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Abstract The Belle II collaboration has recently observed
the rare decay B* — K *vv, finding an excess with respect
to the Standard Model prediction. We explore the possibil-
ity that the data entails long-distance interactions induced by
a massless dark photon, yp,. This couples at the tree-level
to an invisible, dark sector and to the Standard Model via
higher-dimensional operators, such as the chromomagnetic-
dipole coupling that we use to explain the excess. As the
process BT — KTy, is forbidden by angular momentum
conservation, the transition mediated by the off-shell dark
photon yields a three-body final state comprising a pair of
dark fermions that show as a missing energy continuum in
the detector, faking the neutrino signature. We show that the
Belle Il data is explained for perturbative values of the param-
eters of the model. This scenario predicts new contributions
to the neutral B meson decays BY - K *yp, in which the
emission of a on-shell dark photon is allowed, yielding a
monochromatic missing energy signature. Analogously, an
excess due to the emission of a dark photon is predicted for
the B? — ¢ + Eniss decay that could be scrutinized next at
the LHCb experiments.

1 Introduction

The flavor changing neutral current (FCNC) processes show-
ing in the B meson decays are a powerful tool for new physics
(NP) searches. In particular, the semi-leptonic decays pro-
ceeding at the quark level through the » — svv transition
offer an excellent arena to test the Standard Model (SM) pre-
dictions. Due to the absence of FCNC at the tree-level in
the SM, these processes are also inherently sensitive to any
NP interacting with quarks and leptons and, consequently,
quite useful to constrain possible radiative effects sourced
by heavy states beyond the SM.

#e-mail: emidio.gabrielli@cern.ch (corresponding author)

Recently, the Belle II collaboration has measured the
branching ratio (BR) related to the rare decay BT — K v
observed with a 3.5¢ significance. The observation relied on
two different strategies for measuring the BR: the standard
hadronic-tag (had) method and the novel inclusive-tag (incl)
technique. The branching ratios obtained are [1,2]

BR(BY > K v = (1170340%) x 107,

(1.1)
BR(BT = K vd)ing = 2.7£0.5+0.5) x 107>, (1.2)

where the quoted uncertainties correspond to the statistical
and systematic errors, respectively. The combination of these
measurements gives

BR(BT — KT vi)exp = (2.3£0.7) x 1077, (1.3)

to be compared with the corresponding SM prediction [3—6]
BR(BT — KTvi)gm = (4.29 £0.23) x 1079, (1.4)

where the long-distance SM tree-level contribution from
Bt — tT(— K™Tv)v was subtracted [5].

As we can see, the BR measurement (1.3) shows a 2.70
discrepancy when compared with the SM prediction (1.4).
The mismatch is driven by the inclusive-tag result and, since
the hadronic-tag value is consistent with the SM expectation
within errors, it could well be due to unknown uncertain-
ties pertaining to the new method; future measurements will
certainly clarify this issue.

In the meantime, one may wonder if the signal shows
a preliminary hint of physics beyond the SM. In this case,
the corresponding contribution to the BR indicated by the
experiment is

BR(BY - K vi)np = (1.9+0.7) x 107 . (1.5)

The possible deviations of semi-leptonic B decays with neu-
trino final states from the SM predictions stem from two dis-
tinct classes of NP contributions. The first one, associated to
the so called indirect-NP effects, is related to the presence of
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heavy NP particles that add to the SM Wilson coefficients of
the interaction Hamiltonian describing the B semi-leptonic
decays in the SM effective field theory approach. The other
one is related to the so called direct-NP effects, and is linked
to the presence of new invisible particles(antiparticles) X (X)
that could be produced via two-body BT — KX or three-
body BT — K1 XX decays, depending on the spin. When
these particle are stable (or long-lived enough to escape the
detector), they mimic the neutrino missing energy signature
expected for BT — KT within the SM. Several recent
studies have suggested NP interpretations of the Belle II
result, both in the framework of indirect [7-13] and direct
NP effects [12,14-20].

In order to explain the Belle II result, we focus here on
the latter possibility ascribing the excess to a pair of light
dark fermions, Q;, produced in the BT — K1 Q; Q; tran-
sition via long-distance interactions mediated by a massless
dark photon y,. On general grounds, it is also expected that
the same new FCNC interactions give contributions to the
B® — K* transition, which presently is consistent with
the SM predictions for B — K*vv. Dark fermion pro-
duction in B meson decays via short-distance interactions
mediated by 4-fermions operators has been also considered
in [21].

Massless dark photons are the quanta associated with an
unbroken U (1) p gauge symmetry of a hypothetical dark sec-
tor, comprising particles that do not partake in the SM interac-
tions. The dark photon scenario [22-26] has been extensively
analyzed in the Literature, mainly in its massive limit, and
is the subject of many current experimental searches [27] —
see [28] for arecent review. Massless dark photons have been
explored in the context of astrophysics and cosmology as
sources of long range interactions (“dark electromagnetism’)
among the dark matter constituents [29-37]. Massless dark
photons have also been employed to explain the SM flavor
hierarchy puzzle [38,39] and the experimental tests of this
scenario involving Higgs physics [40—47], flavor-changing
neutral currents [48], kaon physics [49], and Z physics [50—
52].

Unlike the massive case, a massless dark photon does not
have tree-level interactions with ordinary matter and, for this
reason, is much less constrained by experiments [25,28].
Contact with the SM is provided by effective couplings
sourced at the loop level by heavy messenger fields, which
connect the SM and the dark sector. For the SM fermions, the
lowest-order coupling with the dark photon is provided by
the magnetic-dipole operator [28,53] that could also induce
FCNC transitions [48]. Hence, assuming that the dark sec-
tor comprises N¢ light dark fermions enjoying an unbro-
ken U(1)p symmetry (a dark sector replica of QED), we
study the inclusive decay BT — KT Q;0; due to the
“dark” chromomagnetic-dipole operator for the b — syp
[48] process, including the relevant Sommerfeld-Fermi cor-

@ Springer

rections [54]. The decay Bt — KTy, is precluded by
angular momentum conservation for a real massless dark
photon. Consequently, the long-distance process underlying
the transition must necessarily involve a virtual state yield-
ing a dark fermion pair in the final state and the resulting
BT — K*Q;0; decay can be used to explain the Belle II
excess ascribed to Bt — KTvv. Differently, the emission
of a real dark photon is allowed in the related B” — K*y,,
decay, which can be used to constrain the scenario since no
events have been observed so far for this process. For the
same reason, the scenario also entails the presence of a NP
signal showing as B‘? — ¢+ Enjss at dedicated searches and
potentially observable already at the LHCb experiment.

The paper is organized as follows. In Sect. 2 we provide
the theoretical framework describing the dark photon sce-
nario and the relevant FCNC couplings. In Sects. 3 and 4 we
provide analytical and numerical results for the branching
ratios of Bt — K1Q;0; and B — K*y,, respectively.
In Sect. 5 we analyze the Belle II excess and the constraints
due to the BO — K*vi process. In Sect. 6, instead, we pro-
vide the predictions of the scenario for the B — ¢v decay.
Finally, our conclusions are given in Sect. 7.

2 Theoretical framework

In this section we analyze the Belle II excess within the
framework of a NP scenario that leverages the phenomenol-
ogy of dark photons.

Broadly speaking, dark photon models can be categorized
into two distinct classes depending on whether the corre-
sponding field quanta are massive or massless. The choice
yields very different experimental signatures: a massless dark
photon does not possess tree-level couplings to any SM
current and is thus allowed to interact with ordinary mat-
ter only through operators of dimension higher than four
[25,28,53]. Differently, massive dark photons can couple
to ordinary matter via a renormalizable operator of dimen-
sion four involving an arbitrarily small charge [25]. The
two classes are disjoint, in that the massless case cannot be
obtained as a limiting case of massive dark photon models.
For the sake of explaining the Belle II excess, we will resort
to a massless dark photon.

In order to describe the FCNC interactions causing the
b — s transition of interest, we use the following effective
Lagrangian involving b and s quarks

I
Lo = = [50,ub] Fy* +h.c., 2.1
2A
where 0, = i/2[yu, yv], and the Fi' = orA) — dVAL is
the dark photon field strength tensor. The effective scale A
depends on the couplings and masses of the dark and messen-
ger sectors as specified in Ref. [48]. In addition, we assume
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that the dark photon is coupled to dark fermions in a way
reminiscent of QED within the SM,

Laark =ep Y _qi [QivuQi] A} (2.2)
i

where the index i indicates the dark fermion generation, e,

is the coupling of the U (1) p group with the corresponding

dark fine-structure constant o, = e% /4w, and g; are the

corresponding charges of the dark fermions Q;.

3 Decay width for Bt - K+ Q0

Consider now the B™ meson decay

B¥(ps) = K™ (px) Qk1) Q(ka) (3.1

where pj, px, and ki » are four-momenta and Q stands for a
generic dark-fermion Q;. For simplicity we assume all dark
fermions have unit charge ¢; = 1.!

Using the interaction Lagrangian terms in Eq. (2.1)
and Eq. (2.2), the corresponding decay amplitude is given
by

M = —°P(K|[55,,b]| B)

9" r 5
" [or*0], (3.2)
where s = g2 and g"* = k| + k> is the off-shell dark photon
momentum. In order to simplify the notation, in the following
we often leave the charge specification for the B+ and K™
mesons understood.

For the tensor hadronic matrix element (K |so,,,b| B), we

use the parametrization provided in Ref. [55], obtaining
(K (Pl [50,00g"b] |1 B(ps))

. Jr(s)
= i[(pp + PiOws — auny —m) | T2 (33)
mp+mg
where the form factor f7(s) was computed in Ref. [56] by
using the light cone sum rule (LCSR) approach. Its expres-

sion, as a function of s, is given by

_FO
Jre) = lis/mres"[‘
x {1+b1T[ (s) —2(0) + ( ($)* —z2(0) )“ . B4
with
«5) = Vi —s -V -
ViE =S+ VT = 10

to:ﬁ(ﬁ— ‘E+—‘L'_>, Ty = (mp £mg)>.
3.5

! This setup serves to approximate more general scenarios where dif-
ferent generations of dark fermions have charges of the same order
of magnitude: the overall coupling strength can be reabsorbed in the
definition of «,.

The values of the blT and fr(0) coefficients, as well as of
the resonance mass ms T, can be found in Ref [56]. Then,
following the notation of Ref. [55], the differential decay
width d I"/d5 for the process B — K Q; Q; is found to be

drk apmy (. iS)?
ds :32n2m§A2u(s)<Ms)_ 3 )
02
AP, (3.6)

where § = s/m%, mp = mp/mp, Mg = mg/mp, with
my, the b quark pole mass, and m g and mg the B+ and K™
masses respectively. The functions A(5) and «(5) are defined
as

~2
A . mo
i) =26 (1-4=2), (3.7)
S
AS) = 1 +my +8§2 =25 —2m%(1+5),
where r?LQ =mg/mpg, and m g is the dark fermion mass.
By integrating the differential width in Eq. (3.6) over the

kinematic range of §,
4y < § < (1 —rmg)?, (3-8)

and dividing by the B total width, we obtain the following
value for the relevant BR,

2
- 10°TeV
BR(BY — K*00) ~5.43 x 10—6< Ae ) b
3.9)

valid for nA1Q =~ 0. For comparison, the SM result for the
differential width is given by [4]

I
d§
Grmyal, ViV,
16275 sin® Oy
where X; ~ 1.462 (including the NLO QCD corrections
[57-59] and two-loop EW contributions [60]) V;; and V;g are
the CKM matrix elements, Oy the Weinberg angle and oy
the QED fine structure constant evaluated at the top-quark
mass scale. For the input parameters in Eq (3.10) we use
the central values [4] Ole = 127.925, sin? Oy = 0.23126,
[Vip Vil = 0.0401. The form factor f(s) is computed in
LCSR approach [56] and is related to the matrix element of
the vector operator as

(K (Pl [57:0] 1B(ps))

(BT = KTv)
|2

LIP3,

(3.10)

2
= f+(S)[(PB + PK) Zs . quu]
m%
+ K fo(s)qp - (3.11)
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Its expression is given by [56]

f+(0)

2
1- S/mres.+

X {1 + bf' [z(s) —z(0) + %(Z(s)z _ z(0)2>]} , (3.12)

fr @) =

where the values for the coefficients bfL and resonant mass
Myes,+ can be found in Ref. [56]. Notice that, for vanishing
dark fermion masses, the ¢ distributions in Eq. (3.6) tend to
the SM contribution modulo an overall multiplying factor.

3.1 Sommerfeld-Fermi and dark magnetic-dipole
corrections

The Sommerfeld-Fermi enhancement (SF) [61,62] is a long-
distance correction to the amplitude in Eq. (3.6) relevant for
the large values of o required to explain the excess. The
re-summation of the leading log terms induced, in this case,
by the soft photon-like corrections, is equivalent to the inclu-
sion of the Coulomb interaction in the wave function of final
states [63]. In our case, the contribution is particularly impor-
tant in a kinematic regime where the final charged particles
are non-relativistic in the rest frame of the decaying B meson.

The SF correction can be accounted for in the computa-
tion of the differential branching ratio by including the cor-
responding overall enhancement factor [54]

drf = @(pn)drk,

2rang? 1
Q(Br2) = —— : (3.13)
ﬂlz 27101[)(1[2
1 —exp ~ By -
where d "X is given in Eq. (3.6) and
(3.14)

with g; being the U(1)p charge of the dark fermion of the
generation i (that we set to unity in our analysis). For sce-
narios with large values of op >~ (O(1), the SF provides
large contributions also in the g2 region away from the dark
fermion production threshold. Furthermore, in the presence
of this correction, the dependence of the differential BR on
op is more involved than in Eq. (3.6), where the parameters
simply gives an overall multiplying factor.

The effect of SF corrections is shown in Fig. 1, where
we plot the dependence of the relevant differential BR on g2
for three generations of dark fermions and different values
of the NP parameters, including (solid lines) and omitting
(dashed lines) the SF enhancement. The SM result, included
for reference, is shown in black. As we can see, the effect of
the SF correction is quite large: over the relevant kinematic
region, the SF correction results in an enhancement of the
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differential BR by a factor of about 5 for the examined cases
of ap =0.7and ap = 1.0.

Besides the SF enhancement we scrutinize also the impact
of radiative corrections sourced by the dark U (1) interaction.
As the SM particles do not partake in it, the corrections affect
only the diagram involving dark fermions. These include, at
the one-loop level, the dark photon — dark fermion vertex
and the self-energy diagram of the latter. Since we are inter-
ested in long-distance effects, we retain only the O(« ) dark
magnetic-dipole corrections affecting the F> form factor —
which multiplies the o, operator in the dark fermion effec-
tive vertex. The correction is relevant for large values of o),
in the ¢ region close to the kinematic threshold and can be
included in the computation by replacing the function A(S)
in Eq. (3.6) with

A@) — A(&)[l + AM(§)], (3.15)

where the correction Ay (s) is given by [64]

1
A (@) = g Re [R6)] + 5 [RG) (5 +8ih )

(3.16)
and the magnetic form factor F>(5) is
N o m
Fa) = 5
s(s — 4mQ)
2rh2Q — 54 /565 — 4m2Q)
x log , 3.17)

~2
ZmQ

with log the logarithm in the natural basis. Differently from
the case of the SF correction, we find that the integrated effect
of the magnetic-dipole correction on the g2 region relevant
for the Belle Il excess, being at the percent level, is negligible.

4 Decay width for B — K* y,

As mentioned in the introduction, the presence of a dark
photon can also affect other decay processes involving the
b — s FCNC transition. In particular, angular momentum
conservation allows the emission of an on-shell massless dark
photon in the following decay of the B neutral meson

B(ps) — K*(px) vo(q) (4.1)

where pp, pk, and ¢ indicate the involved four momenta.
The process, which proceeds analogously to the B — K* y
decay in the SM, is induced by the interaction Lagrangian in
Eq. (2.1) used to model the decay in Eq. (3.1).

The matrix element for this transition is given by

—ieD

M:A

(K*| [50,0q" D] 1BY)eb (q)

4.2)
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Fig. 1 Differential BR for the

A =9.56 x 10* TeV, Ng =3

process BY — Kt QQ asa
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.
~

function of the missing energy
q?, for Ng = 3 generations of
dark fermions all with mass )
mg = 0.5 GeV. The dashed ! /
lines use the expression in Eq. %
(3.6), whereas the solid lines .9. 1075¢ -
include the SF correction, Eq. _ Eo
(3.13). The SM result, in Eq. S /
(3.10), is shown in black +
~
+T wr e
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=[x
=< |1 -
1078} -
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, NoSF
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where ¢/ (¢) is the dark photon polarization vector. For the
tensor hadronic matrix element (K *|50,,,0| B%) we use again
the parametrization provided in Ref. [55], which in the gen-
eral case of g> # 0 gives

(K*(pi)| [50,000"b] 1BO(ps)) = i2€,000p ™ 2 pLTi (5)
+71>(s) [sL (m% — m%(*) - (8* 'Ps) (ps + PK)M]

k

where ¢ and m g+ are the polarization vector and mass of the
K* meson, respectively, and m p is the B9 mass. The terms
T1.2,3(s) are form factors and the convention €pj23 = +1 is
used for the Levi-Civita symbol. Only the T (s) form factor
contributes to the matrix element of Eq. (4.3) for the operator
[So,vg"b], while T> 3(s) = 0O due to parity.

By combining the effective Lagrangian in Eq. (2.1) with
the hadronic matrix elements in Eq. (4.3), we obtain for the
corresponding decay width [64]

7 (ps + Pk)u
K*

S
+T3(s) <8T : pn) [% - W
4.3)

~ 3
my |Ti(0) (1 — m%.)
327 A2

I'B° = K*yp) = (4.4)

’

where mg+ = mg+«/mp and T1(0) >~ 0.28 [56] is the
hadronic form factor evaluated at s = 0 and defined in
Eq. (4.3).

Finally, the BR of the process under scrutiny then is

2
) . 4.5)

Present searches from the BaBar [65] and Belle [66] col-
laborations have only set upper bounds on the BR(B® —
K* vv) which is compatible with the SM expectations [3]. In

105TeV
A

BR(B” — K*yp) =2.47 x 107° (

10 20

q* [GeV?]

particular, the most recent result by the Belle collaboration is
BR(B? — K*v) < 2.7x 1072 at 90% C.L. [66]. The invis-
ible vV system shows as continuous missing energy Ep;ss dis-
tribution in the detector and a kinematic cut Ejss > 2.5GeV,
in the B meson rest frame, has been used in the analysis.

It could be thought that the upper bound on BR(B? —
K*v1) may be used to constrain also the B — K*y,, decay.
However, the experimental signatures of the two processes
differ in that the final state possesses different kinematic
properties. In more detail, the two-body decay B® — K*y,,
yields a monochromatic missing energy distribution set at
the specific value Ey,, = Emiss = 2.56GeV in the B rest
frame. As mentioned before, three bodies decays such as
BY — K*vb result instead in a continuous E s distribu-
tion. For this reason, strictly speaking, applying the limits in
Ref. [66] to the BR(B0 — K* yp) is not completely correct
and a dedicated analysis would be required to set limits on
the process [67]. Bearing this caveat in mind, in the follow-
ing we will still assume that the Belle upper bound on the
BR(B? — K*vv) [66] holds true also for the B — K*y,,
decay and analyze its phenomenological implications within
the present context. We remark that this constraint is compa-
rable to the limit BR(B? — K*vd) < 5.3 x 107> obtained
in Ref. [68] by recasting the BaBar result [65] for searches
involving a light axion in place of the dark photon.

Imposing the experimental upper limit on BR(B? —
K*vv) < 2.7 x 107 gives a lower bound,

A>9.56 x 10*TeV, (4.6)

that is about 32 times stronger than the one obtained from
the inclusive decay BR(b — s Xjny) < O(10%) [69]. Notice
that bounds from B? — B0 oscillations [21] do not constrain
the effective scale A entering the b — sy transition: the
box diagrams involved in the oscillation do not depend on

@ Springer
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the couplings responsible for generating the scale A in the
UV completion of the theory. We also remark that the bound
in Eq. (4.6) allows the framework to satisfy also the NP
constraint due to the B — Xy decay at 95% C.L. even
when large values of «, are considered [64]. The relevance
of this latter bound, however, strongly depends on the UV
completion of the theory describing the emergence of the
effective scale A. Finally, we would like to stress that also
the constraints from the B? — invisible decay, implemented
here by the BY — Q; Q; process, do not apply. Indeed, the
magnetic dipole interaction vertex in Eq. (2.1), allowing the
B? — Q;Q; decay, yields a contribution that identically
vanishes since (O|[§0Wq”b]|B?(q)) = 0.

5 Fitting the Bt — KT vv excess

Here we consider the impact of the massless dark photon
scenario on the present 2.70 discrepancy in Eq. (1.4) with
respect to the SM prediction for the BR of BT — K*tvb
decay. As discussed in the introduction, we assume here that
the difference due to NP effects in Eq. (1.5) with the missing
energy is carried away by the dark fermion in place of SM
neutrinos.

In order to simplify the analysis, we fit the excess in Eq.
(1.5) assuming the production of Ng generations of dark-
fermions all with unit charge and consider the inclusive
dark fermion decay defined as BR(BT — KT Qx0yx) =
ZfV:QI [BR(B™ — K*Q,;0/)]. Accounting for the con-
straint discussed in the previous section and for the SF cor-
rection we have

BR(B? — K*yp) 072
BR(B* - K+Qx0x)ss No

for ap, ~ O(1),
(5.1)

and imposing BR(B* — KTQx0x) =BR(B* — K+ +
inv)xp ~ 1.9 x 107 from Eq. (1.5), then gives
1.37
BR(B? > K*yp) >~ — x 107°. (5.2)

Nog
Since no excess has been observed for the B — K*vi

transition, applying the upper bound on BR(B? — K*vv) <
2.7 x 107 to the BR(B® — K*y,)) we obtain

No > 1, (5.3)

for the number of dark fermion generations. Equation (5.3)
then shows that a strong (but still perturbative) dark photon
coupling to the dark sector, «, ~ O(1), allows to explain the
excess in the decay BR(B™ — K Tv¥) through the incoher-
ent production of N light dark fermions.

In Fig. 2 we show the parameter values for which our
scenario can reproduce the Belle IT excess through Eq. (3.13).

@ Springer

The yellow horizontal band in the top panel shows the 1o
confidence interval identified by the experiment. The colored
lines show the solutions of the model for the indicated values
of the dark fermion masses, assuming three generations of
particles degenerate in mass. As we can see, the anomaly can
be matched for perturbative values of the (universal) dark
fine-structure constant «/p. In the plot we used the value of
the effective scale A saturating the lower bound in Eq. (4.6).
The bottom panel shows instead the value of the BR relevant
to reproduce the excess as a function of the same scale and o,
for a benchmark value of the dark fermion mass, mg = 0.5
GeV, shared by three generations of particles. The constraint
in Eq. (4.6) excludes the area below the black dashed line.

The relation that the scenario establishes between the
decays BY — K*yp and BT — KTQy QX is explored
in Fig. 3. The solid lines show the ratio of the corresponding
BRs as a function of «,, obtained for Ny = 3 generation of
dark fermions sharing the indicated mass values. Importantly,
the dependence of the BRs on the effective scale A drops out
in the ratio. The red dashed line shows the value supported by
the NP interpretation of the Belle IT excess, Eq. (1.5), once the
upper bound BR(B? — K*vi) < 2.7 x 1072 is assumed.
The latter excludes the solutions falling in the area dashed in
red. Future measurements of BR(BO — K™*vv) can be used
to constrain the value of the dark fine-structure constant o
and a simultaneous fit of the Belle II excess would then allow
the determination of the effective scale A.

6 Predicting a possible signal in B;’ decays

In the previous section we have shown that the Belle IT excess
in Bt — KTvb can be explained by the production of dark
fermion pairs in the process BY — KT Q; Q;, mediated by a
massless off-shell dark photon. In order to test this interpre-
tation of the Belle II data, we seek further phenomenological
consequences of the same interaction Lagrangian (2.1) used
to model the excess.

The magnetic-dipole operator in Eq. (2.1) for the b —
s transition can also contribute to the B? — ¢vv decay,
thereby inducing an excess over the SM predictions for B? —
¢ [70]

BR(B? — ¢pvi)sm = (1.4 £0.4) x 1075 6.1)

The process B — ¢y, shows in experiments as BY —
¢ + Emiss with the massless dark photon carrying away an
energy Enmiss = 2.59 GeV in the B‘? rest frame, in complete
analogy with the B — K*y,, transition. The present upper

limit on this BR comes from LEP data and is given by [71]
BR(B? — ¢pvi)exp < 5.4 x 1073 (6.2)

at 90% confidence level.



Eur. Phys. J. C (2024) 84:460

Page 7 of 10 460

Fig. 2 Values of the parameters
for which the scenario can

A =9.56 x 10* TeV, Ng =3

explain the Belle II excess
through the BR given by Eq. |
(3.13). The top panel shows
three different solutions -
obtained by varying the mass _ F
value shared by three generation ‘g
of dark fermions for the value of i
the effective scale A indicated N
by Eq. (4.6). The bottom panel
shows the dependence on the T
effective scale and dark + — mg = 0.5 GeV
fine-structure constant ¢, of the @,
BR obtained by integrating Eq. ~ — mg = 0.8 GeV
(3.13) M
— mg = 1.0 GeV
109} N
0.1 0.2 0.5 1.0
ap
BR(B" = K*QQ) /107°
8.40 25
8.35}F
8.25}F
/?
2.0
<> 8.20F
@)
~——
S 815}
o0
°
310l 1.75
8.05}
1.5
8.0}
7.95 : .
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
1.25

The prediction of the scenario for the BR(B? — dYp)
can be obtained by noticing that the transition depends on the
same hadronic matrix element (the magnetic dipole operator
(¢|[sa,wb]|B?)) that enters the B? — ¢y decay. The same
holds true for the matrix element (K*|[so,,,b]|B°), which
enters both the BR(B® — K*y,) and BR(B" — K*y).
The ratio measured at LHCb [72]

BR(BY? — K*y)

BR(B? = ¢y) = 1.23 (6)star (4)syst (10)ﬂ/fd, (6.3)

RK*¢ =

ap
where the third uncertainty is associated with the ratio of
fragmentation fractions f;/f4, allows us to infer the hadronic
0_,
tensor form factor TIBX ? for the BR(B? — ¢yp) —or, anal-
ogously, for the BR(B? — ¢y) — from the corresponding

tensor form factor TIBO_’K* of BR(B? — K*y,)in Eq.(4.3)
evaluated at s = 0. In particular, Ref. [73] gives

Riep = |rg=¢|*Cxep (1 + 8wa) . (6.4)

@ Springer
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Fig. 3 Dependence of

BR(B? — K*yp)/BR(BT — —
KT QxOx) on the dark
fine-structure constant ¢p,. The 7
ratio is for Ng = 3 generations T
of dark fermions sharing the
indicated mass values and does / i
not depend on the effective scale Z
A. The dashed red line indicates
the value obtained for the NP
interpretation of the Belle IT
excess, Eq. (1.5), assuming the
current experimental bound
BR(B? — K*vb) < 2.7x1077.
The latter excludes solution
falling in the area hatched in
red. Future determinations of
BR(B® — K*v) can be used
to constrain the parameter space
of the model as described in the

~
T
N

BR(B+ = K+QQ)
(3] w
A
N N

BR(B® — K*vp)

o
=
T

0.2}

— mg =0.5 GeV
— mg = 0.8 GeV
— mg = 1.0 GeV

text 02

where the term dw 4 >~ 0.02 contains weak interaction cor-
rections,

T7B—>K*
FK*¢ = — %o 7 > (65)
TIBS—>¢
and
3 2 2
Crog = 72 (@) Lome /M) o1 (66)
TRo \ /B, 11— mé/m%s

Since 8y 4 is negligible, we approximate Rgxg =~ r12<* é and
with the central value from Eq. (6.4) extract rg=4 to predict
the BR(BY — ¢y,) to be

10°TeV

BR(B? — ¢yp) =4.02 x 107° "

6.7)
Finally, by using the value of the scale A saturating the lower
bound in Eq. (4.6) we obtain

BR(B! — ¢yp) S2x 107, (6.8)

in agreement with the current constraint (6.2) from LEP
searches. Importantly, the upper bound could fall within
the sensitivity of future LHCb searches, as well as within
the reach of future collider experiments running at the Z-
pole [74,75].

7 Conclusions

We have shown that the recent measurement of BR(BT —
KTvv) by the Belle II Collaboration, yielding a 2.70 dis-
crepancy with respect to the SM prediction, can be explained
by dark fermion pair production through the process BT —
K+ Q;0Q; mediated by an off-shell massless dark photon.

@ Springer
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The excess can be fitted with dark fermion masses of the
order of 500 MeV, which experimentally result in a miss-
ing energy signature. The absence of the two body decay
BT — K*yp is ensured, for a massless dark photon, by the
angular momentum conservation.

Since a dark photon emission is allowed in the B —
K*yp transition, the lack of an observed signal related to the
BY — K*vi decay gives Ng Z 1fora, ~ O(1). In regard
of this, large but perturbative values of o, are still experi-
mentally viable for a massless dark photon, as the scenario
is only loosely constrained due to the naturally suppressed
couplings with the visible sector. We also remark that the
bound for the B — K*v process cannot be straightfor-
wardly taken at face value to constrain the scenario via the
related B - K *yp due to differences in the kinematics of
the involved final states.

If the proposed dark fermion production mechanism is
responsible for the Belle II excess, we predict the appear-
ance of NP signals in the B — ¢y, decay (and in B —
K*yp, should the aforementioned bound not hold), which
could be scrutinized at the next LHCb experiment. These
searches are crucial to test the massless dark photon inter-
pretation of the Belle Il excess in Bt — Ktvb decays. The
expected phenomenological signature, in both channels, is a
monochromatic missing energy distribution centered at the
value Enjss = 2.56GeV and Eniss = 2.59GeV in the B
meson rest frame, for the B — K*y,, and Bg — ¢@yp tran-
sitions, respectively. We urge the experimental collaborations
to start dedicated analysis targeted at these decay modes.
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