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Is dark matter the origin of the B — Kvv excess at Belle I1?
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We present two models of dark matter (DM) that can provide a natural explanation of the excess of
Bt — KT + invisible events with respect to the Standard Model (SM) prediction for BT — K v, which
has been reported by the Belle II Collaboration. Interactions between the dark and the visible sector are
mediated by an axionlike particle in one case, by the kinetic mixing between a dark photon and the SM
photon in the second case. Both models encompass a light fermion singlet as the DM candidate and can
account for the observed DM relic abundance through, respectively, the freeze-in and the freeze-out
production mechanism, while simultaneously explaining the Belle II excess.
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I. INTRODUCTION

Recently, the Belle II Collaboration obtained the first
evidence for BT — Ktup [1], one of the rare B meson
decays, measuring

BR(B* — K*1D)gaenn = (2.3 & 0.5(stat) 753 (syst)) 1075,
(1)

In the Standard Model (SM), the decay is mediated by a W
boson exchange at the loop level and thus is suppressed. In
addition, there is a tree-level long-distance contribution
from BT — v, 77 (— K*D,), which accounts for about 10%
of the SM prediction and has been treated as a background
in the experimental analysis. Together they result in 21"

BR(B* — K*ub)gy = (5.58 £0.37) x 1076, (2)

where the tree-level contribution accounts for (0.61+
0.06) x 107, which implies a 2.7¢ tension between the
Belle II measurement and the SM prediction. Combining
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the latest Belle II result with earlier measurements results in
a weighted average of BR(B" - K'wp) = (1.3+£0.4) x

exp
1073 [1]. An attractive explanation of the excess is an
additional decay channel with undetected final states,2
such as sterile neutrinos [20,26-34], light dark matter
(DM) particles [4,12,35-41], an axionlike particle (ALP)
[42-48], or more generally long-lived particles, which
escape the detector undetected [49-55].

References [46,50] pointed out that the excess is well
described by a two-body decay BT — K™ X, where the new
bosonic particle X has mass my ~2 GeV and either
escapes the detector undetected or decays into invisible
final states. This scenario has been studied in the context of
several explicit models [40,41,47,48,51,52,54,55]. Collider
experiments set the most stringent constraints on a GeV-
scale bosonic particle. Relevant searches include the LHCb
displaced vertex search for B — K" X(— uji) [56,57], the
corresponding prompt decay search [58], BABAR’s search
for dark photons in eTe™ — yX [59,60], and a reanalysis
[61] of CHARM data [62]. For sub-GeV bosonic particles,
there are additional constraints from astrophysical obser-
vations [63] and beam dump experiments [64], which
however currently do not extend to my ~2 GeV, because
the lower center-of-mass energy in the existing beam dump
experiments and the low temperature of astrophysical
objects results in an exponential suppression of the pro-
duction of bosonic particles with my ~2 GeV mass.

In this work, we focus on the connection of the excess
in BY - K" + inv to light sub-GeV dark matter. An im-
portant requirement for all DM models is the explanation of

2Explanations in terms of heavy new physics have been
discussed in Refs. [7-25].
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the observed cosmic DM relic abundance of Qpy A% = 0.12
[65], which has been previously discussed within three
models [38—40]

In Ref. [38] a scalar DM candidate produced via the
freeze-out mechanism is introduced, with the observed relic
density achieved through pair annihilation of dark matter to
light mesons. The excess in BT — KT + inv is explained
via heavy vectorlike quark mediators that couple the scalar
DM to the bottom and strange quark. The scenario is
already being probed by direct detection experiments
through the Migdal effect and requires mild tuning.

Reference [39] also considers scalar DM produced via
the freeze-out mechanism, but it relies on a light scalar
mediator to address the excess in Bt — K* + inv. The
authors explain it by a two-body decay into the scalar
mediator and a three-body decay for a slightly heavier
scalar mediator with a mass larger than mg+ — mg+. In both
cases the scalar mediator dominantly decays to light sub-
GeV DM. DM direct detection has not been discussed in
detail for this scenario. We expect that the Migdal effect
will further constrain the model and possibly rule out the
explanation of the excess in BT — K + inv.

Finally, Ref. [40] considers a scalar mediator ¢ together
with the fermionic DM field y. The explanation of the
observed DM relic abundance requires resonant DM
annihilation, and thus m, ~2m,. The excess in BT —
Kt +inv is accounted for by the decay BT —
K" @(— xjy). However, a large part of the parameter
space is strongly constrained by LHCb searches [56,57]
for long-lived scalar particles using B — K uji, whose
complementarity to B — K*) 4 inv has been discussed in
detail in Ref. [30].

We revisit the fermionic DM scenario with a bosonic
mediator and demonstrate the possibility of explaining both
the excess in Bt — K™ + inv and the observed DM relic
abundance, while naturally avoiding all other constraints
without relying on fine-tuning of the models’ parameters.
Two well-motivated mediators are an ALP and a dark
photon. In Sec. II, we discuss the ALP portal model, while
Sec. III presents the phenomenology of a dark-photon
portal model. Finally, we conclude in Sec. IV with a
comparison of the two scenarios and an outlook.

II. ALP PORTAL MODEL

We start considering the most general effective
Lagrangian for the interactions of an ALP with the SM
fermions (f = u,d,?, respectively denoting up-type
quarks, down-type quarks, charged leptons4) that is given
by [83,84]

3See Refs. [66-70] for earlier work on freeze-in DM with an
ALP mediator and Refs. [71-82] for freeze-out DM models with
a GeV scale dark photon mediator.

*We neglect ALP interactions with neutrinos, since they are
suppressed by the tiny mass of the latter.

d,a -
Lagg = 57 T (Cly, + C 1) (3)

where the ALP decay constant f, is an energy scale related
to the spontaneous breaking of an underlying global U(1)
symmetry, i, j =1, 2, 3 are flavor indices, and the
dimensionless couplings are such that (C}/f!)* = Cj‘f]f?i
for i # j, while the vector-current interactions (C}"/, fj) are
unphysical for i = j.

In addition, even if not present in the UV theory (e.g.,
because U(1) is anomaly-free), ALP couplings to photons
and gluons are induced by fermion loops,

L= C§ff4—f—F SR+ Ceff4—f—G“ LG, (4)

where we use the convention X = =1emPX,5 with

%23 = 1. As mentioned, these effective couphngs are in
general given by a model-dependent UV coupling plus the
contribution of SM fermion loops [84],

4m7
e f
= CUV+ZC?fN QfB< g>’
Ceff — CUV + - CA B mq (5)
G G 22 a9 m2 )’
q a

where the first sum runs over the flavor-conserving ALP
couplings to all SM fermions (whose electric charge is Q

and number of colors is N{:), while the second sum only
runs over (up and down) quarks. The loop function

arcsin%c
B(x) =1-xf*(x). f(x)= ,
£ %”ﬁ x <1

is such that the contribution of a given fermion vanishes in
the decoupling limit m, < my.

Finally, we introduce an ALP-DM interaction, analo-
gous to the fermion interactions in Eq. (3), involving a
singlet Dirac fermion y that plays the role of our DM
candidate,

o,a

ayy — f C )(7/”75)( (7)

A. Contribution to B — K +

In the presence of flavor-violating interactions with b
and s quarks and if the ALP is sufficiently light, the above
Lagrangian will induce two-body decays of B mesons to a
kaon and an ALP. The resulting branching ratios read [46]

invisible
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C 2 2\ 2
BR(B — Ka) — 2" 1€ (1_”"_§)
64r  f; my
m% m?
i (1,25 1), ®)
mp mp
CcA 2 2 2
BR<B_)K* ) TBmB| sg| ( )/13/2<1 m_;(’m_;l)’
64r 3 my my
)

where f(g?) and Ay(g?) are the relevant B — K*) scalar
form factors [85] (see also [86]) to be evaluated at g*> = m>
and A(x,y,z) = x> +y* + 72 = 2(xy + yz + zx) denotes
the Kéllén function. Note that, while the decay to the
pseudoscalar kaon depends on the vector couplings C},’b, the
decay to the vector meson K* is controlled by the axial-
vector coupling C4 and hence the two decays are sensitive
to different parameters.

If the ALP is long-lived or decays invisibly, the
two-body decay B — Ka can provide a good fit to the
BR(B — K + inv) measured by Belle II [46,50].° The
Belle II excess requires m, ~ 2 GeV and BR(B —» Ka) =
(0.5-0.9) x 107> at 1o, (0.4-1.1)x 107 at 26 [50].
Using Eq. (8), we find that this translates into the
following range for the vector coupling of the ALP to
b and s,

1.4 x 108 GeV < f,/|C%| < 1.8 x 108 GeV(ls), (10)

which is shown as the red region in Fig. 1.

As we have seen above, BR(B — K*a) is instead
sensitive to the axial-vector coupling C4,. We find that,
for an ALP with m, = 2 GeV, this process is at odds with
the BABAR search for B — K'vv [87] unless
fa/|CA4] > 4.9 x 107 GeV, i.e., the gray shaded region
in Fig. 1 is excluded. Hence, natural scenarios with
|C4,| = |CY, |—following, for instance, from an ALP cou-
pling only to left-handed (C%, = —CV,) or right-handed
(C4, = CY,) quarks — are compatible with both the Belle II
excess and the BABAR constraint on B — K* 4 inv if we
set  fo/|CA] = fa/|CY,| % 108 GeV.® TInvisible signals
require the ALP to escape the detector or decay inside
the detector into dark matter and thus also escape detection,
which depends on the lifetime of the ALP, its mass, and the
hierarchy of its couplings. Thus, the NP contribution to the

°If instead m, > mp, hence the ALP is off shell, the ¢?
distribution of the three-body processes B — Ka'*) — Kyy does
not give a good fit to the Belle Il B — K + inv data, because the
mediator is a (pseudo)scalar field [50].

However, it should be noted that the BABAR B — K + inv
data in Ref. [87] are in mild tension with the Belle II measure-
ment [1], which leads to a deterioration of the y* of all new
physics hypotheses considered in Ref. [50].

my, = 2 GeV
109 [T T T
085
%
.C_’)._ 108
107.5
107 B = K* nv L |
107 1070 10° 10%7 10
Ja
GeV
FIG. 1. Tllustration of the parameter space of the ALP model

that is able to explain the observed Belle II excess in B —
K + inv at the 1o (dark red band) and 26 level (light red band) for
m, = 2 GeV. The gray region is excluded at 95% CL by searches
for B — K* + inv. See the main text for details.

invisible branching ratios we are interested in receives two
contributions,

BR(B — K +inv)yp = BR(B — K" a)[BR(a — yy)
+ e La/PresaBR (a — vis)],

(11)

where cz, is the proper decay length of the ALP, fy is the
ALP velocity times its boost factor, and L4 denotes the
typical detector size, which is L4, =~ 3.5 m for Belle II [88].
The quantity BR(a — vis) = BR(a — ff,gg.yy) is the
total branching ratio of the visible ALP decays into
fermion-antifermion pairs, gluons, and two photons. We
do not include the contribution of visible ALP decays close
to the production point near the beam pipe but outside the
detector coverage. Although these decays are relevant for
short-lived ALPs [45], their contribution is subdominant for
the coupling regime we consider here, which leads to a
long-lived ALP. See the discussion below.

The ALP decay width into Dirac DM particles is given by’

| Pmm? 4m?
C(a = xy) = )é pr - mz){' (12)

"For Majorana DM the branching ratio has to be multiplied by
a factor of 2 due to the factor 2 larger matrix element and the
symmetry factor 1/2.

075020-3



CALIBBI, LI, MUKHERIJEE, and SCHMIDT

PHYS. REV. D 112, 075020 (2025)

An analogous expression holds for the (flavor-conserving)
decays into the kinematically accessible SM fermions,

_ |C?f|2N‘§mam§, 4m}
r — o ey T (13
(@ s) = L )

where one can see that the ALP preferably decays into the
heaviest available final state. We omit possible flavor-violat-
ing decay modes that are irrelevant for the following dis-
cussion. Similarly, for simplicity, we neglect the leptonic
decays without qualitatively affecting our results.

For m, =2 GeV, the above perturbative expression
provides a good approximation for the decays into quarks.
However, the hadronic width of the ALP is to a large extent
dominated by decays to gluon pairs [84,89], whose width
reads

azm’
[(a — gg) = |C2 (1

83a;
8712 + > . (14)

4

Finally, the ALP decay width into photons is given by,

Mla—m) =GP ot a9
For the following values of the parameters
m, =2 GeV, C¥=CV =0,
falCq= 108 GeV, (16)
where C, is a universal coupling to quarks,

c4, = %" =C,, and using a,(m,) ~ 0.3 [90], the above
expressions give for the visible decay modes,

BR(a — gg) ~93%, BR(a — s5) ~ 7%,
BR(a = 77) =2 x 105 (17)

for negligible decays to dark matter. This is consistent with
the results in Ref. [§9]. The decay into DM is subdominant
for m, <K mg,

o (Co\( ™ \?
BR y)~2.6x 10~ £ — | . 18
(a =) =26x10°x (E) (i) 09

The resulting ALP decay length is

(19)

10% GeV\?
cra:65mx<0 Ge >

fa/Cq

Hence, the ALP decays visibly but is long-lived. From
Egs. (11) and (8), it follows that

BR(B* — K* +inv)\p~BR(B* = K*a)

108 GeV)\ 2
~ 17 X 10_5 X (ﬁ) N (20)

and, thus, the Belle II excess can be indeed accommodated
by a natural choice of the parameters as the one in Eq. (16).

B. Dark matter freeze-in production

Even assuming a vanishing ALP abundance in the early
Universe, the flavor-conserving and flavor-violating inter-
actions considered above will produce an ALP population
through b quark decay and scattering processes, as dis-
cussed in Ref. [91]. Here, in contrast to that work, the ALP
is not itself the DM candidate but it decays into SM
particles and, subdominantly, to DM particles, creating a
DM population via the freeze-in mechanism [92,93].
Furthermore, Ref. [91] considered ALP freeze-in produc-
tion while, in our case, the ALP is quickly thermalized by
processes involving b quarks, as we will show in the
following. The relevant processes for ALP production are
the decays

my, V2 A2 mz )’
o = s0) = g (CHP + AP (1-23) . an)
and the following scattering processes, whose cross sec-
tions, reinstating the ALP mass dependence in the formulas
of Ref. [91], reads

- da,|CL, |2 Xp
bb =S
o =) = e T (- x,)
x [(1 22 — dx,x,)tanh (v/1 = 4xy)
—x /1= 4xb}, (22)
A |12
G(bg—)ba)ZGS|Chh| Xp

48]% (1 _xb)3

x {ﬂ},{f<7xa+zxaxb—xaxi—(3—xb><1—xb>2>

+4(Apq+22)coth™! <1+)‘%>} . (23)
)“ba
where x,=m2/s, x,=m3/s, with s denoting the
center of mass energy squared of the collision, and
Apa = A(1, x,4,x,). The cross sections for the analogous
processes involving photons, bb — ay and by — ba, are
obtained by replacing, respectively, 4a,/9 — Q2a/3 and
a,/6 — Qia in the above expressions.
In order to study the thermalization of the ALP, we
calculate the thermal averages of the above processes. As is
customary, the thermally averaged decay width is

075020-4
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FIG. 2. Left: The shaded area shows the region where b decays (purple) or scattering processes (orange) keep a 2 GeV ALP in
equilibrium with the thermal bath. The gray region shows the region where the number density of b quarks is too suppressed to keep the
ALP in thermal equilibrium. The dashed blue line indicates the central value of the axion coupling C,/f, required to explain the excess
observed by Belle II in B — K™ + inv. Right: Evolution of different particle yields as a function of x = m; /T for universal ALP
couplings C,/f, = Cf(‘)(/fa =6 x 107 GeV~!, and ALP mass of m, = 2 GeV and DM mass of m, =3 MeV and a vanishing UV
coupling to gluons CZY = 0. The dot-dashed cyan curve represents the ALP yield while the solid purple curve shows the dark matter
yield. The dashed orange curve shows the equilibrium yield of the b quark.

Ky(my/T)

(C(b - sa))y=T(b— sa)m,

(24)

where T is the temperature of the thermal bath, and K; and
K, are modified Bessel functions of the first and second
type, respectively. The averaged cross sections are given by,

1
<012—>34v> - ’T ng:l mlsz(ml/T)

©
X
(my+my)?

where s is the squared center-of-mass energy of the
collision and, for massless initial state particles, we use
the m; — 0 limit value m?K,(m;/T) = 2T?. These quan-
tities are to be compared with the Hubble parameter,

s, m3)

d
s

K, (\/E/T)012—>34,

(25)

T

_ g*/) (T)
3Mp

10

H(T) T2, (26)

where Mp, = 2.4 x 10'® GeV, is the reduced Planck mass
and g,, is the total number of relativistic degrees of
freedom present in the thermal bath at temperature 7.
The left panel of Fig. 2 shows that the above processes
(and the corresponding inverse ones) quickly bring the ALP
in thermal equilibrium with the SM bath. For a given value
of the ALP coupling to quarks, the orange and purple
regions, respectively, denote the temperature range for
which the thermally averaged decay width and (normal-
ized) scattering cross sections become larger than the

Hubble parameter, thus corresponding to rates fast enough
to overcome the expansion of the universe. In particular, for
values of the coupling compatible with the Belle II excess,
falCy= 10® GeV, the scattering processes thermalize the
ALP for T ~ 10 x m,.}

The above conclusion is confirmed by the right panel of
Fig. 2. Here, for representative values of the parameters, we
show a numerical solution of the coupled Boltzmann
equations for the ALP and the DM yields in terms of a
time variable defined as x = m,,/T,

Ya
vy

YIS (01 pu0) <1 R

dy,
dInx

H = Yle7q<rb—>sa> (1

e Y,
+ S(qu)2<6bl_7—>y/gav> <1 - W)
Y,
+ Yzq<ra—>SM> (1 - —eq>
. ANRS
a7 v, [T\
dlnle = 2YS T e ys) L’Zq - <?§{]> ] , (28)

¥This estimate neglected flavor-violating scattering processes,
such as bs — ag, that are discussed in Ref. [91]. In our scenario,
their only effect would be to thermalize the ALP (slightly) earlier
and this would not affect the final DM abundance and our
following results.
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Value of m, yielding Q, h? = 0.12 for m, = 2 GeV

107

105L WDM excl. =

s
L 1070 L — = 50keV
(ﬁ 1078 1 my=500keV
<3 0% o — my=5MeV
;ﬁlo—loi i — m,=50MeV
© Belle IT =500 MeV

10_11 e B - K inv - X

-12 o
10 m, > mg/2
10713 | | \ \ [ ] I
107° 3x107° 6x107° 1078

Cy/fa [GeV™']

FIG. 3. Contours of the DM mass m

4

corresponding to the observed relic abundance thz =0.12 on the (CZ;A/ fo=

Chy/fa=Cylfa Cyy/fo) plane. The 1o (20) range of C,/f, preferred by B — K +inv data is shown as a dark (light) red
band. In the upper gray region, a DM abundance not exceeding the observed amount can only be obtained for values of the DM mass
m,, < 15 keV, which are in conflict with structure formation bounds on warm DM [95-97]. In the lower region DM production through

the decay a — yj is kinematically forbidden.

where ¥,=Y,+Y, equilibrium distributions are
assumed for SM particles, and the thermally averaged rates
are normalized to the number densities of the indicated
initial state. Furthermore, a — SM refers to the ALP decays
to the SM states discussed above. The equilibrium yield of
a given particle i is given by

eq 2

Y?q = i = 4754& (m,) Kz(mi/T% (29)

s A4Ant g, \ T
where s now denotes the entropy density, g, is the number
of degrees of freedom contributing to it, and g; is the
number of intrinsic degrees of freedom of i. In the
numerical solution, we use the analytic approximation
for g,, from Appendix A in Ref. [94].

The right plot of Fig. 2 illustrates that, for values of its
couplings with quarks compatible with the Belle II excess, the
ALP is quickly produced and thermalized in the early
Universe. Subsequently, DM production through the process
a — yj takesplace and is mainly effective at low temperatures
justbefore the ALP density undergoes Botzmann suppression,
as typical of the freeze-in mechanism through decays [93]. The
resulting DM yield Y =Y, (T < m,) can be employed to
calculate today’s Universe DM abundance in the usual way.
For the numerical example of the figure, the resulting relic
density is of the order of the value inferred by cosmic
microwave background observations, Qpy > = 0.12 [65],

ot (e N (G Y
' 3MeV 6x10°GeV~!) ’

(30)

70
Q h2 — m)(Y)(so
4" 3H3M3 /h?

where we used the present Universe values of the
Hubble parameter and entropy density that, in natural
units, are, respectively, H, ~ 2.13h x 107 GeV, s, =~
2.22 x 10738 GeV?. The parametric dependence of the relic
density directly follows from the width of the production
process, Eq. (12).

C. Discussion

The above results are summarized in Fig. 3 in terms
of a flavor-universal ALP coupling to quarks (CZS’A /fa=
Ci,/fa=C,/f,) and its coupling with DM (Cy, /f,,). The
ALP mass is set to the value m, = 2 GeV that, according to
Ref. [50], gives the bestfitto BT — K™ + inv. The red bands
denote the range of C,/f, that can account for the Belle II
excess at 1o and 2. The contours show the value of m,, that
fully accounts for the observed relic density, thz =0.12.
Above each line, that is, for larger values of the DM-ALP
coupling, the m, needs to be reduced to avoid DM overabun-
dance. Lyman-a observations set a constraint on how light
freeze-in produced DM can be without being in conflict with
structure formation, m, < 15 keV [95-97], akin to the limits
on (thermal) warm DM. As shown in the figure, in combina-
tion with the relic density constraint, this sets an upper limit on
the DM-ALP coupling, C4,/f, < 1075 GeV~'. We can also

see that, as mentioned above, the natural choice Cj}){ /fa®
C,/fam (6-7) x 107 GeV~! is compatible with both the
Belle II excess and the observed relic abundance if the DM
mass is in the MeV range.

As is customary, by means of the equation of motion of
the singlet field, the derivative interaction of Eq. (7) can be

075020-6
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rewritten as a pseudoscalar interaction g,ayysy with the

A
dimensionless coupling g, given by g, = m)}& Hence,

similar to the other ALP interactions with fermions, the
DM-ALP interactions are suppressed by the DM mass.
Figure 3 shows that the range of values of the pseudoscalar
coupling consistent with the Belle II excess and the DM
abundance is g, ~ 107'2-107'°. This tiny value guarantees
that (i) DM is never in thermal equilibrium with the
visible sector throughout the evolution of the Universe,
consistently with the premise of the freeze-in mechanism,
and (i) ALP-DM interactions can not (unfortunately)
yield any substantial signal at direct or indirect DM
searches, thus trivially evading any existing experimen-
tal bound.

The above simplifying assumption of universal ALP-
quark couplings can be relaxed without affecting the
phenomenology, as long as the ALP is sufficiently long-
lived to escape the Belle II detector undetected. If the
flavor-conserving ALP-quark couplings are enhanced rel-
ative to the flavor-violating one that is needed to explain the
Belle II excess,’ Ch,| > |CY,|, the lifetime of the ALP will
be reduced, since ¢z, « (|C4,|/f4)? as shown in Eq. (19).
However, the ALP decay length is still greater than the size
of the Belle II detector for f,/ C;‘q > 4.6 x 10® GeV, which
is to be considered the lower bound for the mechanism we
propose to work. In addition, if |C4,| > |C},|, the ALP will
reach thermal equilibrium earlier, which, however, does not
affect freeze-in DM production, because the ALP always
reaches thermal equilibrium as we demonstrated above.
However, it also reduces the branching ratio for ALP
decays to dark matter and thus reduces the DM abundance,
which can be compensated by either increasing the DM
mass or the ALP-DM coupling.

III. DARK PHOTON PORTAL MODEL

The dark photon is a well-motivated scenario for a
simple dark sector with a U(1)y gauge symmetry that is
spontaneously broken by a dark scalar field ¢ of charge
Qp- We briefly review the relevant theory following
Refs. [101-104]. The Lagrangian of the dark photon model
is given by

1
LD Lgy — ZX””XW + X, B*"

2cosBy

+ (D))" (D) = V(h) —xH'Hp'¢p,  (31)

where V(¢) is the scalar potential, ¢ is the kinetic mixing
parameter between the U(1)y and the hypercharge field
strength tensors, and D, = dﬂ — igXQ,/,X u is the covariant

9Typically, quark flavor models predict ALPs with off-diago-
nal couplings suppressed compared to the diagonal ones, see,
e.g., [98-100].

derivative with the gauge coupling gy and the dark U(1)y
charge Q. After spontaneous symmetry breaking in

the dark sector through the vacuum expectation value
(VEV) of ¢,

vy toe+tia
\/E El

the dark photon acquires a mass My = |Q,|gxv,. As usual,
here ¢ is the resulting physical dark Higgs excitation, while
a is the would-be Nambu-Goldstone boson providing the
massive dark photon with its longitudinal component. To
leading order in the kinetic mixing parameter &, the kinetic
term of Eq. (31) is diagonalized by [103]

¢ (32)

£
BM—>Bﬂ+

X (33)

cos@y

and the interactions of the dark photon X, with the SM
fermions are thus given by [101,102]

Lo (eeJ;szr g eZJ,f,VC>Xﬂ, (34)

2 cos Oy

interms of the electromagnetic current J;,™ = Zf (0] f]_‘y . and
the weak neutral current JNC =Y (T3, —2Q sin? Oy ) f7,.f—
T3¢ fvursf- The quantity e, parametrizes the coupling of the
dark photon to the neutral current, which receives contributions
from the kinetic mixing term and Z — X mass mixing. It is
given by

2

M2 2
&, ~ 2etan GWM—’; ~ 2¢tan Oy, <% — etan 9W> . (35)
z z

where the physical masses of the Z bosons and the dark
photon X are to leading order in ¢ given by m; ~ M,
and m% ~ M% + e tan Oy M2, respectively. For
my =2 GeV, the BABAR search for an invisibly
decaying dark photon places an upper bound of & <
8.3 x 107* [105] which translates into an upper bound
on £, < 3.3 x 107 and thus precludes an explanation of
the excess observed by Belle II. The tight relationship
between the dark photon coupling to the electromag-
netic and neutral current may however be relaxed by a
slight extension of the model as it has been discussed in
[101], e.g., a second isodoublet Higgs H,, which also
carries a dark charge additionally contributes to the
Z — X mass mixing and thus modifies &,. Following
[101], we thus parametrize

E7 = —6, (36)

where 6 is a model-dependent parameter. As we will
see later, an explanation of the Belle II result requires
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€,~2.3x107° and thus 6§~ 1.0 x 1073, which is con-
sistent with constraints from atomic parity violation
and p%larized electron scattering that require 6 < 0.01
[101].

We further introduce two Weyl fermions y; and y with
charge Qx = —Q¢ /2 = 1, which are left handed and right
handed, respectively. The fermionic Lagrangian reads

LD jriDy + xriPyr

- [mD)_(L)(R + %xﬁxuﬁ + ijZfe)(Rfﬁ + H-C-} . (37)
After the dark Higgs develops a vacuum expectation value,
the Yukawa interactions y; p result in Majorana mass
terms m; p = yL,qug/\/E for the two Weyl fermions y; g.
A similar scenario has been discussed in Ref. [80]. However,
we consider here a different regime of the parameter space
where the dark Higgs is lighter than the singlet fermions, so
that y; r may annihilate into a pair of dark Higgs particles.

In general, the fermions y; and y§ mix with each other
through the Dirac mass term mp); yr, as discussed, e.g., in
Ref. [80]. We focus on the simplified scenario where the
Dirac mass term can be neglected and y, is lighter than the
dark photon, which in turn is lighter than y;, i.e.,

rmp <<mp <my K<my. This corresponds to the
Majorana DM case of Ref. [80] but with a light dark
Higgs. For the following discussion, it is sufficient to
consider the lighter of the two fermions. The phenomenol-
ogy is defined by the Majorana DM candidate v = y + x%

with mass mpy = mg = ygv,/ v/2 and the Lagrangian

I_,. 9x _ YR - YR _.
L=(i0—mp)y +2p Xy sy ———jyp ———iysya.
A RV YKy sy NG LA

(38)

A. Contribution to B —» K*) + invisible

For light dark photons, the B meson can decay into a
kaon K and a dark photon. The lifetime of the dark photon
is determined by the kinetic mixing ¢ and its coupling to
dark fermions, that is, the dark gauge coupling gy. The
partial decay widths for decays to SM particles are
approximately given by

1-4s% ¢,

2

3

F(X = ¢7) = S <1+2 1_4S%V+8S%V€%>,
SwCw €

8s2,ch, &
(39)

""Within the two Higgs doublet model proposed in [101],
mixing of this size can be easily realized for natural choices of the
parameters. For instance, in the limit of small kinetic mixing
(exey),ox 1073 is obtained for a VEV of the second isodoublet
Higgs v, ~ 1.5 GeV when my ~2 GeV, ay ~ 107, and Q, =
Qp, = —2 and thus v, = 10 GeV.

ezam
[(X - vp) = 452, 40
(X =) 24s3,c3, (40)
I'(X — hadrons) = I'(X — puji) x RL, (41)

where « is the fine structure constant, sy and cy,

respectively, are the sine and cosine of the weak mixing

h __ o(ee—hadrons)
angle Oy, R, = - CET R

mated the full expressions in Ref. [102] in the limit of small
lepton masses, m,, << my, small kinetic mixing &, and
small e;. Considering only decays to SM particles, we find
a proper decay length of cty = 11(2 x 1072 /¢)? um for a
dark photon with mass my = 2 GeV and ¢ = ¢, and thus X
decays promptly inside the detector for the interesting
range of € (see below). In order to explain the observed
excess in BT — KT +inv, we have to introduce a new
invisible decay channel of the dark photon, because the
invisible decay to neutrinos is of the same strength as
the decay to charged leptons and thus cannot explain the
observed excess without running in conflict with, e.g.,
measurements of B — Kuji. A well-motivated solution is
the decay to dark matter. The partial width for decays of the
dark photon to dark matter particles is given by

is the R ratio, and we approxi-

2

2 \3/2
X - wy) = aXénX <1 - 4n:}]1)M> ,
X

2

with ay = i—x, (42)
T

which is not suppressed by the kinetic mixing.
Numerically, we find that for a dark photon with
my =2 GeV, ay = 1073, e =&, =2 x 107 and a dark
matter mass of mpy = 100 MeV, the branching ratio to
dark matter is effectively 100%. As a consequence, the new
decay channel to dark matter not only can address the Belle
I excess but also weakens the bounds from visible B
decays, such as B — Kuji. Currently, the LHCb measure-
ment of B — Kuji [58] places the most stringent limit on
the kinetic mixing ¢ for dark photons with a GeV-scale
mass in the absence of additional invisible decay channels.

As already mentioned, the two-body decay B — KX can
provide a good fit to the observed excess at Belle II in
BT — KT +inv for my ~2 GeV [46,50]. We thus focus
on this scenario in the following. The alternative scenarios
with an off-shell dark photon are strongly constrained by
searches for B — Kpuji, because the invisible decay is
suppressed due to three-body decay kinematics. In the
on-shell scenario, the dark photon has a short lifetime and
dominantly decays to a pair of DM particles. Hence, the
contribution of the dark photon to B — K*) + inv is given
by the three-body decay width
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T(B— K"X (= yw))

9

/(ms-m,((*) 7 dg? [[(B— KWX)2myU(X = yy)],o 2
4

2 (¢* —mx)*+m3T%

(43)

which reduces to I'(B - K*)X)BR(X — yy) in the nar-
row width approximation.

In the SM top-W boson loops generate a monopole
coupling of the Z boson to the b and s quarks, as well as
dipole couplings of both the photon and the Z boson to b and
s. The monopole interaction of the photon is forbidden by
gauge invariance. Mixing of the dark photon with the photon
and the Z boson then results in an interaction of the dark
photon with a b and s quark, which induces two-body decay
B — K"X. The dipole interaction is described by the
dimension-6 operator m,5¢** PrbF,, and is thus suppressed
compared to the renormalizable monopole interaction
5XP;b. Hence, up to corrections of order (m,,/my)?, the
effective vector and axial-vector couplings are equal [102].
Neglecting light quarks we find the dark photon effective
coupling to b and s is approximately given by

3 *
9 eViiVa X

gr =~ (6 —7x,+x7 4+ (2+3x,) Inx,),

64n’cy 1 —x,
(44)

in terms of the weak gauge coupling g, the Cabibbo-
Kobayashi-Maskawa matrix elements V', and the mass ratio
x; = m?/m3,. The full expressions in Ref. [102] evaluate to
lgX | = 1.0 x 1078(e,/2.3 x 1075) in good agreement with
the above approximate expression. For the analysis in
Sec. III C, we use the full numerical expressions. In terms
of the above effective coupling, the decay rates take the form

X |2 3/2
I'(B— KX) = |Gys|7mp 277 (L, yg. yx)
64n Vx

[fe(m3)IP. (45)

. AR 7
DB = KoX) = B 01y ST UL (6)

h=0,=

where yg.) = m2 /mp and yy = my/mj and the rescaled
helicity amplitudes are

. 2y1/2y1/2
Hoz—(l+)’}</*2)A1(mgz)xK*X+1K71/X2A2(m§()(X%<*X—1)’
Yk+

(47)
) s 2yY/21/2
Hy = (14 yN)A (%) + K= V(md) [ xdey — 1

I+ ygs
(48)

with xgx = (m3 — m%. —m%)/(2mg-my). The relevant

form factors f,., A;, and V can be obtained from
Refs. [85,86]. As the decay rates B - KX and B — K*X
depend on the same effective coupling, the two decay rates are
related to each other with

I'(B - K*X) ~ 1.9 x I'(B - KX) (49)

for my = 2 GeV. Before presenting the available parameter
space in Sec. III C, we discuss the production of DM in the
early Universe.

B. Dark matter freeze-out production

In the early Universe DM is kept in equilibrium
with the thermal plasma through interactions mediated
by the dark photon. Its abundance is then set by the
thermal freeze-out mechanism. The relevant process is the
DM annihilation into dark Higgs bosons, yyw — ¢,
which subsequently decay to SM particles. Following
from Eq. (37), the Majorana DM candidate y couples to
the dark Higgs boson ¢ via a Yukawa interaction of
strength yp = V2mpy /vy and the annihilation proceeds
through a 7-channel diagram. The annihilation process
is p-wave suppressed and, hence, the thermally
averaged cross section is to leading order in x~! =
T /mpy given by

(ooa) = 64nazmiy (9 — 8y +2y*)y/T—y
0 4 (2 _y)4

myX

where y = m2 /mf,;. The DM relic abundance is inversely
proportional to the thermally averaged annihilation cross
section

0.1GeV\2/1073\2
Qv,hzzo.lx( ¢ )( ) fory=0.01, (51)

(50)

mMpm ax

which takes into account that a slightly larger annihilation
cross section is required for sub-GeV DM [106]. In Fig. 4
we present the result of a numerical solution of
the Boltzmann equation. Following [107] we define the
deviation from the DM equilibrium yield A = Ypy — Yy
and solve

ldlng‘;
3dInT

dx  dx X

/) SV
=DM ( >A(2Yg*M+A), (52)

where A= [x(ovyg)s/H],_, is evaluated at x =1, H
denotes the Hubble rate and s = 2z2g(x)T3/45 the
entropy density and the DM equilibrium yield Yp), is
defined in Eq. (29). Similar to Ref. [106] we read off the
final DM relic abundance at x; = 100x, ~2000. We use
the analytic approximation to the relativistic degrees of
freedom presented in Appendix A of Ref. [94].
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FIG. 4. Dark photon parameter space for mpy = 0.1 GeV (left) and mpy = 0.8 GeV (right). The yellow and gray regions are
excluded by searches for BY — K*puji [58,102] and B® — K** + inv [108], respectively. The kinetic mixing has been fixed at the
maximum allowed value of € = 8.3 x 10~* [105]. Smaller values weaken the LHCb constraint. The Belle Il Bt — K* + inv excess is
accounted for at the 1o and 26 levels in the red regions. The blue bands show the region of parameter space where the DM relic
abundance is explained by the Majorana singlet y. The solid blue line corresponds to a dark Higgs with mass m,, = 4 MeV and the blue

shaded region displays the range m, € [4 MeV, 0.99 mpy].

The dark Higgs bosons produced in the annihilation of
dark matter particles decay to SM particles. This is
enabled by the Higgs portal interaction x, which induces
mixing between the SM Higgs and the dark Higgs ¢.
Beam dump experiments place an upper bound on the
resulting scalar mixing angle 0, e.g., the search for K™ —
#t +inv at NA62 [109] constrains sin€ < 1.3 x 10~
[110,111], while big bang nucleosynthesis (BBN) and
other cosmological observations place a lower bound on
the mixing angle, see, e.g., Ref. [112] for a detailed
discussion of the parameter space. Here, the most relevant
constraint is the lower bound on the dark Higgs mass from
the requirement that a thermally produced dark Higgs
decays away sufficiently quickly, so that it does not
substantially modify BBN. The only available efficient
decay channel for MeV-scale dark Higgs bosons is the
decay to an electron-positron pair. Hence, the partial
decay width takes the form [30]

[(p—ete) 5

_ \/szmﬁmq, sin @ <
¥

2\ 3/2

1-4’"e> " (53
87 m,
To satisfy BBN constraints, we require the dark Higgs
lifetime to be shorter than 7, < 0.1 s. Together with the
constraint from K™ — 7z +inv [110,111], we obtain a
lower limit on the dark Higgs mass of m, 2 4 MeV. We
will restrict ourselves to DM masses mpy; > 100 MeV to
ensure that freeze-out occurs before BBN. Notice that
within this regime astrophysical limits from star cooling
and supernova constraints are trivially satisfied [63],

because 2mp) is much larger than the typical temperature
of the relevant astrophysical systems.

C. Discussion

Before presenting the available parameter space, we
discuss searches for the Majorana DM candidate . DM
direct detection proceeds via #-channel exchange of a dark
photon that, however, is suppressed because of the axial-
vector coupling of the Majorana fermion DM to the dark
photon. It is dominated by the vector interaction with the
nucleus and thus the nuclear-level matrix element takes
the form

9xby - _
5 (lpmy Y stom) (Eny uy ),
1 —m

M~ — (54)
where by = Zb, + (A —Z)b, is given in terms of the
number of protons Z and nucleons A and the couplings
to proton b, =2b,+ b, and neutron b, =2b,+ b,.
They can in turn be expressed in terms of the quark
couplings

g 1
b, = eeQ, + Esz <§ - 2Qus%v>,

g 1
bd = e&'Qd +E€Z (_5_ 2st‘2}V>’ (55)

which are dominated by the first term from the kinetic
mixing with the dark photon. The resulting DM-nucleus
cross section is velocity suppressed and given by
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oo — 2ax by vhm XXM (Xx + 2XnXpp + 35h0) (56)
N m% (xn + xpm)* ’

with XNDM = mN,DM/mX and the DM VelOCity UpMm- For
DM scattering off a Xenon nucleus, xy > xpy, and the
cross section is approximated by

2 2
~6.7x 1070 ¢ % _(om
on % 6.7x10 (8.3x10‘4> 103 \ GeV
UpMm 2 2
__om . 57
x <235 km/s> cm (57)

Currently, the strongest limit for DM in this mass range is
set by the Panda-X experiment [113] using the Migdal
effect, which sets the limit oy < 1.8 x 1073 cm? at
mpv = 1 GeV, which is rapidly weakened for lighter
DM masses. Hence, DM direct detection searches are
currently not sensitive to the preferred parameter space.

DM scattering off electrons does not pose any constraint.
The cross section for scattering off a free electron can
be obtained from the DM nucleus scattering cross
section written above by replacing by — —ee+
e79(=1+4s3%,)/4cy. For DM much heavier than the
electron, i.e., in the limit xy < xpy, the cross section
takes the form

2 a m 2
~37x 10792 X _(Zom
e N0 <8.3x10‘4> 103 \ GeV

Upm 2 2
x (235 km/s) em (58)

Finally, we find that there are no constraints from
indirect detection, because the dominant DM annihilation
into a pair of dark Higgs bosons is p-wave suppressed, as
shown above, and no conflict with bounds on DM self-
interactions, despite the value of the dark gauge coupling
consistent with the observed relic abundance being rather
large, ay ~ 1073, because of the relatively sizeable mass of
the mediator of the interaction, that is, the dark photon. In
the nonrelativistic limit, the DM self-interaction cross
section is

ost _ 167z vy xpm (3 — 20x3y; + 40xty,)
my (1 = dapyy)?

2 2
~ 3.5 % 10715 (X ‘D™
x (10—3 3000 km/s

xpm (3 = 20y, + 40xt,,) cm?
(1 - 4xpy)? g’

mpm

(59)

for my =300 MeV and a relative DM velocity of
3000 km/s [114]. This is far below the galaxy cluster
bound of 6/mpy < 1.25 cm?/g [115].

The results are summarized in Fig. 4. As discussed
above, the decay rate of B — K*) + inv is governed by ¢,
which is induced by Z — X mass mixing, while the visible
decay B — Kpujpi depends on both ¢ and ¢, through the
leptonic decay width of X. In the figure, the kinetic mixing
has been fixed at the maximum allowed value ¢ = 8.3 x
1073 [105]. Smaller values suppress the branching ratio of
BT — K™ uji and therefore weaken the constraint obtained
by LHCb [58,102]. For my = 2 GeV, the dark photon can
explain the excess in Bt — KT +inv at 16 (20) in the
region shown in (light) red, which was obtained using
[0.5,0.9] x 107> ([0.4,1.1] x 107°) for the new physics
contribution [50]. The gray and yellow regions are
excluded by searches for B — K* +inv that place the
upper limit BR(B® - K** +inv) < 1.8 x 107 [108] and
by the LHCb search for BT — K*uj [58], respectively.
Combining the latter results with the SM predictions
quoted in Table 1 of Ref. [102], we impose the upper
limit of BR(B* — K*X(— pji)) <3.6 x 107 for my =
2 GeV. As we can see, our dark-photon scenario is unable
to explain the Belle II excess at 1o because of the tight
constraint from B — K* + inv, but it is consistent with the
observation at 2¢.

Finally, let us note that the observed cosmic DM
abundance is governed by the dark fine structure constant
ay and the DM mass mpy. For ay <1074 the DM
abundance overcloses the Universe, because the dark
Higgs VEV is much larger than the DM mass. The correct
DM relic abundance Qy,hz =0.12 is obtained within
the narrow blue bands for dark Higgs masses
m, € [4 MeV,0.99 mpy]. Tuning the dark Higgs mass
further m, ~ mpy; allows larger values of ay. The solid
blue line assumes a dark Higgs mass of m, =4 MeV,
which is the lowest possible value consistent with BBN and
direct searches as discussed in Sec. III B above.

IV. CONCLUSIONS

We presented two simple models that may explain the
excessin Bt — K™ + inv observed by Belle Il in terms of B
decaying to a bosonic mediator, which subsequently decays
to fermionic dark matter able to account for 100% of the
observed relic abundance. Both scenarios address the
excess in terms of the two-body decay into a =2 GeV
boson, which was shown to provide a good fit to the
data [50]. The ALP model is able to account for the observed
excess in BT — K™ + inv below 16, while the dark-photon
scenario is more tightly constrained by B — K* + inv and
thus can only account for the excess at the 2o level.

The models, however, differ in the lifetime of the
mediator, and the production of dark matter in the early
Universe. While the ALP is long-lived and escapes the
detector, the dark photon decays promptly into dark matter.
Furthermore, the vastly different interaction strength of the
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mediator-DM coupling governs the DM production in the
early Universe.

In the dark photon model, the Belle II excess requires a
sizeable kinetic mixing that allows the dark matter to fully
thermalize. Hence, DM production is based on the freeze-
out mechanism and the relic abundance is set by the cross
section of the DM annihilation into a pair of dark Higgs
particles that subsequently decay to light SM particles.

Conversely, in the ALP scenario, the DM candidate is
feebly coupled and produced through the freeze-in mechanism
from ALP decays. The ALPitselfis produced through b-quark
decays, b — sa and 2 — 2 scattering processes like bg — ba
and bb — ga, and reaches thermal equilibrium for temper-
atures close to the b-quark mass. Hence, the DM abundance is
largely insensitive to the ALP couplings to SM fermions as
long as they are sufficiently large to guarantee the
thermalization of the ALP. We demonstrated that universal
fermionic ALP couplings with C,/f,, = C4,/fa =~ (6-T) X
1072 GeV~! are able to explain both the dark matter relic
abundance and the observed excess in BT — KT + inv.

Current dark matter direct detection experiments are
unable to probe the available parameter space. Future DM
direct detection experiments may be able to probe the dark-
photon scenario using the Migdal effect. The current exclu-
sion limit of the Panda-X experiment is close to the preferred
parameter space for DM masses close to 1 GeV.

The recent analysis of BT — K™ + inv events by Belle IT
[1] was only the first measurement of this kind. Belle II is
also expected to measure other rare B meson decays, such
as B — K* + inv reaching an ultimate sensitivity down to
O(10%) of the SM prediction [116]. A future measurement
of B— K*+inv will directly probe our dark-photon
model, since the decay rate is directly correlated to

B — K +inv, see Eq. (49). There is no such tight corre-
lation in the ALP scenario that we considered. However, a
UV completion of the model may introduce a connection
among the chiral ALP couplings to fermions thus increas-
ing the predictivity. Finally, we note that the light dark
Higgs boson in the dark photon model might contribute to
Kt - 7" +inv and partially explain the mild excess
recently observed by NA62 [117] via the two-body decay
K* — n"¢p. We leave the discussion of these interesting
extensions of our models to future work.
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