vector couplings

vfZ0 ¼ g̃vf − eQfϵA −
g

2cw

�
Tf
3ϑ

f − 2s2wQf

�
ΔZ0 ;

afZ0 ¼ g̃af −
g

2cw
Tf
3ϑ

fΔZ0 ; ð11Þ

where Tf
3 is the third component of SUð2ÞL isospin, Qf is

the Uð1Þem charge, and we define ΔZ0 ¼ δZ − xϵZ. The

couplings in Eq. (11) are diagonal in flavor space for
f ¼ ν;l; d; u (i; j ≠ t, T), with vfij; a

f
ij ¼ 0 and ϑfij ¼ δij.

For up-type quarks with i; j ¼ t, T, the couplings can be
read off from Eq. (6), i.e.,

fvutt; auttg ¼ q0ðs2L � s2RÞ=2;n
vuTT; a

u
TT

o
¼ q0ðc2L � c2RÞ=2;n

vutT; a
u
tT

o
¼
n
vuTt; a

u
Tt

o
¼ −q0ðsLcL � sRcRÞ=2; ð12Þ

and ϑutt ¼ c2L, ϑ
u
TT ¼ s2L, and ϑ

u
tT ¼ ϑuTt ¼ cLsL. For ϵA;Z ≫

δZ and x ≪ 1, the couplings of SM fermions to Z0 are
effectively proportional to eQf, corresponding to the
dark photon limit. Instead, for ϵA;Z ≪ δZ, Z0 possesses
SM Z-like couplings. Consequently, the kinetic and mass
mixing determine the Z0 lifetime, as examined in Sec. II B.
Finally, the modified Z couplings to fermions read
L ⊃ −f̄γμðvfZ − afZγ5ÞfZμ, with the vector and axial-vector
couplings

vfZ ¼ g
2cw

�
Tf
3ϑ

f − 2s2wQf

�
þ g̃vfΔZ;

afZ ¼ g
2cw

Tf
3ϑ

f þ g̃afΔZ; ð13Þ

where the vf, af and ϑf factors are the same as above, and
we define ΔZ ¼ δZ − ϵZ.

3. Scalars

Next, we consider the scalar boson sector of the minimal
model. The full scalar potential is minimized for μ2 ¼
λv2 þ λ0ṽ2=2 and μ̃2 ¼ λ̃ṽ2 þ λ0v2=2, where μ2 and λ are
the usual Higgs mass parameter and quartic coupling,
V ⊃ −μ2H†H þ λðH†HÞ2, and v is the Higgs VEV. For
the scalar potential to be bounded from below, the quartic
couplings must satisfy λ; λ̃; 4λλ̃ − λ02 ≥ 0. Expanding the
scalar fields around the scalar potential minimum as H ¼
ðχþðvþ h0 þ iχ0Þ= ffiffiffi

2
p ÞT and Φ ¼ ðṽþ ϕ0 þ iη0Þ= ffiffiffi

2
p

,
the extended CP-even scalar mass matrix in the broken
phase is

L ⊃ −
1

2
ð h0 ϕ0 Þ

�
2λv2 λ0vṽ

λ0vṽ 2λ̃ṽ2

��
h0

ϕ0

�
: ð14Þ

We diagonalize it via the unitary rotation h0 ¼ cϕhþ sϕϕ
and ϕ0 ¼ −sϕhþ cϕϕ, with tan 2θϕ ¼ λ0vṽ=ðλ̃ṽ2 − λv2Þ.
The physical scalar masses are then related to the quartic
couplings and VEVs as ðMhMϕÞ2 ¼ ð4λλ̃ − λ02ÞðvṽÞ2 and
M2

h þM2
ϕ ¼ 2ðλv2 þ λ̃ṽ2Þ, and therefore λ and λ̃ can be

expressed in terms of Mh ¼ 125.2 GeV, v ¼ 246 GeV,

2For the redefinitions of Aμ and Z0
μ, the leading-order terms are

approximately accurate up to g̃q0 ≲ 1. However, for Zμ, higher-
order terms in the expansion, e.g., Oðϵ3ZÞ, become relevant
for g̃q0 ≳ 10−2. On the other hand, the implied values of ϵA
for g̃q0 ≳ 10−2 are excluded by searches for dark photons, as
discussed in Sec. III B 1. Thus, we will only consider g̃q0 < 10−2

in this work, so that the leading-order terms in the field
redefinitions remain dominant.
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and inputs fMϕ; g̃q0; λ0g. The inequality 2λ0vṽ≤ jM2
ϕ−M2

hj
is furthermore implied.
At one-loop order, λ0 receives the RGE contributions

dλ0=d ln μ ¼ −3ðytytTÞ2=4π2, where we retain only the
dominant box diagram expression. Fixing λ0ðΛÞ ¼ 0
in the UV, the quartic coupling at scales below mT can
then be estimated, including threshold contributions, for
mt ≪ mT as

λ0 ¼ 3ðytytTÞ2
8π2

�
ln

Λ2

m2
T
þ 1

�
; ð15Þ

which yields λ0 ¼ 2 × 10−2ðytT=0.1Þ2ðLT=55Þ, assuming
yt ≈

ffiffiffi
2

p
mt=v. In this work, we will take λ0ðΛÞ ¼ 0 at

the scale Λ ¼ 1016 GeV and use the value of λ0 generated
by the running to low scales, rather than treating it as a
free parameter. Consequently, in much of the relevant
parameter space, it is not possible to satisfy the condition
2λ0vṽ ≤ jM2

ϕ −M2
hj in the limit Mϕ ≪ Mh. For simplicity,

in the following we will therefore only consider the
Mϕ > Mh scenario.3

Another constraint on the scalar sector of the model
arises from perturbative unitarity. The amplitudes for
scattering processes a → b involving CP-even initial and
final states a; b∈ fWþW−; ZZ; h0h0;ϕ0ϕ0; Z0Z0g, can be
decomposed into partial waves to build a coupled-channel
matrix of J ¼ 0 s-wave amplitudes,

a0 ¼ −
1

16π

8>>>>>><
>>>>>>:

4λ
ffiffiffi
2

p
λ

ffiffiffi
2

p
λ 0 0ffiffiffi

2
p

λ 3λ λ 0 0ffiffiffi
2

p
λ λ 3λ λ0=2 0

0 0 λ0=2 3λ̃ λ̃

0 0 0 λ̃ 3λ̃

9>>>>>>=
>>>>>>;
; ð16Þ

where initial/final state masses have been neglected and
the limit of large s is taken. The condition jRea0j ≤ 1=2 for
perturbative unitarity [48,49] is then applied to the largest
eigenvalue of Eq. (16). If λ0 is sufficiently small, the SM
and Uð1Þ0 sectors decouple and the subsequent bounds
are λ < 4π=3 and λ̃ < 2π. These upper bounds can be
combined with the relations below Eq. (14) to derive an
approximately allowed range of ϕ masses,

8πv2

3
þ 3ðλ0ṽÞ2

8πA
< M2

ϕ < 4πṽ2 þ ðλ0vÞ2
4πB

; ð17Þ

where A ¼ 1–3M2
h=8πv

2, B ¼ 1 −M2
h=4πṽ

2. The lower
bound on Mϕ is valid only for λ0 > 8πvA=3ṽ; otherwise,

Mϕ is compatible with perturbative unitarity down to the
lower limit M2

ϕ ≥ M2
h þ 2λ0vṽ. When the lower and upper

limits coincide, no value of Mϕ can satisfy the condition
jRea0j ≤ 1=2. Solving this limit for λ0 then indicates
that λ0 < 4πmin½ṽB=v; ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2AB=3
p � ≈ 4πmin½ṽ=v; ffiffiffiffiffiffiffiffi

2=3
p �

is required for perturbative unitarity in the scalar sector,
where we neglected Mh in the second step. Finally, the
lower bound ṽ > Mh=

ffiffiffiffiffiffi
4π

p
≈ 35 GeV is always satisfied

for Mϕ > Mh, implying g̃q0 < 0.06 for MZ0 ¼ 2.1 GeV.

B. Phenomenology in B decays

At scales relevant for B decays, couplings of Z0 to down-
type quarks are generated by one-loop diagrams such as in
Fig. 2. The relevant effective Hamiltonian in the weak
effective theory (WET) plus Z0 is of the form

Heff ⊃ CV
ijO

V
ij þ C0V

ijO
0V
ij þ

h
CT
ijO

T
ij þ H:c:

i
; ð18Þ

where the vector and dipolelike operators are

Oð0ÞV
ij ¼ ðd̄iγμPLðRÞdjÞZ0μ; ð19Þ

OT
ij ¼ ðd̄iσμνPLdjÞZ0μν; ð20Þ

respectively. The coefficients CðμÞ can be matched to the
full model at the electroweak scale, μ ∼MW , and then run
down to μ ∼mb under SUð3Þc ×Uð1Þem. The complete
expressions for the coefficientsCðMWÞwhich we use in our
numerical studies are provided in the Appendix.
It is instructive to understand important properties and

limits of CðμÞ. First, the right-handed vector coupling
vanishes identically, C0V

ij ðMWÞ ¼ 0. For mt ≪ mT, the left-
handed vector coupling at μ ¼ MW can be approximated as

CV
ijðMWÞ ≈

1

2
Cijm2

t

�
g̃q0s2RXt −

g
cw

ΔZ0Yt

�
; ð21Þ

with Xt ¼ lnm2
T=M

2
W − 1, Yt ≡ Yðm2

t =M2
WÞ ¼ 1.47 using

the function YðxÞ defined in the Appendix, and we define
for convenience Cij ¼ 4GFV�

tiVtj=16
ffiffiffi
2

p
π2. The first term

in Eq. (21) arises from the direct coupling of Z0 to t=T in
Eq. (11), while the second term is induced by the mixing of
Z0 into Z. The mixing of Z0 into γ does not contribute,

FIG. 2. Two-body decay contributing to Bþ → KþEmiss, with a
single light Z0 in the final state.

3Note that in the minimal model, Z0 → ϕϕ decays, even if
kinematically allowed, are forbidden by parity, and thus the
presence of a light ϕ with Mϕ ≲ 1 GeV would not change the
main conclusions presented in Sec. II B.
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because the photon coupling to the FCNC down-type quark
vector current vanishes due to gauge invariance. For i ¼ j,
the Z0 also couples to down-type quarks according to
Eq. (11). The expression in Eq. (21) only holds for g̃q0
sufficiently above the consistency bound in Eq. (5). To
fit the Belle II excess in some of the parameter space, we
find that g̃q0 is required to be close to the consistency
bound. In this limit, the left-handed vector coupling is
instead given by

CV
ijðMWÞ ≈ CijmtmTg̃q0: ð22Þ

The vector operators do not run under QED or QCD, so the
expressions for CV

ij and C0V
ij above and in the Appendix are

also valid at μ ∼mb.
In the limit mt ≪ mT , the dipolelike operator is given

approximately at the matching scale μ ¼ MW by

CT
ijðMWÞ ≈miCij

�
g̃q0s2RAt − eϵABt −

g
cw

ΔZ0Ct

�
; ð23Þ

where At ¼ 0.0323, Bt ¼ 0.194 and Ct ¼ 0.150 are the
numerical outputs of loop functions, given in the Appendix.
Like the vector coupling CV

ij, the first term in Eq. (23) is
induced by Z0 coupling directly to t=T. The second and
third terms in Eq. (23) are generated by the mixing of Z0

into γ and Z, respectively. The running of CT
ij down to

μ ∼mb is dominated by QCD corrections. However, a
detailed treatment of the running is not necessary for the
following analysis, as we will demonstrate shortly.
Through these vector and dipolelike interactions, the Z0

can be produced on shell in the process Bþ → KþZ0 for
MZ0 < mB −mK, with the branching fraction

BðBþ → KþZ0Þ ¼ τBþ
jp⃗Kj3
8πM2

Z0

			CV
bsfþ þ CT

bsf̃T
			2; ð24Þ

where τBþ is the Bþ lifetime, p⃗K is the three-momentum of
Kþ in the Bþ rest frame, and f̃T ¼ 2M2

Z0fT=ðmB þmKÞ.
Here, fþ and fT are the vector and tensor B → K transition
form factors evaluated at the squared momentum transfer
q2 ¼ M2

Z0 , respectively. We note that the coupling CT
sb also

contributes to the process, but is suppressed byms=mb with
respect to CT

bs and is therefore neglected. The Z0 can also
be produced on shell in the process B → K�Z0 for
MZ0 < mB −mK� , with

BðB→K�Z0Þ ¼ τB
jp⃗K� j
4π

n			CV
bsṼ−CT

bsT̃1

			2
þ
			CV

bsÃ1−CT
bsT̃2

			2þ8
			CV

bsÃ12−CT
bsT̃23

			2o;
ð25Þ

where we define

Ṽ ¼ jp⃗K� j
mB þmK�

V; T̃1 ¼ 2jp⃗K� jT1;

Ã1 ¼
mB þmK�

2mB
A1; T̃2 ¼

m2
B −m2

K�

mB
T2;

Ã12 ¼
mK�

MZ0
A12; T̃23 ¼

MZ0mK�

mB þmK�
T23: ð26Þ

Here, V, A1, A12, T1, T2 and T23 are vector, axial-vector and
tensor B → K� transition form factors, respectively, evalu-
ated at q2 ¼ M2

Z0 . The first two terms and the last term in
Eq. (25) contribute to transversely and longitudinally polar-
isedK� in the final state, respectively. In thiswork,we use the
Bharucha-Straub-Zwicky [50] parametrization fit results of
Ref. [51] for the form factors in Eqs. (24) and (25).
In order to contribute to the observed excess in

Bþ → KþEmiss, the Z0 must decay outside the Belle II
detector or to invisible final states. This occurs with the
probability

Pinv ¼ Pout þ ð1 − PoutÞBðZ0 → invÞ; ð27Þ

where Pout ¼ expð−L=LZ0 Þ and LZ0 ¼ βγτZ0 ¼ βγ=ΓZ0 .
Here, ΓZ0 is the total decay width of Z0, BðZ0 → invÞ is
the invisible Z0 branching fraction, L ≈ 5 m is the distance
from the interaction point to the edge of the Belle II
detector, and βγ is the boost of Z0 in the lab frame. The
boost can be estimated to lie in the range βγ ∈ ½0.6; 1.6� for
MZ0 ¼ 2.1 GeV and the incoming eþe− energies at
SuperKEKB [52].
The Z0 decay width and invisible branching fraction are

determined in the minimal model as follows: the total width
of Z0 is ΓZ0 ¼ 3Γνν̄ þ Γeþe− þ Γμþμ− þ Γhadr, where the Z0

decays to SM fermions via the kinetic and mass mixing, as
shown in Fig. 3 (left), have the decay rate

Γfif̄j ¼
MZ0

12π
½ðvfZ0 Þ2 þ ðafZ0 Þ2�ij; ð28Þ

where vfZ0 and afZ0 are given in Eq. (11), and we neglect
final-state masses. For MZ0 ¼ 2.1 GeV, the approximation
is valid for f ¼ ν, e, μ. For MZ0 sufficiently above the
regime of nonperturbative QCD and away from known
hadronic thresholds, quark-hadron duality can be used to
estimate the inclusive hadronic decay rate as

FIG. 3. Left and center: one-loop induced decays of the light Z0
in the minimal model. Right: tree-level decay of Z0 to a vectorlike
dark fermion ψ , considered in Sec. III.
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Γhadr ¼ Nc

�
1þ ΔV

π

��
ΘuuΓuū þ

X
di;dj¼d;s

ΘdidjΓdid̄j

�
; ð29Þ

where Nc ¼ 3 and ΔV ¼ αs þ 0.522α2s − 1.04α3s − 3.45α4s
accounts for perturbative QCD corrections [53–55], with
αsðMZ0 Þ ¼ 0.297 and nf ¼ 3 quark flavors. Down-type
quark contributions to the inclusive hadronic decay rate are
also generated by the vector coupling CV

ij and dipolelike
coupling CT

ij, as shown in Fig. 3 (center). The former can
be included by replacing ½vdZ0 �ij → ½vdZ0 �ij þ CV

ij=2 and
½adZ0 �ij → ½adZ0 �ij þ CV

ij=2 in Eq. (28), while the latter con-
tribution is proportional to the light quark masses and is
therefore neglected. We include the kinematical factors Θ
in Eq. (29), where Θ2

ij ¼ 1 − ðmPi
þmPj

Þ2=M2
Z0 , to

approximate the suppression of the decay rate due to the
lightest hadronic thresholds (Z0 → ππ; πK;KK), where
mPi

¼ mπ is taken for i ¼ u, d and mPi
¼ mK for i ¼ s.

We note that the applicability of this approach for MZ0 ¼
2.1 GeV is marginal, but nevertheless sufficient for our
purposes, as explained in more detail later in this section and
in Sec. III.4

Only Z0 → νν̄ can contribute to invisible Z0 decays in the
minimal model, assuming that the other decay modes
(Z0 → eþe−=μþμ−=hadr) are visible at Belle II (in the
central drift chamber, electromagnetic calorimeter or
KL–muon detector), yielding the invisible branching frac-
tion BðZ0 → invÞ ¼ 3Γνν̄=ΓZ0 . The contribution of Z0 to the
Bþ → KþEmiss rate is then

BðBþ → KþEmissÞ ¼
Z

dq2
dBðBþ → Kþνν̄ÞjSM

dq2

þ BðBþ → KþZ0ÞPinv; ð30Þ

where the factorization of the second term holds in the
narrow width approximation of Z0. The narrow width of Z0
also makes it safe to neglect the interference between the
SM and Bþ → KþðZ0 →Þνν̄.
In Ref. [1], the Belle II inclusive tagging analysis (ITA)

search for Bþ → Kþνν̄ observed an excess of events at the
reconstructed momentum transfer q2rec ∼ 4 GeV2. If the
missing energy excess is interpreted as neutrinos (SM)
plus the contribution of an undetected Z0 in the final state,
Bþ → KþZ0, the ITA q2rec spectrum data provide the best-fit
massMZ0 ¼ ð2.1� 0.1Þ GeV [2,4]. The excess can then be
interpreted as the presence of a vector and/or dipolelike
coupling of the Z0 to the b → s transition. In Refs. [2,4], we
considered the presence of one of these couplings at a time,
performing a fit to the Belle II data to find the best-fit

coupling and therefore the implied size of BðBþ → KþZ0Þ
in each case. As both couplings also contribute to the
process B → K�Z0, the fit in Refs. [2,4] also included
the BABAR q2 data used to derive an upper bound on
B0 → K�0νν̄ [60].5

Here, assuming that both the vector and dipolelike
couplings are nonzero, we perform a fit to the Belle II
and BABAR q2 data for MZ0 ¼ 2.1 GeV, but now vary the
ratio rc ≡ CV

bs=C
T
bs. From the fit, we obtain the expected

branching fractions for Bþ → KþZ0 and B0 → K�0Z0
shown in Fig. 4. Firstly, when the vector or dipolelike
coupling dominates, which occurs when rc is much above
or below f̃T=fþ ≈ 1.5 GeV, respectively, we recover the
results of Ref. [2,4], i.e.,

BðBþ → KþZ0Þjexp
10−6

¼
(
8.6þ2.1

−1.9 jrcj ≫ f̃T=fþ
3.7þ2.1

−1.6 jrcj ≪ f̃T=fþ
; ð31Þ

which can be seen to the far right and left of Fig. 4. For a
dominant dipolelike coupling, a smaller BðBþ → KþZ0Þ
provides a better fit to the BABAR q2 data, because CT

bs
contributes more to B0 → K�0Z0 than CV

bs. Explicitly,

BðB0 → K�0Z0Þ
BðBþ → KþZ0Þ ¼

(
1.43 jrcj ≫ f̃T=fþ
26.0 jrcj ≪ f̃T=fþ

: ð32Þ

For intermediate values of rc, interference effects become
important and depend on the sign of rc. In Fig. 4, the solid
(dashed) lines illustrate the fit results for positive (negative)
values of rc. For rc < 0, the terms in Eq. (24) contributing
to Bþ → KþZ0 can interfere destructively, and for

FIG. 4. Favored branching fractions for Bþ → KþZ0 and B0 →
K�0Z0 from the Belle II [1] and BABAR [60] data, as a function of
the ratio jCV

bs=C
T
bsj forMZ0 ¼ 2.1 GeV. Solid (dashed) lines show

positive (negative) values of CV
bs=C

T
bs.

4A data-driven approach using eþe− → hadrons and hadronic
τ decay data would be necessary forMZ0 ≲ 2 GeV to account for
the effects of vector and axial-vector meson resonances (ρ, ω, ϕ,
and f1), as performed in Refs. [56–59].

5Very recently, Belle II published the results of their first
search for inclusive B → Xsνν̄ decays [61] using a sum over
exclusive states. However their derived upper bound on BðB →
Xsνν̄Þ < 3.2 × 10−4 is not competitive with existing constraints
targeting individual exclusive decay modes.
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−3≲ rc=GeV≲ −0.04, it is no longer possible to address
the Belle II excess and be compatible with the BABAR q2

data. For rc > 0, destructive interference may instead
occur in BðB0 → K�0Z0Þ, which can be seen for 4≲
rc=GeV≲ 20 in Fig. 4.
For the minimal aligned Uð1Þ0 model to accommodate

the Belle II excess, it must satisfy

BðBþ → KþZ0ÞPinv ¼ BðBþ → KþZ0Þjexp; ð33Þ

where the lhs is the model prediction and the rhs is the
best-fit branching fraction from the Belle II and BABAR q2

data. However, we find that when the combination
jCV

bsfþ þ CT
bsf̃T j in Eq. (24) is large enough to saturate

Eq. (33), the vector coupling always dominates over the
dipolelike coupling. Specifically, CV

bs is determined at the
scale μ ¼ MW predominantly by the direct coupling of Z0 to
t=T and CT

bs by the γ − Z0 mixing. The ratio of couplings is
then given at μ ¼ MW by

jrcj
GeV

≈ 2 × 104
�
ytT
0.1

�
2
�
TeV
mT

�
2
�
10−3

g̃q0

�
2
�
Xt=LT

0.07

�
: ð34Þ

Running under QCD to μ ∼mb is expected to modify
the numerical size of the dipolelike coupling at most
by a factor of a few, and thus the large hierarchy between
the couplings as expressed in Eq. (34) remains valid at
μ ∼mb. In Eq. (33), we therefore neglect the dipolelike
coupling and use the best-fit branching fraction in the
limit jrcj ≫ f̃T=fþ, which is equivalent to requiring
jCV

bsj2Pinv ¼ jCV
bsj2jexp with the best-fit vector coupling

CV
bsjexp ¼ ð1.4� 0.5Þ × 10−8 [2].
In Fig. 5, we investigate the properties of Z0 if Eq. (33) is

satisfied and Bþ → KþðZ0 →Þνν̄ therefore provides the
excess in missing energy at Belle II. In the top panel, we
show the branching fractions of Z0 as a function of mT for
ytT ¼ 1. The solid (dashed) lines show the choice of the
kinetic mixing at the high scale ϵBðΛÞ ¼ 0 (10−4), while the
bands indicate the �1σ uncertainty from the best-fit
branching fraction in Eq. (33). We show the inclusive
hadronic branching fraction Z0 → hadr and its contribu-
tions from different light quark flavors (Γuū=dd̄=ss̄ induced
by ϵA;Z and δZ dominate, while Γds̄=sd̄ from CV

ij are
negligible) and the leptonic branching fractions
Z0 → νν̄=eþe−=μþμ−. We note that for ytT ¼ 1, it is not
possible to satisfy Eq. (33) for mT ≲ 300 GeV, due to the
suppression of BðZ0 → νν̄Þ, which we indicate as a dark
gray region. The observed branching fractions follow
purely from the behavior of the kinetic and mass mixing.
For mT ≲ 10 TeV, ϵA ≫ ΔZ0 and Z0 behaves like a dark
photon with severely suppressed couplings to SM neutrinos
in both ϵBðΛÞ ¼ 0 (10−4) scenarios. For ϵBðΛÞ ¼ 0 and
mT ≳ 10 TeV, ϵZ ≪ δ̃A and Z0 has SM Z-like branching
fractions. In this limit, BðZ0 → νν̄Þ ¼ 0.29. On the other

hand, in the ϵBðΛÞ ¼ 10−4 scenario, the additional con-
tribution to ϵA suppresses the branching fractions to
neutrinos in the whole considered mT range. When
mT ≳ 200 TeV (50 TeV), the Yukawa coupling yt violates
perturbative unitarity for ϵBðΛÞ ¼ 0 (10−4), indicated as a
vertical green dashed line and shaded (unshaded) region.
Direct experimental probes of yt discussed in Sec. III B 2
represent even stronger constraints. Finally, note that for
any given value ofmT there is a (fine-tuned) value of ϵBðΛÞ
that exactly cancels the value of ϵA induced by the running,
leading to the Z0 branching fractions that are SM Z-like.
In the following, we do not consider such fine-tuned
solutions.
In the bottom panel of Fig. 5, we instead show the

expected proper lifetime of Z0 (cτZ0 ) as a function ofmT , for
ϵBðΛÞ ¼ 0 and three ytT values. The blue (orange) enve-
lopes illustrate the total range of possible cτZ0 values for
ϵBðΛÞ ¼ 0 (10−4); the upper and lower edges correspond
to the maximum values of yt and ytT compatible with
perturbative unitarity, respectively. On the left edges of the
envelopes, the Belle II data cannot be satisfied due to the
suppression of BðZ0 → νν̄Þ. In general, it can be seen that
the lifetime of Z0 cannot exceed cτZ0 ∼ 0.3 mm, because the
lifetime is maximized when the irreducible mass mixing
dominates the interactions of Z0. For larger ϵBðΛÞ, in the

FIG. 5. Top: branching fractions of Z0 in the minimal model
accommodating the Belle II measurement in Eq. (33) as a
function of mT , for ytT ¼ 1. Solid (faint dashed) lines are shown
for ϵBðΛÞ ¼ 0 (10−4). Also shown are yt perturbativity limits
(vertical dashed lines) for both cases. Bottom: proper lifetime
of Z0 as a function of mT for ϵBðΛÞ ¼ 0 and different values of
ytT . Envelopes of possible cτZ0 values are shown for ϵBðΛÞ ¼ 0

and 10−4.
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absence of fine-tuning, Z0 is more dark photonlike and
decays faster. For the expected boosts at Belle II, we
conclude that the probability of Z0 decaying outside the
detector is negligible, so Pinv ≈ BðZ0 → νν̄Þ. Thus, the
effective size of the Belle II detector, L ≈ 5 m, has no
impact on the results.
Finally, we note that the consistency condition in Eq. (5)

implies that there is a minimum value of ytT which is
compatible with the Belle II data. If Eq. (5) is saturated, the
vector coupling CV

bs is given by Eq. (22). In this limit,
jCV

bsj2Pinv ¼ jCV
bsj2jexp can be rearranged for ytT, giving

ytT ≳
ffiffiffi
2

p
CV
bsjexp

mtMZ0Cbs
ffiffiffiffiffiffiffiffi
Pinv

p ≈ 0.012

�
0.29
Pinv

�
1=2

; ð35Þ

for mt≪mT, ϵBðΛÞ ¼ 0, and Pinv evaluated at the con-
sistency limit of Eq. (5). In the minimal model, the Z0
interactions are SM Z-like in this regime, and thus
Pinv ¼ 0.29. The lower bound on ytT can be seen visually
in Fig. 5 in the top left corner of the cτZ0 envelope for
ϵBðΛÞ ¼ 0. Using Eq. (5), it is also possible to derive a
lower bound on the gauge coupling, g̃q0 ≳ CV

bsjexp=
Cbsmtmt

ffiffiffiffiffiffiffiffi
Pinv

p
.

In the top panel of Fig. 5, it can be seen that the Z0 also
has sizeable branching fractions to eþe−=μþμ− in both the
dark photon and SM Z-like limits. Stringent constraints
therefore apply from measurements of B → Kð�Þlþl−,
with l ¼ e, μ being either prompt or displaced depending
on the value of cτZ0 . For prompt Z0 → eþe−=μþμ− decays,
the Z0 will appear as a peak of events in the ½q2i ; q2j � bin
around q2 ¼ M2

Z0 [62,63]. On the other hand, dedicated
LHCb searches for B decays to resonant displaced dimuons
provide even stronger bounds on the process B →
Kð�ÞðZ0 →Þμþμ− [44,45]. For Z0 lifetimes in the range
cτZ0 ∈ ½0.03; 300� mm, the searches place an upper limit
on BðB → Kð�ÞZ0ÞBμþμ− , with Bμþμ− ¼ BðZ0 → μþμ−Þ.
However, even for cτZ0 < 0.03 mm, when the Z0 decays
within the decay time resolution of the experiment, the
limits for cτZ0 ¼ 0.03 mm remain applicable.
In Fig. 6, we demonstrate how the LHCb constraints

exclude the minimal Uð1Þ0 model as an explanation of the
Belle II excess. The black solid (dashed) line shows the
95% CL upper bound on the B → Kð�ÞðZ0 →Þμþμ− branch-
ing fraction from LHCb. The blue region shows the
expected range of BðB → Kð�ÞZ0ÞBμþμ− values if the
Belle II data are accommodated, for ϵBðΛÞ ¼ 0.
The observed upper limit and expected branching fraction
of the B0 → K�0 mode are rescaled by the ratio in Eq. (32)
in the limit jrcj ≫ f̃T=fþ, so that the expected branching
fractions of the Bþ → Kþ and B0 → K�0 modes coincide in
the figure. It is evident that the LHCb data exclude all of the
viable parameter space of the minimal model. Furthermore,
different values of ϵBðΛÞ do not change this conclusion;

even if fine-tuning suppresses ϵA, the Z0 still decays with a
large branching fraction to Z0 → μþμ− via the mass
mixing.6

We briefly return to the method used to estimate the
inclusive hadronic decay rate in Eq. (29). Uncertainties
from the use of perturbative QCD corrections instead of the
data-driven approach enter the estimate of the total Z0 width
and therefore all Z0 branching fractions. While these
uncertainties may result in small changes to the results
presented in Figs. 5 and 6, the decisive exclusion of the
model by LHCb makes the study of such uncertainties
unnecessary.
To finish this section, we conclude that in order for the

Uð1Þ0 gauge boson Z0, coupled to the top partner T 0, to
provide the missing energy signature and evade the LHCb
bounds, it must decay invisibly to additional light, non-SM
states. It is plausible that there are SM-singlet fields
charged under the Uð1Þ0. Such feebly interacting states
would naturally evade detection and could make up an
extended dark sector. In Sec. III, we consider the scenario
of a single vectorlike dark fermion ψ with a Uð1Þ0 charge.
First, we review how this addition changes the phenom-
enology at Belle II, and explore how other experimental
probes (in addition to LHCb) constrain the parameter
space. In this setup, we then explore the interesting
possibility of ψ being some or all of the DM.

III. MODEL WITH DARK FERMION

Here we extend the minimal model of Sec. II, by
introducing a SM-singlet vectorlike dark fermion
ψð1; 1; 0; q0ψ Þ which we allow to have a different Uð1Þ0

FIG. 6. Branching fractions of B → Kð�ÞðZ0 →Þμþμ− in the
model with a vectorlike dark fermion ψ (for two values of the
Uð1Þ0 charge ratio rψ ) which accommodate the Belle II data,
compared to the LHCb upper limits (black, solid for B → K and
dashed for B → K�). See text for details.

6This bound could thus also be important for the gauged
Uð1ÞB3−L3

model proposed in Ref. [18], even though the Z0 width
is dominated by the tree-level mediated Z0 → ντν̄τ, as well as for
the models presented in Ref. [26].
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charge (q0ψ ) compared to T 0 and Φ. The Lagrangian now
includes

L ⊃ ψ̄ði=D −mψÞψ : ð36Þ

The dark fermion ψ interacts with Z0 and Z according to
Eqs. (11) and (13), respectively, with vψ ¼ q0ψ , aψ ¼ 0.
There are two additional free parameters with respect to the
minimal Uð1Þ0 model: the vectorlike mass mψ and the
Uð1Þ0 charge ratio rψ ¼ q0ψ=q0.

A. Phenomenology in B decays

At Belle II, the production of Z0 with MZ0 ¼ 2.1 GeV is
the same as described in Sec. II, i.e., Bþ → KþZ0 in Fig. 2.
For 2mψ > MZ0, the Z0 cannot decay at tree level via Z0 →
ψψ̄ (shown in Fig. 3, right) and the discussion is identical to
Sec. II. For 2mψ < MZ0 on the other hand, Z0 → ψψ̄
becomes kinematically allowed and the total decay width
is given by ΓZ0 ¼ 3Γνν̄ þ Γeþe− þ Γμþμ− þ Γhadr þ Γψψ̄,
with the decay rate for Z0 → ψψ̄, as follows:

Γψψ̄ ¼ MZ0

12π
fψðg̃q0ψ Þ2: ð37Þ

Here, fψ ¼ fðm2
ψ=M2

Z0 Þ with fðxÞ ¼ ð1þ 2xÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p
. In

addition to the three neutrino final states, Z0 → ψψ̄ also
contributes to the total invisible branching fraction as
BðZ0 → invÞ ¼ ð3Γνν̄ þ Γψψ̄Þ=ΓZ0 .
We now repeat the exercise of the previous section and

determine where Eq. (33) holds, and therefore the Belle II
excess is accommodated in the extended model. We
furthermore examine the properties of Z0, T and ψ in
the viable parameter space. For simplicity in the following
we restrict our discussion to the limit ϵBðΛÞ ¼ 0. Firstly, in
the top panel of Fig. 7, we show the Z0 branching fractions
as a function ofmT for ytT ¼ 0.1,mψ ¼ 1 GeV and rψ ¼ 1.
We first note the dominance of the decay mode Z0 → ψψ̄
for mT ≲ 7 TeV. In this regime, the Z0 is again dark
photonlike, with Z0 → ψψ̄ making up for the shortfall
in Z0 → νν̄ and the other decay modes being suppressed
with respect to Fig. 5. As rψ is increased, the other decay
modes are further suppressed relative to Z0 → ψψ̄ .
For mT ≳ 7 TeV, the branching fractions again tend
towards the SM Z-like limit. Eventually, however, for
mT ≳ 30 TeV, the Yukawa coupling yt violates perturba-
tive unitarity. In the bottom panel of Fig. 7, we instead show
cτZ0 as a function ofmT formψ ¼ 1 GeV, rψ ¼ 1, and three
values of ytT . The blue (orange) envelope shows the total
range of possible cτZ0 values for rψ ¼ 1 (12). The presence
of Z0 → ψψ̄ extends the range of possible cτZ0 values
with respect to Fig. 5. Larger values of rψ increase the
partial decay rate for Z0 → ψψ̄ and therefore decrease
the maximum cτZ0 . For rψ ≪ 1, the Z0 branching fractions
and lifetime tend towards those shown in Fig. 5. Again,

cτZ0 ∼ 0.3 mm presents an absolute maximum possible
lifetime of Z0.
With these results, we can return to whether the model is

compatible with the displaced B → Kð�ÞðZ0 →Þμþμ− LHCb
bounds. In the top panel of Fig. 7, it can be seen that the
Z0 → μþμ− branching fraction remains appreciable for
rψ ¼ 1. Thus, the Uð1Þ0 charge ratio rψ must be large
enough for Bμþμ− to be sufficiently suppressed. In Fig. 6,
we show as orange and green regions the expected range of
BðB → Kð�ÞZ0ÞBμþμ− values for rψ ¼ 1 and 12, respec-
tively. Comparing to the 95% CL upper limits, the rψ ¼ 1

scenario is excluded, while rψ ¼ 12 evades the B → K
constraint for sufficiently small cτZ0 . An estimate of the
required rψ can be found using Bμþμ− ≪ 1 when BðZ0 →
ψψ̄Þ ≈ 1 and the other Z0 decay modes are dark photonlike
but suppressed. This also applies to the inclusive hadronic
decay modes, making the impact of uncertainties from the
use of perturbative QCD estimates negligible. Then,
Eqs. (24), (28), and (37) can be combined to find that

rψ ≳ 10.1

�
0.44
fψ

�
1=2
�
LT

55

�
; ð38Þ

must be satisfied to evade the LHCb bounds. Note that the
relatively large charge ratio required can also be accom-
modated by introducing several dark fermions with Oð1Þ
charge ratios. We briefly comment on this and other
possible model extensions in Sec. IV.

FIG. 7. As in Fig. 5, but with branching fractions (top) and the
proper lifetime (bottom) of Z0 in the model with a dark fermion ψ ,
for ytT ¼ 0.1, mψ ¼ 1 GeV and rψ ¼ 1. The envelope of possible
cτZ0 values is also shown for rψ ¼ 12.
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As the model is not ruled out by LHCb for rψ ≳ 10, we
now examine other constraints on the model, which will be
summarized in Sec. III B. In Fig. 8, we show the most
stringent bounds in the ðmT; g̃q0Þ plane (top panel) and
ðmT; ytTÞ plane (bottom panel), for the benchmark param-
eters rψ ¼ 12 andmψ ¼ 1 GeV. The Belle II excess can be
accommodated anywhere above the gray region labeled
Consistency, which is inaccessible as it violates the con-
sistency condition in Eq. (5). On the other hand, the
value of ytT needed to explain the Belle II data eventually
violates perturbative unitarity for ytT >

ffiffiffiffiffiffiffiffiffiffi
8π=3

p
, which we

show as a dark green dashed line. We also show the regions
of the parameter space which are favored by the Belle II
data for specific values of ytT (top panel) and g̃q0 (bottom
panel), with the bands indicating the �1σ uncertainty on
CV
bsjexp. For g̃q0 well above the consistency bound in

Eq. (5), an estimate of the favored region can be obtained
by rearranging jCV

bsj2Pinv ¼ jCV
bsj2jexp using Eq. (21)

(neglecting the contribution from Z − Z0 mixing) and
Pinv ≈ BðZ0 → ψψ̄Þ ≈ 1, to find

g̃q0 ≈
Cbs

CV
bsjexp

�
mtMZ0ytT
2mT

�
2

Xt

≈ 1.2 × 10−3
�
ytT
0.5

�
2
�
10 TeV
mT

�
2
�
Xt

8.6

�
: ð39Þ

As g̃q0 approaches the consistency bound, the scaling
changes to g̃q0 ≈MZ0ytT=

ffiffiffi
2

p
mT . On the other hand, this

regime is excluded by the other existing experimental
constraints. The region not yet excluded thus lies between
1.3≲mT=TeV≲ 170 and 4 × 10−5 ≲ g̃q0 ≲ 3 × 10−3.
Converted to the VEV of Φ, we then find that the Belle
II excess can be viably explained for 0.8≲ ṽ=TeV≲ 48.
Before summarizing the experimental bounds on the

model in the next section, we describe the remaining
theoretical bounds shown in Fig. 8. The parameter space
where perturbative unitarity is violated by the quartic
coupling λ0 in Eq. (15) is shown as a dark green shaded
region. This boundary of the allowed region in Fig. 8 is
given by the approximate condition

g̃q0 ≲ 8.6 × 10−3
�
10 TeV
mT

�
2
�
55

LT

��
Xt

8.6

�
2

: ð40Þ

In the ðmT; ytTÞ plane, we do not show the parameter
space in the top left corner where g̃q0 > 10−2 is needed to
accommodate the Belle II data and thus the leading order
expansion used for the Z0 mixing is no longer valid. In this
regime, Z − Z0 mixing is also expected to dominate CV

bs in
Eq. (21) and therefore the Bþ → KþZ0 process. The
scenario where Z0 is produced via the Z − Z0 mixing and
decays dominantly via Z0 → ψψ̄ was considered previously
in Ref. [22].7

B. Other phenomenology

Here, we review the other constraints shown in Fig. 8.
The strongest bounds come from direct ATLAS and CMS
searches for top partners [64], the CMSmeasurement of the
top quark Yukawa coupling [65], and eþe− → γZ0 followed
by Z0 → inv at BABAR [66]. We give a summary of these
and other constraints in the next few subsections.

1. Dark photon searches

Direct searches for dark photons with MZ0 ¼ 2.1 GeV
have been performed at BABAR [66,67], BESIII [68] and
LHCb [69,70]. The most stringent bounds on the kinetic
mixing ϵA are derived from a search for eþe− → γZ0,
followed by Z0 → eþe−=μþμ− [67] or Z0 → inv [66] at

FIG. 8. Top: allowed and excluded regions in the ðmT; g̃q0Þ
plane for the Uð1Þ0 charge ratio rψ ¼ 12 and vectorlike dark
fermion mass mψ ¼ 1 GeV. The Belle II excess can be accom-
modated anywhere above the Consistency region (in gray), with
the blue, orange, and green bands indicating the favored regions
for fixed ytT . Other constraints originate from dark photon
searches at BABAR (purple), collider searches for top partners
at ATLAS/CMS (blue), the measurements of the top Yukawa
coupling (κt, light green), LHCb search for B → Kð�ÞðZ0 →
μþμ−Þ (red), EWPO (orange), and perturbative unitarity (dark
green). Bottom: the same constraints, but in the ðmT; ytTÞ plane.
The Belle II favored regions are shown as blue and orange bands
for two fixed values of g̃q0. See text for details.

7To evade the constraints on ϵA from dark photon searches
at BABAR, discussed in the next section, the Z − Z0 mixing in
this case must be induced principally by the mass mixing. The
simplest model realization is an SUð2ÞL doublet scalar Φ0
charged under Uð1Þ0, with L ⊃ jDμΦ0j2 generating tree-level
mass mixing between Z and Z0 [22].
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BABAR. The former process constrains the minimal Uð1Þ0
scenario in Sec. II for large g̃q0. However, if Z0 → ψψ̄
dominates the Z0 decay width to accommodate the Belle II
data, only the latter process is relevant in the parameter
space of Fig. 8. We recast the bound as ϵ2ABðZ0 → invÞ <
7.8 × 10−4 (90% CL), with the exclusion shown as a
purple shaded region in Fig. 8. Taking ϵA ¼ −ϵZ=tw ¼
eg̃q0LT=6π2 and BðZ0 → invÞ ≈ 1, we find that

g̃q0 ≳ 2.7 × 10−3
�
55

LT

�
; ð41Þ

is approximately excluded by the BABAR data.

2. Collider searches

If light enough, the top partner T can be pair produced
at the LHC, with the production cross section dominated
by the QCD-induced gg → TT̄ partonic process. The final
state, and therefore the signature probed by ATLAS or
CMS experiments, depends on how T decays.
In Fig. 9, we illustrate the branching fractions of T as a

function of ytT , formT ¼ 1.5 TeV andMZ0 ¼ 2.1 GeV. For
ytT ≲ 0.2, the branching fractions tend towards those
of a typical SUð2ÞL singlet top partner. For mt ≪ mT,
the decay rates are ΓðT → SMÞ ≈m2

Ts
2
LC=32πv

2 where
C∈ f2jVtbj2; 1; 1g for SM∈ fbWþ; tZ; thg, predicting
BðT → SMÞ ≈ f1=2; 1=4; 1=4g. Instead, for ytT ≳ 0.2, the
Z0 coupling dominates, with ΓðT → tZ0Þ ≈m2

Ts
2
R=32πṽ

2

and BðT → tZ0Þ ≈ 1. For simplicity, we assume that the
scalar ϕ is heavier than T, forbidding T → tϕ decays. For
Mϕ ≪ mT , T → tZ0=tϕ would have equal decay rates.
In the SUð2ÞL singletlike limit, currently the most

sensitive signature at the LHC is pp→TT̄→bb̄W�
l W

∓
h .

Here, one final-state W� is required to decay leptonically,
W�

l → l�ν with l ¼ e, μ, suppressing SM processes
with purely hadronic final states. The other W�

h decays
hadronically, leading to the total final state containing one
lepton, missing transverse energy (Emiss

T ) and jets. With

L ¼ 140 fb−1 of Run 2 data, ATLAS performed a
search [64] for such a final state, placing the lower bound
mT > 1.36 TeV (95% CL).
Instead, in the large Z0 coupling limit, the most stringent

signature is pp → TT̄ → tt̄Z0Z0 → tt̄þ Emiss
T . We note that

the Z0 is expected to decay mostly invisibly in the rψ ¼ 12

scenario, with BðZ0 → ψψ̄Þ ≈ 1. The tt̄þ Emiss final state is
the focus of a number of ATLAS and CMS analyses, e.g.,
searches for pair-produced stops [71–73]. As there is no
dedicated search for vectorlike top partners with this final
state, we use the CheckMATE [74] package to recast these
analyses. To this end, we create a FeynRules [75] model file to
generate a UFO output for the model with a dark fermion.
We then simulate pp → TT̄ events at next-to-leading order
(NLO) in QCD using MadGraph5_aMC@NLO [76] and T
decays using MadSpin [77], followed by showering and
hadronization with Pythia 8 [78]. We rescale the obtained
cross sections to the full next-to-next-to-leading order QCD
results, as computed by TOP++ [79]. First, we simulate the
case of both top partners decaying to a top quark and Z0
(which most likely occurs on the rhs of Fig. 9) for T masses
in the range mT ∈ ½1; 2� TeV. We denote the obtained cross
sections as σðpp → ðT → tZ0ÞðT̄ → t̄Z0ÞÞ ¼ σtZ0 . At each
mass point we use CheckMATE to find the 95% CL upper
limit on the cross section, constructing the ratio
σ̂tZ0 ¼ σthtZ0=σ95%tZ0 . We find that the scenario is excluded,
i.e., σ̂tZ0 > 1, formT < 1.71 TeV (95% CL) by the ATLAS
search in Ref. [73]. Furthermore, we simulate the scenario
of one top partner decaying to a top quark and Z0 and the
other to SM final states (bWþ; tZ; th), which is most
probable in the transition region of Fig. 9. We likewise
define the cross section σðpp → ðT → tZ=th=bWþÞðT̄ →
t̄Z0ÞÞ þ σðpp → ðT → tZ0ÞðT̄ → t̄Z=t̄h=b̄W−ÞÞ ¼ σSM=tZ0

and obtain the ratio σ̂SM=tZ0 for this scenario from
CheckMATE. We find σ̂SM=tZ0 > 1 for mT < 1.56 TeV
(95% CL) by the ATLAS search in Ref. [73]. Finally,
for the scenario where both top partners decay to SM final
states, we extract the ratio σ̂SM from Fig. 5(b) of Ref. [64].
Now, we can exclude the parts of the parameter space at
95% CL where the ratio

R ¼ σ̂SMB2
SM þ σ̂SM=tZ0BSMBtZ0 þ σ̂tZ0B2

tZ0 ; ð42Þ

satisfies R > 1, where BX ¼ BðT → XÞ. The resulting
exclusion is depicted as a dark blue region in Fig. 8.
For g̃q0 values closer to the consistency constraint,
mT >1.36TeV, and for larger g̃q0 values, mT >1.71TeV;
this is expected from the scaling of ytT in the parameter
space to explain the Belle II excess.

3. Higgs measurements

Another important constraint on the model arises from
measurements of the top Yukawa coupling yt. In our setup,
yt is determined from the input parameters fmT; g̃q0; ytTg as
vyt=

ffiffiffi
2

p ¼ mtcLcR þmTsLsR. Thus, the impact of t − T

FIG. 9. Branching fractions of T satisfying the Belle II data in
the minimal alignedUð1Þ0 plus ψ scenario, as a function of ytT for
mT ¼ 1.5 TeV and assuming Mϕ > mT .
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mixing is a positive shift to the SM value ySMt , such that the
quantity κt ¼ yt=ySMt must lie in range κt ∈ ½1; ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mT=mt

p �.
The strongest direct constraints on κt are from CMS [65],
which searched for pp → tt̄h followed by h →
τþτ−=WþW−=ZZ, targeting final states with multiple
electrons, muons, or hadronically decaying τ leptons. If
the τ lepton Yukawa coupling is the same as the SM value,
CMS finds κt ∈ ½0.7; 1.1� at 95% CL. The upper limit
κt < 1.1 excludes a significant portion of the ðmT; g̃q0Þ
parameter space, shown as a light green region in Fig. 8.
Combining Eq. (39) with the expression for yt in terms of
the input parameters, we can derive that

g̃q0 ≲ 7.4 × 10−5
�
8.6
Xt

�
; ð43Þ

is approximately excluded by the CMS κt measurement.
Finally, we comment on constraints on the model from

Higgs decays. The potentially relevant interactions of the
Higgs boson in the model are

L ⊃ −sϕM2
Z0
h
ṽ
Z0
μZ0μ þ e

16π2
chγZ0

h
v
FμνZ0μν: ð44Þ

The first is induced by h − ϕ mixing and can contribute to
the decay h → Z0Z0, with Γðh → Z0Z0Þ ¼ m3

hs
2
ϕ=32πṽ

2,
and to invisible Higgs decays (h → inv) if Z0 decays are
invisible. However, the scalar mixing depends on the value
ofMϕ, which we do not fix in Fig. 8, but require to lie in the
range in Eq. (17) compatible with perturbative unitarity.
For example, for mT ¼ 10 TeV and ytT ¼ 1, the value
of g̃q0 implied by Belle II is just below the upper bound
from BABAR. The allowed ϕ mass range here is
Mϕ ∈ ½1.1; 4.2� TeV. We find that the upper bound Bðh →
invÞ < 0.107 (95% CL) [80] excludes this scenario only for
Mϕ < 1.9 TeV. In the parameter space not excluded by the
other constraints, we find that there are always values of
Mϕ not excluded by the constraint from h → inv. The
second term in Eq. (44) is generated in the model via the
kinetic and mass mixing and one-loop diagrams containing
t=T, and induces h → γZ0 followed by Z0 → inv. However,
we verify that the bound Bðh → γ þ invÞ < 0.013 [81] is
not competitive in the parameter space of Fig. 8.

4. Electroweak precision observables

As shown in Fig. 10, the heavy top partner contributes to
the self-energies of the SM gauge fields and therefore to the

parameters S, T, and U entering the predictions for
electroweak precision observables (EWPOs), given by

S ¼ −
1

2π
s2L

�
1

3
ln rþ c2LfðrÞ

�
;

T ¼ −
3

8πs2w

m2
t

M2
W
s2L½1 − rþ c2LgðrÞ�;

U ¼ 1

2π
s2L½ln rþ c2LfðrÞ�; ð45Þ

where the loop functions and their arguments have been
defined previously in Sec. II A 2. In the relevant parameter
space, we find that T ≫ S, U. We may then use the best-fit
value of the ρ parameter, ρ ≈ 1þ αT ¼ 1.00031� 0.00019
[82], which excludes the orange shaded region in Fig. 8. We
note that the kinetic and mass mixing of Z0 also contribute
indirectly to the EWPOs, as they induce a small shift to the
SM Z interactions and the input parameters MZ and GF
[83–85]. However, this effect is expected to constrain only
the parameter space with g̃q0 > 10−2, which is not consid-
ered in this work to maintain the validity of the leading-
order expansion used for the Z0 mixing. This region of
parameter space is additionally excluded by the BABAR
dark photon search.
Through the Z − Z0 mixing, the invisible Z decay width

can be increased from the contribution of Z → ψψ̄ . The
decay rate is given by Eq. (37) with the replacements
g̃q0ψ → g̃q0ψΔZ and MZ0 → MZ. The parameter space can
then be constrained by the upper limit from large electron
positron [86], ΔΓinv < 2 MeV (95% CL). However, the
upper bound, which can be estimated as

g̃q0 ≲ 0.12
�
12

rψ

�
1=2
�
LT

55

�
−1=2

; ð46Þ

is only stronger than the BABAR bound for very large
values of the Uð1Þ0 charge ratio, rψ ≳ 104, and therefore
does not appear in Fig. 8. Other related probes which we
have verified are less sensitive than the BABAR bound are
the anomalous magnetic moment of the muon as well as
atomic parity violation in cesium [87]. For example, the
prediction for the Z0 contribution to al ¼ ðg − 2Þl=2 is
Δal ¼ m2

l½ðvlZ0 Þ2 − 5ðalZ0 Þ2�=12π2M2
Z0 . In the relevant

region of the parameter space, we have vlZ0 ≈ eϵA and
alZ0 ≈ 0 with ϵA ¼ eg̃q0LT=6π2, giving for l ¼ μ and
MZ0 ¼ 2.1 GeV, as follows:

Δaμ ¼ 1.5 × 10−13
�
g̃q0

10−3

�
2
�
LT

55

�
2

; ð47Þ

which is around 3 orders of magnitude below the current
experimental sensitivity to aμ and also well below the
present uncertainties of SM theory predictions, which are
both at the order of 10−10 [88,89]. The coupling g̃q0 is much

FIG. 10. One-loop contributions of the top partner to the self-
energies of the SM gauge fields.
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more tightly bound from above by the dark photon search
at BABAR.

5. Other flavor probes

Here, we briefly review other potential flavor probes of
the model and discuss why they are currently less sensitive
than the bounds shown in Fig. 8. In principle, Z0 can feature
as a real or virtual state in other rare processes, since it
couples to FCNC down-type quark currents in Eq. (19).
However, for MZ0 ¼ 2.1 GeV, Z0 cannot be produced on
shell from kaon decays. WhileK → πψψ̄ via an off-shell Z0
is kinematically possible for 2mψ < mK −mπ, we show in
the next section that the viable region for ψ is outside this
range. In particular, being stable and weakly coupled, ψ
will necessarily decouple from the primordial plasma in the
early Universe and form a thermal relic. In order not
to overclose the Universe, its annihilation cross section
should thus be sizeable enough. As we show in the next
section, formψ < MZ0=2 as required by Belle II and LHCb,
this is only possible close to the resonant condition
0.9≲mψ=GeV≲ 1. At the boundary of the allowed region,
ψ can actually constitute all of the observed DM. Thus, we
do not consider much lower mψ values.
While the processes B → πZ0=ρZ0 are kinematically

allowed, they are suppressed by V td=V ts with respect to
B → Kð�ÞZ0, and subject to similar upper bounds as
B → K�Emiss [90]. Next, we note that the heavy top partner
T contributes at the one-loop level to rare SM processes via
the charged- and neutral-current interactions in Eq. (6).
For example, the b → sγ transitions as well as Bd;s meson
oscillations are modified in the model. However, since the
one-loop contributions of T are always proportional to
sL ≪ sR, the current sensitivities are unable to constrain
the relevant parameter space of the model in Fig. 8. In
particular, EWPOs are always more constraining; see
Ref. [91] for a more complete discussion. Finally, the
model can also contribute to Bd;s − B̄d;s oscillations via s-
and t-channel Z0 exchange. As the Z0 is lighter than the
meson masses, we can make use of the heavy-quark
effective theory (HQET) formalism used in Ref. [92].
However, as the new contribution to the mass difference
scales as ΔMd;s ∝ ðCV

bsÞ2, we find for the value CV
bs ¼

1.4 × 10−8 an effect which is 7 orders of magnitude smaller
than the SM prediction.

C. Dark matter

The precise cosmic microwave background (CMB)
measurements by the Planck Collaboration constitute an
important constraint on the model, due to the presence of a
stable ψ in the early Universe. Incidently, the measured
relic abundance of DM ΩDMh2 ¼ 0.120� 0.001 [93], can
be readily accommodated in the model, with ψ constituting
(part or) all of the DM (Ωψ ≤ ΩDM). Thus the measured

DM relic abundance can be considered both as an oppor-
tunity and a constraint on the model.
The freeze-out of ψ in the early Universe is governed by

the Boltzmann equation,

dYψ

dx
¼ −

shσvi
HxZ

ðY2
ψ − Y2

ψ ;eqÞ; ð48Þ

where x ¼ mψ=T, with T being the temperature of the
thermal bath. Furthermore, Yψ ¼ nψ=s is the number
density of ψ in units of the entropy density s ¼
2π2heffT3=45 (with Yψ ;eq the equilibrium value), H ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πρ=3M2

Pl

p
is the Hubble expansion rate with a radia-

tion-dominated energy density ρ ¼ π2geffT4=30, hσvi is
the thermally averaged annihilation cross section of ψ
into species still in thermal equilibrium, and Z ¼ ð1þ
1
3
d ln heff=d lnTÞ−1 accounts for the rate of change of T.

Above,MPl ¼ 1.22 × 1019 GeV is the Planckmass and geff
(heff ) is the effective number of degrees of freedom for the
energy (entropy) density.
We may solve Eq. (48) approximately as

1

YψðxÞ
−

1

Yf
¼

ffiffiffiffiffi
π

45

r
MPlmψ

Z
x

xf

dx
ffiffiffiffiffi
g�

p hσvi
x2

; ð49Þ

where Yf ≡ Yψ ;eqðxfÞ, with xf the freeze-out value of x,
and g� ≡ h2eff=geffZ

2. Then, the present day relic density of
ψ can be determined as Ωψh2 ¼ mψs0Y0=ρcr;0, with
Y0 ≡ Yψ ðx0Þ, or

1

Ωψh2
¼
Z

x

xf

dx
ffiffiffiffiffi
g�

p
x2

hσvi
2.0 × 10−27 cm3 s−1

; ð50Þ

where the critical energy density is ρcr ¼ 3M2
PlH

2=8π and
we account for nonidentical DM particles (ψ) and anti-
particles (ψ̄).
We are interested in the freeze-out of ψ for masses which

can accommodate the Belle II excess, i.e., mψ < MZ0=2.
The dominant annihilation process in this mass range is
ψψ̄ → SMþ SM through s-channel Z0 exchange, shown in
Fig. 11 (left). The Z0 couples at tree level to ψ and via the
kinetic and mass mixing to light SM fields. As the
annihilation can take place near the narrow Z0 resonance,
the thermally averaged cross section cannot be estimated
using the typical nonrelativistic expansion in the relative
DM velocity v. The thermally averaged Breit-Wigner cross
section is s-wave dominated and given at leading order in
ϵψ ≡ ðM2

Z0 − 4m2
ψÞ=4m2

ψ by [94]

hσvi ¼ 12π3=2γZ0BZ0

m2
ψ

x3=2e−xϵψ ; ð51Þ
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defining γZ0 ≡MZ0ΓZ0=4m2
ψ and BZ0 ≡ Bψψ̄BSM, where

Bψψ̄ ¼ Γψψ̄=ΓZ0 . With the vectorlike fermion ψ as the only
light dark sector particle, BSM¼1−Bψψ̄ . Inserting Eq. (51)
into Eq. (50) yields the approximate analytical result

Ωψh2 ¼
3.4 × 10−12 GeV

ΓZ0

ffiffiffiffiffi
ϵ̂ψ

p
BZ0

; ð52Þ

with ϵ̂ψ ≡ ϵψ=ḡ�ð1þ ϵψÞ4erfc2ð ffiffiffiffiffiffiffiffiffiffixfϵψ
p Þ, where erfc is the

complementary error function, g� is fixed to its value at
chemical decoupling, ḡ� ¼ g�ðxfÞ, and we always assume
that MZ0 ¼ 2.1 GeV. In the limit where Bψψ̄ ≈ 1 and the
kinetic mixing ϵA dominates the Z0 coupling to SM states,
which generally holds when the Belle II excess is satisfied,
Eq. (52) gives

Ωψ

ΩDM
¼
�
1.5 × 10−4

g̃q0

�
2
�
55

LT

�
2
�
ϵ̂ψ
2.3

�
1=2

; ð53Þ

using xf ¼ 20. Note that the result is independent of the
Uð1Þ0 charge ratio rψ . Using Eq. (39), the Belle II excess
and the correct DM abundance can both be recovered for a
specific value of mT when the top partner Yukawa is

ytT ¼ 0.29

�
mT

10 TeV

��
55

LT

�
1=2
�
8.6
Xt

�
1=2
�
ϵ̂ψ
2.3

�
1=8

: ð54Þ

To verify these estimates, we use the micrOMEGAs [95]
package to compute Ωψ by numerically solving Eq. (48).
We use FeynRules [75] to write CalcHEP [96] files for the same
model file used in the collider analysis in Sec. III B, which
are then implemented in micrOMEGAs.
In the top panel of Fig. 12, we show where in the

ðmT; g̃q0Þ plane the correct DM relic abundance is obtained
for four benchmark ϵψ values, with ϵψ ¼ f0.35; 0.20;
0.10; 0.02g corresponding to mψ ≈ f0.90; 0.96; 1.00;
1.04g GeV. The bands indicate Ωψ ¼ ΩDM � 20%.
Firstly, we find that Ωψ is well approximated by the scaling
in Eq. (53) in this regime. Comparing the DM predictions
to the region still allowed by the current constraints in
Fig. 8, which are combined as a gray shaded region in
Fig. 12 and are approximately independent of ϵψ , lower
and upper limits on ϵψ are implied. A lower bound on ϵψ is
determined by the CMS bound on the top Yukawa
coupling. Combining Eqs. (43) and (53), we find

ϵ̂ψ ≳ 0.13

�
LT

55

�
4
�
8.6
Xt

�
4

; ð55Þ

which gives ϵψ ≳ f0.05; 0.02g for mT ¼ f10; 150g TeV,
using the definition of ϵ̂ψ below Eq. (52). Upper bounds
on ϵψ are determined either by the BABAR bound from
eþe− → γZ0 or the perturbative unitarity bound on the
scalar sector. From the former, combining Eq. (41) with
Eq. (53) yields ϵψ ≲ 0.35, independent of mT . The latter
instead implies, using Eq. (40),

ϵ̂ψ ≲ 2.7 × 107
�
10 TeV
mT

�
8
�
Xt

8.6

�
4

; ð56Þ

giving ϵψ ≲ f0.47; 0.04g for mT ¼ f10; 150g TeV. Thus,
we find that for viable DM, 0.02≲ ϵψ ≲ 0.35 is required.
Before moving on, we note that in the regime ϵψ ≪ 1,

i.e., very close to the Z0 resonance, the abundance of ψ

FIG. 11. Scattering processes contributing to the freeze-out of
the DM candidate ψ .

FIG. 12. Top: ðmT; g̃q0Þ parameter space where the correct DM
relic abundance (Ωψ ¼ ΩDM � 20%) is obtained for different
values of ϵψ (color shaded bands). The unshaded region is the
parameter space not excluded in Fig. 8, which can accommodate
the Belle II excess. Bottom: bounds on the light ψ DM scenario in
the ðmψ ; g̃q0ψ Þ plane. The correct DM relic abundance is found
along the gray line, with DM overabundance obtained below. For
mψ < MZ0=2, there is a window where Belle II and Planck can be
satisfied and the direct and indirect DM bounds are evaded. We
show the constraints from BABAR (purple), the top Yukawa
coupling (light green), Planck (light blue), and DarkSide-50
(orange).
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evolves long after chemical decoupling at xf in a belated
freeze-out process [97]. Kinetic equilibrium between ψ and
the SM bath cannot be maintained during this freeze-out,
because nonresonant DM-SM scattering processes are sup-
pressed. Thus, solving the Boltzmann equation in Eq. (48)
no longer provides reliable results for Ωψh2 [98].
The impact of kinetic decoupling on the DM abundance
can be estimated, following the approach in Ref. [97], by
multiplying Eq. (52) by the factor kdec ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
πxdϵψ

p , where
xd ¼ mψ=Td, with Td the temperature of kinetic decoupling.
For a Z0 satisfying γZ0 ≲ 10−7, which is anticipated in the
model for ϵψ ≪ 1, xd ≈ xf. However, we still find that kdec >
1 for the ϵψ values in the range 0.02≲ ϵψ ≲ 0.35, so the DM
abundance is not suppressed by the kinetic decoupling.
To illustrate further the viable DM parameter space, we

show in the bottom panel of Fig. 12 the relevant constraints
in the ðmψ ; g̃q0ψÞ plane for the benchmark values
mT ¼ 10 TeV, ytT ¼ 0.3 and rψ ¼ 12. Unlike Figs. 8
and 12 (top panel), we do not require the Belle II excess
to be accommodated at each point in the parameter space.
For mψ < MZ0=2, the favored region for Belle II is shown
as a blue band. We also extend the mass range to
mψ > MZ0=2, where additional invisible Z0 decays would
need to be present to explain the Belle II result and be
compatible with LHCb. We restrict tomψ < MZ0 so that the
s-channel process ψψ̄ → SMþ SM still dominates the DM
freeze-out. Firstly, the correct DM relic abundance is
obtained along the gray solid line, while the gray shaded
region below indicates the overproduction of DM.We show
the bounds from BABAR and κt discussed in Secs. III B 1
and III B 2 which constrain g̃q0, in addition to the limits
from (in)direct detection discussed below.
Relevant direct detection bounds in this mass range come

from DarkSide-50, constraining DM (ψ) scattering on
Ar [99]. For the parameter space shown in Fig. 12, the
kinetic mixing ϵA dominates the interactions of Z0 with the
SM states. Thus, spin-independent (SI) scattering of ψ and
protons via the exchange of Z0 dominates the DM-Ar
scattering cross section. Using micrOMEGAs, we compute
at each point in the parameter space the ratio of the
expected SI cross section to the 90% CL excluded value,
σ̂SI ¼ σthSI=σ

90%
SI , excluding σ̂SI > 1 at 90% CL. If ψ makes

up a faction of the observed DM abundance, we exclude
σ̂SIðΩψ=ΩDMÞ > 1. The orange shaded region in Fig. 12
shows the resulting limit, excluding viable DM scenarios
with mψ > 1.1 GeV in the mass range shown. Importantly,
the most relevant region mψ < MZ0=2 remains
unconstrained.8

At recombination, the annihilation of ψ into SM
states provides an indirect detection bound on the model.
CMB anisotropies measured by Planck constrain the
parameter pann < 3.2 × 10−28 cm3 s−1GeV−1 (95% CL)
[93], which is sensitive to energy injection from e� and
γ produced by DM annihilation final states. We can
estimate

pann ¼
X
i

feffi hσvii
mψ

�
Ωψ

ΩDM

�
2

; ð57Þ

where, for the annihilation channel i, feffi is the fraction of
energy transferred to the plasma [102,103], hσvii is the
thermally averaged cross section, and we rescale by the
fractional contribution of ψ to the total DM relic density.
The scattering cross section is well approximated by the
zero velocity limit expression,

hσvii ¼
6πγ2Z0Bψψ̄Bi

m2
ψ
ffiffiffiffiffi
ϵψ

p ðγ2Z0 þ ϵ2ψÞ
: ð58Þ

Using micrOMEGAs, the feffi and hσvii are computed and the
parameter space excluded by the Planck upper limit is
shown as a light blue shaded region in Fig. 12. For ϵψ
sufficiently large, and thus below the resonance, the hσvii
are suppressed enough for the CMB bound to be evaded.
Note that for masses in this range, the eþ and γ spectra
calculated in micrOMEGAs, which act as input to feffi , carry
significant uncertainties. Hadronization of the quark final
states is calculated using Pythia and extrapolated to lower
masses, where hadronic resonances make the Pythia calcu-
lations less reliable. Nevertheless, we do not expect this to
make up for the large suppression of hσvii below the
resonance at recombination. The late time annihilation of
DM to SM particles is similarly suppressed, and therefore
indirect detection bounds, e.g., from Super-Kamiokande
[104] or x-ray data [105,106], are evaded.
To conclude, the resonant thermal annihilation of ψ in

the early Universe for 0.9≲mψ=GeV≲ 1.0 GeV, where ψ
simultaneously appear as missing energy at Belle II, offers
a compelling DM scenario which is not yet experimentally
excluded by direct or indirect detection. The model
presented offers the minimal field content to fit both the
Belle II data and generate the correct relic abundance with a
light Z0. Of course, the presence of additional fields in an
extended dark sector charged under Uð1Þ0 would modify
the DM phenomenology, as we discuss briefly in the next
section.

IV. DISCUSSION AND CONCLUSIONS

In previous work [2,4], we demonstrated within a model-
independent EFT framework that the Belle II excess in
Bþ → KþEmiss can be well described by the emission of a
single light vector boson, with a mass of about

8There are also direct detection bounds from DM (ψ) scatter-
ing on electrons via Z0 exchange, with XENON1T [100] and
PandaX-4T [101] being the most stringent experiments. Similar
to the nuclear scattering, the bounds are not relevant in the
resonant regime in Fig. 12.
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MZ0 ≃ 2.1 GeV, in b → s transitions. We have now
extended this to a simple UV-complete construction, based
on a Higgsed Uð1Þ0 gauge symmetry with a light vector
boson Z0, a complex scalar Φ whose vacuum expectation
value gives mass to Z0, and a Uð1Þ0 charged vectorlike top
partner T realising a rank-1 pattern of flavor breaking,
aligned to the third generation, that naturally enhances
b → s processes.
In this minimal construction, loop-induced b → sZ0

transitions generate the desired Belle II signal through a
left-handed current operator, but the same loops unavoid-
ably induce kinetic and mass mixing between Z0 and the
electroweak gauge bosons, leading to irreducible couplings
of Z0 to charged leptons that cannot even be fine-tuned
away. The resulting branching ratios in the minimal model,
displayed in Fig. 5, show that Z0 decays dominantly into
visible SM final states, with a sizeable μþμ− branching
fraction in the parameter region favored by Belle II.
The corresponding contributions to B → Kð�Þμþμ− are
excluded by existing LHCb searches for prompt and
displaced dimuon resonances (Fig. 6). We therefore con-
clude that the minimal aligned Uð1Þ0 model cannot account
for the Belle II anomaly; its failure is directly tied to the
absence of sufficiently large invisible Z0 decay channels as
the Z0 effectively always decays inside the detector.
Motivated by this, we extended the Uð1Þ0 charged sector

by adding a light SM singlet fermion ψ , which opens a
dominant invisible decay mode Z0 → ψψ̄ and sufficiently
suppresses the visible branching ratios (provided the
ψUð1Þ0 charge is an order of magnitude larger than that
of T and Φ), as seen in the modified decay patterns in
Fig. 7. The same interaction controls the ψ annihilation rate
in the early Universe, and a combination of flavor, collider,
electroweak, and cosmological constraints selects a narrow
ψ mass regime, just below half of the Z0 mass, illustrated in
Fig. 12, where ψ can constitute part or all of DM. Outside
this resonant region, the model violates at least one of these
constraints. Future improved measurements and searches,
planned at existing and upcoming experimental facilities
like Belle II [107] and future circular collider [108], will be
able to further constrain the viable parameter space. The
model thus represents a highly constrained and predictive
scenario relating missing energy signatures in rare B decays
to a comprehensive collider and DM phenomenology.
Extensions of the model field content could potentially

relax some of the constraints found in the minimal model.
For instance, the large Uð1Þ0 charge ratio (rψ ) between ψ
and T, Φ could be avoided by considering multiple light
dark fermions ψ i with rψ i

∼ 1 instead of one ψ with
rψ ≫ 1. Secondly, the CMB and direct detection con-
straints could be further relaxed for dark fermions with
axial-vector couplings to the Z0. Such a scenario would be
obtained if different Uð1Þ0 charges are assigned to the left-
and right-handed components ψL ≡ ψ and ψR ≡ ψ 0. For
example, with q0L ≡ q0ψ ≠ q0R ¼ q0ψ 0 , we have

L ⊃ ψ̄ i=Dψ þ ψ 0i=Dψ 0 −
1

2

h
Yψψ

0cψ 0Φ̃þ H:c:
i
; ð59Þ

where ψc ¼ Cψ̄T , with C the charge conjugation matrix,
and we also introduce the scalar Φ̃ ¼ ðṽψ þ φþ iaÞ= ffiffiffi

2
p

with theUð1Þ0 charge −2q0R. In the brokenUð1Þ0 phase, the
Majorana mass mψ 0 ¼ ṽψYψ=

ffiffiffi
2

p
is generated for ψ 0. The

state ψ may also be a Majorana fermion if the charges obey
q0 ¼ q0L − q0R, thus permitting the Yukawa coupling

L ⊃ −yψ ψ̄ψ 0Φþ H:c:: ð60Þ

For ṽyψ ≪ ṽψYψ , a seesawlike mechanism generates a
Majorana mass for ψ of size mψ ≈ ðṽyψ Þ2=ð

ffiffiffi
2

p
ṽψYψ Þ.

In this setup, both ψ and ψ 0 have purely axial-vector
couplings to Z0 and their annihilation would be p-wave
(v2-suppressed), reducing hσvi at recombination by
∼ðvCMB=vfoÞ2 ∼ 10−6, while maintaining efficient freeze-
out. The annihilation then proceeds either through the Z0
resonance for mψ ð0Þ ≲MZ0=2 or alternatively for mψ ð0Þ ≳
MZ0 through the process ψ ð0Þψ ð0Þ → Z0Z0 shown in Fig. 11
(right). In such an extended scenario, the missing energy at
Belle II can either be provided by the ψ ð0Þ fields,
Z0 → ψ ð0Þψ ð0Þ, or alternatively the physical CP-even and
-odd components of Φ and Φ̃ (mass eigenstates φ0 and a0),
Z0 → φ0a0, if they are sufficiently light. We leave such
considerations for future work.
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APPENDIX: FULL FORMULAS

Here, we give the full matching relations for the WET
coefficients in Eq. (18). Firstly, the coupling of Z0 to the
left-handed vector down-type quark current is

CV
ijðMWÞ ¼

1

2
Cijm2

t c2L

�
g̃q0s2RC

V
Z0 −

g
cw

ΔZ0CV
Z

�
; ðA1Þ

at μ ¼ MW , with

CV
Z0 ¼ XðxtÞ þ XðxTÞ þ X0ðxt; xTÞ þ

2s2L
s2R

gðrÞ;

CV
Z ¼ YðxtÞ þ t2LrYðxTÞ − s2LgðrÞ; ðA2Þ

where xt;T ¼ m2
t;T=M

2
W , r ¼ m2

T=m
2
t , the loop function gðxÞ

is defined below Eq. (10) and we define the additional loop
functions as follows:

XðxÞ ¼ −
x − 4

x − 1
−
x2 − 2xþ 4

ðx − 1Þ2 ln x;

X0ðx; yÞ ¼ x − 4

x − 1

2x
x − y

ln xþ ðx ↔ yÞ;

YðxÞ ¼ x − 6

x − 1
þ 3xþ 2

ðx − 1Þ2 ln x: ðA3Þ

In the limit where mt ≪ mT and g̃q0 is sufficiently above
the consistency bound in Eq. (5), s2L ≈ s2R=r ≪ 1 yields
the estimates CV

Z0 ≈ XðxtÞ þ ln xT þ 1 ≈ ln xT − 1, where
we used XðxtÞ ¼ −2.05, and CV

Z ≈ YðxtÞ ¼ 1.47. For
mt ≪ mT and g̃q0 close to the consistency bound, we
instead have sL ≈ 1=

ffiffiffi
r

p
and sR ≈ 1, giving CV

Z0 ≈ 2
ffiffiffi
r

p
and

CV
Z ≈ YðxtÞ þ 1 ¼ 2.47. In these two limits, CV

ij is given
by Eqs. (21) and (22), respectively, which are used to
derive approximate results in the text. However, we use
the full expression in Eq. (A1) for the numerical studies of
this analysis.
The coupling of Z0 to the dipolelike down-type quark

current is given at μ ¼ MW by

CT
ijðMWÞ ¼ Cijmixtc2L

�
g̃q0s2RC

T
Z0 − eϵACT

γ −
g
cw

ΔZ0CT
Z

�
;

ðA4Þ

with

CT
Z0 ¼ AðxtÞ þ AðxTÞ þ A0ðxt; xTÞ þ

s2L
s2Rxt

A00ðxt; xTÞ;

CT
γ ¼ BðxtÞ þ t2LrBðxTÞ;

CT
Z ¼ CðxtÞ þ t2LrCðxTÞ þ

s2L
xt

C00ðxt; xTÞ − s2wCT
γ ; ðA5Þ

where the relevant loop functions are

AðxÞ ¼ x2 − 5x − 2

24ðx − 1Þ3 þ x
4ðx − 1Þ4 ln x;

BðxÞ ¼ 8x2 þ 5x − 7

24ðx − 1Þ3 −
3x2 − 2x
4ðx − 1Þ4 ln x;

CðxÞ ¼ 5x2 þ x
16ðx − 1Þ3 −

5x2 − 3xþ 1

8ðx − 1Þ4 ln x; ðA6Þ

and

A0ðx; yÞ ¼ xy − 1

12ðx − 1Þ2ðy − 1Þ2

−
x3 − 3x2

12ðx − 1Þ3ðx − yÞ ln xþ ðx ↔ yÞ;

A00ðx; yÞ ¼ −
5x2 þ 5x − 4

12ðx − 1Þ3 þ 2x2 − x
2ðx − 1Þ4 ln x

þ 4xy − 3x − 3yþ 2

6ðx − 1Þ2ðy − 1Þ2

þ 5x3 − 3x2

6ðx − 1Þ3ðx − yÞ ln xþ ðx ↔ yÞ;

C00ðx; yÞ ¼ 7x2 þ 10x − 5

48ðx − 1Þ3 −
3x2 − x
8ðx − 1Þ4 ln x

−
13x − 5

48ðx − 1Þ2ðy − 1Þ

−
7x3 − 3x2

24ðx − 1Þ3ðx − yÞ ln xþ ðx ↔ yÞ: ðA7Þ
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