PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: March 15, 202/
ACCEPTED: May 29, 202/
PUBLISHED: June 25, 2024

Deciphering the Belle Il data on B — Kvv decay in
the (dark) SMEFT with minimal flavour violation

Biao-Feng Hou®,* Xin-Qiang Li,** Meng Shen®,* Ya-Dong Yang %
and Xing-Bo Yuan®¢

@[nstitute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE),
Central China Normal University,
Wuhan, Hubei 430079, China

bCenter for High Energy Physics, Peking University,

Beijing 100871, China

¢Institute of Particle and Nuclear Physics, Henan Normal University,
Xinziang 453007, China

E-mail: resonhou@zknu.edu.cn, xqli@ccnu.edu.cn,

shenmeng@mails.ccnu.edu.cn, yangyd@ccnu.edu.cn, y@ccnu.edu.cn

ABSTRACT: Recently, the Belle II collaboration announced the first measurement of the
branching ratio B(B™ — K*vw), which is found to be about 2.7¢ higher than the Standard
Model (SM) prediction. We decipher the data with two new physics scenarios: the underlying
quark-level b — svv transition is, besides the SM contribution, further affected by heavy new
mediators that are much heavier than the electroweak scale, or amended by an additional
decay channel with undetected light final states like dark matter or axion-like particles. These
two scenarios can be most conveniently analyzed in the SM effective field theory (SMEFT)
and the dark SMEFT (DSMEFT) framework, respectively. We consider the flavour structures
of the resulting effective operators to be either generic or satisfy the minimal flavour violation
(MFV) hypothesis, both for the quark and lepton sectors. In the first scenario, once the MFV
assumption is made, only one SM-like low-energy effective operator induced by the SMEFT
dimension-six operators can account for the Belle II excess, whose parameter space is, however,
excluded by the Belle upper bound of the branching ratio B(B® — K*%v). In the second
scenario, it is found that the Belle II excess can be accommodated by 22 of the DSMEFT
operators involving one or two scalar, fermionic, or vector dark matters as well as axion-like
particles. These operators also receive dominant constraints from the B — K*? + inv and
B; — inv decays. Once the MFV hypothesis is assumed, the number of viable operators
is reduced to 14, and the BT — 77 +inv and K™ — 7 + inv decays start to put further
constraints on them. Within the parameter space allowed by all the current experimental
data, the ¢? distributions of the B — K® + inv decays are then studied for each viable
operator. We find that the resulting prediction of the operator Qg = (gp.qr) (X7*x) With a
fermionic dark matter mass m, ~ 700 MeV can closely match the Belle II event distribution
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in the bins 2 < ¢> < 7GeV2. In addition, we, for the first time, calculate systematically the
longitudinal polarization fraction F, of K* in the B — K* 4 inv decays within the DLEFT.
By combining the decay spectra and Fr,, almost all the DSMEFT operators are found to be
distinguishable from each other. Finally, the future prospects at Belle II, CEPC and FCC-ee
are also discussed for some of these FCNC processes.
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1 Introduction

The flavour-changing neutral current (FCNC) processes are highly suppressed by the Glashow-
lliopoulos-Maiani (GIM) mechanism in the Standard Model (SM) [1], making them sensitive
probes of new physics (NP) beyond the SM. In particular, the B — K®)vp decays are one
of the cleanest channels within the SM and most suitable for indirect NP searches [2-4] (see
also refs. [5-10] for recent studies on these as well as other related decays in the context of
NP, but before the recent Belle II announcement [11]).

Recently, using the dataset with an integrated luminosity of 362fb~—!, the Belle II
collaboration reported the first evidence of the BT — K +v1 decay with a branching ratio [11]

B(B* = Ktvi)pete 11 = [23 + 5(stat)i‘i(syst)} x 1076, (1.1)

which is obtained by combining the inclusive and hadronic tagging results. Interestingly,
this measurement shows about 2.7¢ higher than the SM prediction (4.16 & 0.57) x 1079,
which is based on the calculations in refs. [2-4] but with updated input parameters. In
the future, the Belle IT with just 5ab~! integrated luminosity is expected to measure this



decay with 20 ~ 30% uncertainty relative to the SM value [12, 13|, and could therefore
confirm or exclude such an excess. Nevertheless, it has already motivated numerous studies
of possible NP explanations [14-30].

As an interesting feature, the Belle II result, once the 20 range in eq. (1.1) is considered,
would be higher than the SM prediction by a factor of 3 ~ 8. Such a large excess motivates
us to ask the following questions: why has such a large NP effect not shown up or will it be
found in other b — s processes, such as the B — K*vv and Bs — vv decays [31, 32]7 In
this paper, we aim to answer these questions by performing a detailed model-independent
analysis of possible NP effects on these and related FCNC processes in the Effective Field
Theory (EFT) framework.

The BT — KTvi excess reported by Belle II could be explained by introducing heavy
NP particles that are much heavier than the electroweak scale and hence contribute to the
b — svv transition as virtual mediators. In this case, the Standard Model Effective Field
Theory (SMEFT) provides a well-suited model-independent framework to study such kinds
of NP effects [33, 34]. Here, all the NP effects are encoded in the Wilson coefficients of
the higher-dimensional operators that are invariant under the SM gauge group. Below the
electroweak scale, the heavy SM particles like the massive bosons and the top quark also
decouple, and the dynamics is then described by the Low-energy Effective Field Theory
(LEFT) [35, 36], which consists of, besides the QCD and QED Lagrangians for light SM
fermions, a set of higher-dimensional operators compatible with the QCD and QED gauge
symmetries. The Wilson coefficients of these higher-dimensional operators encode all the
physics related to the heavy SM and NP degrees of freedom. Starting with the SMEFT,
one can also fix these low-energy Wilson coefficients by perform a matching between these
two EFTs at the electroweak scale [36-38]. Such a procedure has been extensively applied
to various B-meson and kaon decays [35, 36]. In this paper, we will interpret the Belle IT
excess in terms of the SMEFT operators and consider the LEFT as the low-energy limit of
SMEFT to calculate the relevant B-meson and kaon decays.

The Belle IT excess could also be accommodated by amending the BT — K*vi decay
by an additional decay channel with undetected light final states like dark matter (DM)
or axion-like particles (ALP). To mimic the signal, these new light states must couple to
the SM quark sector and be sufficiently long-lived to escape the detector. The potential
candidates are new light particles that are singlet under the SM gauge group. In order to
study the interactions of such new states with the SM quark sector model-independently, it
is also convenient to work in an EFT framework, such as the DM EFT [39, 40] without any
stabilizing symmetry on the DM fields.! In this respect, the SMEFT can be extended by
including the scalar, fermionic or vector DM fields, resulting in the so-called Dark SMEFT
(DSMEFT) [41-46]. In the DSMEFT, the new operators involving the DM fields are invariant
under the SM SU(3)c ® SU(2), ® U(1)y gauge group and the electroweak symmetry is broken
by the usual Higgs mechanism. The general non-redundant operator basis can be found in
ref. [45] up to dim= 6, and in ref. [46] up to dim= 8. In order to describe the low-energy
processes below the electroweak scale, such as d; — d; + DM decays, a general framework is

n this work, we do not impose any symmetry to stabilize the DM fields in the EFT framework. Thus, the
DM fields we are considering are actually just new singlets under the SM gauge group.



the generalization of the LEFT to include the scalar, fermionic and vector DM fields, referred
to as the Dark LEFT (DLEFT) [45]. In the DLEFT, the DM particles should be lighter than
the electroweak scale and the effective operators are invariant under the SU(3)c ® U(1)em
gauge group. A complete basis of the DLEFT operators can be found in refs. [45, 47] for dim
< 6, and in ref. [48] for dim < 7. In this work, starting from the DSMEFT and considering
the DLEFT as the low-energy limit of DSMEFT, we investigate the parameter space of each
DSMEFT operator required to explain the Belle II excess, together under the constraints
from the other b — s + inv decays. The future prospects at Belle II, CEPC and FCC-ee
will also be discussed for some of these FCNC processes. In addition, for completeness, our
analyses also include the ALP case [49-52] in the EFT framework [53-58].

The above two NP scenarios proposed to account for the Belle II excess could also
affect the quark-level b — d and s — d processes. In order to correlate the b — s to the
b — d and s — d transitions, we have to specify the underlying flavour structures of the
EFT considered [59, 60]. To this end, we assume the minimal flavour violation (MFV)
hypothesis [61-63] and implement it into the SMEFT and DSMEFT frameworks. According
to the hypothesis, all the flavour violating currents are controlled by the SM Yukawa couplings,
so that all the FCNC interactions in the quark sector are naturally suppressed by the CKM
factors. Therefore, any potential large FCNCs in the SMEFT and DSMEFT can be avoided.
Considering the current experimental data on the b — s +inv, b — d + inv and s — d + inv
processes, such as the B — 7w 4 inv and K — 7 + inv decays, we derive the constraints
on each operator in the SMEFT and DSMEFT with the MFV hypothesis. Implications of
the resulting parameter space of each viable operator for the differential distributions of
these decays are also investigated in detail, which can be tested at the Belle IT with more
statistics. In addition, in order to distinguish the various DSMEFT operators, we, for the
first time, calculate systematically the polarization fraction Fr, of K* in the B — K* + inv
decays within the DELFT.

The remainder of this paper is organized as follows. In section 2, we introduce the MFV
hypothesis. In sections 3 and 4, we investigate the various d; — d;vv and d; — d;+DM decays
in the SMEFT and DSMEFT, respectively. In these EFT frameworks, the flavour structures
of the effective operators are taken to be either of the most general form or satisfy the MFV
hypothesis. We present our detailed numerical analyses and discussions in section 5. Our
conclusion is finally made in section 6. The hadronic matrix elements involved throughout this
work, such as the transition form factors and decay constants, are summarized in appendix A.

2 Minimal flavour violation

In this section, we discuss the idea of MFV hypothesis and its application in the SMEFT
and DSMEFT.

2.1 Quark sector

In the interaction eigenbasis, the SM Yukawa interactions in the quark sector are described
by the Lagrangian

—Ly = qYyHd+ qY,Hu +h.c., (2.1)



where H = iooH* with H being the SM Higgs doublet. The fields ¢ and u,d denote the
left-handed quark doublet and the right-handed quark singlets in the SM, respectively. The
Yukawa, coupling matrices Y, 4 are 3 X 3 complex matrices in flavour space. In the SM, these
Yukawa interactions violate the global flavour symmetry [61, 64]

GQF = SU(3)q &K SU(3)u & SU(?))d. (2.2)

We can formally recover this flavour symmetry by promoting the Yukawa matrices Y, 4 to
spurion fields [63]. The Yukawa spurions should transform under Gqr as

Yy~ (3,3,1), Ya~ (3,1,3). (2.3)

Then, we can construct two useful basic building blocks A = YUYJ and B = YdYC;r , which
transform as (1 @ 8,1,1) under the flavour group Gqr. As will be seen later, these building
blocks are useful to parameterize the quark flavour transitions in effective theories.

In the SMEFT and DSMEFT, there are four types of quark currents relevant for the
down-type FCNC transitions, which read

qy"Cq, dy*Cd, qCd, qo*vCd, (2.4)

where C denotes the Wilson coefficient of the operator Q and is a 3 x 3 matrix in quark
flavour space. Here and in the following, we suppress the operator index ¢, i.e., C denoting
C;. In the MFV hypothesis, it is assumed that at low energy the Yukawa couplings are the
only source of flavour violation in the SM and beyond [63]. Technically, this hypothesis
implies that the quark currents in eq. (2.4) should be invariant under the flavour group Gqr.
Therefore, the Wilson coefficient C can be written in the following form:

f(A,B) for gv"Cq,
MV = { (A, B)Y, for gCd, go'*Cd, (2.5)
el + Y, g(A,B)Yy for dy“Cd,

where €y is a real constant. The functions f(A,B) and g(A, B) are infinite series of the
building blocks A and B, e.g., explicitly f(A,B) = gijk...AiBjAk --- with real coefficients &;j...
to ensure no new sources of CP violation beyond the Yukawa couplings. By application of
the Cayley-Hamilton identity, the infinite series in f(A,B) and g(A,B) can be resummed
into a finite number of terms. Taking f(A,B) as an example, its explicit summed expression
can be written as [65-67]

F(A,B) = eoll 4 €1A + €3A% + €3AB 4 ¢7ABA + €10AB? + ¢12A%B? + €14B?AB + ¢15AB%A?
+ €9B + €4B? + €6BA + €9BAB + esBA? + €13B?A% + €1, ABA? + €,4B>A%B.

During the resummation, higher-order polynomials of A and B contribute to the coefficients
€i, and make them complex generally. However, it is found that the imaginary parts of
the coefficients are tiny (e.g., Ime; o< |Tr(A2BAB?)| < 1) and can be therefore neglected in
the numerical analysis [65, 66, 68-70]. In the following, we assume the coefficients ¢; are
of the same orders of magnitude. Therefore, only the terms built by A are kept, while all



the terms involving B are neglected, as the spurion B is suppressed by 0(5\3), where j\d
denotes the diagonal Yukawa coupling matrix for down-type quarks defined by eq. (2.8).
Finally, we obtain the approximation [71]

f(A,B) = eoll + €1 A + €2A?, (2.6)

where the coefficients €q 1 2 are free real parameters. Similarly, being suppressed by O(;\?l),
the approximation YdTg(A, B)Y; =~ 0 can be taken.

In the MFV framework discussed above, the quark currents are all given in the interaction
eigenbasis. In order to rotate to the fermion mass eigenbasis, the following transforms should
be performed:

ur, — UuuL, UR — WuuR, dL — UddL, dR — deR, (27)
where U, 4 and W,, 4 are 3 X 3 unitary matrices introduced to diagonalize the Yukawa matrices
UlYaWy =,  UIY.W, = A (2.8)

Therefore, the CKM matrix is given by V = UJUd. In the following, we turn to the fermion
mass eigenbasis and derive explicit expressions of the MFV couplings.

The current gv*Cq involves the following down-type quark interactions in the mass
eigenbasis:

CZLU;’)/HCMFVUddL i~ d_L’y“VJr (60 + 615\3 + 623\i)VdL, (2.9)

where dj, denotes now the left-handed down-type quark in the mass eigenbasis, and A denotes
the diagonal Yukawa coupling matrix for up-type quarks, whose diagonal elements are given
by Ay, = v/2m,, /v with the vacuum expectation value v = 246 GeV. It is noted that, due to
the large hierarchy among the diagonal elements ),,, the matrices 615\% and 625\;’5 have almost
the same structures. Therefore, one can obtain the following approximation [72]:

Vi + XV = VieA2)V = A, (2.10)

which is equivalent to taking the approximation A} — /\fw ~ AN\ — /\%76) and redefining
€1 + €27 — €1.2 For the observables investigated in this paper, we have verified that the
numerical differences caused by this approximation are negligible. Finally, by defining the
basic FCNC couplings

A, =VIAZY, (2.11)
we arrive at

CZLUC}L’Y#CMFVUddL ~ CZL’yu(éo]l + ElAq)dL. (2.12)

2Using the unitarity of the CKM matrix, one can obtain [VT(e1A2 4+ e2A2)V]ij = A2 (e1 + e2A2)d;; — (A7 —
Ao)er+ea(A2 +N0)IVaii Vg — (A = A2)[er + (N2 + A2V Vey = X (a1 +€2A2)dij — (A2 = AD) [en + e AF] Vi Vi —
(AF = A2)[e1 + APV Ve = (e1 + e2A?)[VIAL V], where the approximation A7 + A2 . ~ A7 have been used.



Similarly, from the current qCd, the following scalar interactions among the down-type
quarks are obtained in the mass eigenbasis:

JLUJCMFVdeR ~ JLVT (60]1 + 615\3 + egj\i)VS\ddR ~ JL (egj\d -+ 61Aq5\d)dR, (2.13)

where dp is the right-handed down-type quark in the mass eigenbasis, and the diagonal
elements of the diagonal Yukawa coupling matrix for down-type quarks are given by A}, =
V2mg, /v. Here the approximation in eq. (2.10) has been used. In addition, due to the same
flavour structure as of the scalar interactions, the tensor interactions LU ;ra“”CMFVdeR
resulting from the current go**CMVd have the same MFV coupling as in eq. (2.13).

For the vector interactions originating from the current dvy*Cd, the MFV coupling in
the mass eigenbasis is given by

JRW;’YHCMFVdeR ~ JR’yu(Eo]l)dR. (2.14)

This implies that the vector interactions among the right-handed down-type quarks are
approximately flavour diagonal and universal. Thus, the FCNC vector interactions among
the right-handed down-type quarks are forbidden in the MFV scenario.

As a summary, the MFV couplings for various down-type quark currents are given in
the mass eigenbasis by

ef)]l + eﬁAq for JL’y“CidL,
CzMFV = 665\d + Eziqu\d for CZLCZ'CZR, CZLO"“VCZ‘CZR, (2-15)
bl for dry"Cidp.

It is then clear that only two types of MFV couplings, A, and qu\d, can generate FCNC
interactions among the down-type quarks and their numerical values are given, respectively, by

0.8 —3.3—1.5i 79.3+35.4i
Ay=|-33+15 16.6 —397.5+8.1i | x 1074, (2.16)
79.3 — 35.4i —397.5 — 8.1 9839.0
and
0.0021 —0.18 — 0.08i 191.3 + 85.4i
AgAg = | —0.009 + 0.0043 0.88 —958.74+19.6i | x 107°. (2.17)

0.21 - 0.10¢ —21.1 -0.4s 23728.1

One can see that a large hierarchy exists among the down-type FCNC interactions, i.e.,
C%FV > C%FV > C;\gFV. It is also seen that the flavour-conserving couplings C%FV is more
than one order of magnitude larger than all the other couplings.

2.2 Lepton sector

One can also apply the MFV hypothesis to the lepton sector. However, since the mechanism
of neutrino mass generation is still unknown, there are different approaches to formulate the
leptonic MFV [73-79]. Here, we consider the realization of leptonic MF'V within the so-called



minimal field content [73, 74], in which the neutrino masses are generated by the Weinberg
operator. In this case, the Yukawa interactions in the lepton sector can be written as

(I H)Y, (H" 131) + h.c., (2.18)

1
~AL=¢Y H'l+ T
where [ denotes the left-handed lepton doublet with the charge conjugated field given by
1¢ = —ivsl*, and e is the right-handed charged lepton singlet. Apn denotes the breaking scale
of the lepton number symmetry U(1)n. Ye and Y, stand for the 3 x 3 Yukawa coupling
matrices in flavour space. In the absence of these Yukawa couplings, the lepton sector
respects the flavour symmetry

Grr = SU(3); ® SU(3)e. (2.19)

Analogous to the quark sector, this flavour symmetry can be restored by promoting the
Yukawa couplings Y., to spurion fields. Then, the relevant building blocks are A, = Y'Y,
and By = Y,JY,, which transform as (1 @ 8,1) under the lepton flavour group Grr.

For the three SMEFT operators, Ql(;’s) and Qy4, relevant to the BT — Ktvi decay,
they contain the lepton current

IvCl, (2.20)

where C denotes the Wilson coefficient of the operator Q and is a 3 x 3 matrix in lepton
flavour space. In the MFV hypothesis, analogous to the quark current, the Wilson coefficient
C should take the form Cypy = h(Ag, By), where h(Ay, By) is a finite polynomial of Ay and
By. After neglecting all the terms involving By, which are suppressed by the small lepton
Yukawa couplings Y., we obtain

CMFV & Ko + k1Ay + HgA%, (2.21)

where the coefficients kg 12 are free real parameters. In the numerical analysis, we keep only
the leading lepton flavour violation term A, for simplicity, i.e., k2 = 0. Turning to the lepton
mass eigenbasis, the current Iv*Cl gives in the MFV hypothesis the following interactions:

Ly (kol + roAg)er, + py* (Kol + KoAZ)vL, (2.22)
where the basic LF'V coupling A, can be obtained from A, and takes the form
Ay =UNUT, (2.23)

where U is the PMNS matrix. Here ey and vy denote the left-handed charged lepton and
neutrino in the mass eigenbasis, respectively. A = 2muALN /v? stands for the diagonal
effective neutrino Yukawa coupling and m, the diagonal neutrino mass matrix. As can be
seen from eq. (2.22), the lepton vector current does not induce neutral LFV in the leptonic
MFV with minimal field content.?

3This is, however, not true for the most generic leptonic MFV. For example, in the leptonic MFV with
type-I seesaw mechanism, the basic LFV coupling A, = UM UT should be replaced by US\},/QOO‘L/A\}/QUT,
where O is a general complex orthogonal matrix satisfying OO” = 1 [71]. Therefor, any non-diagonal matrix
OO can induce neutral LFV.



As discussed above, the charged LFV interactions are governed by the MFV coupling
Ay. Numerically, we obtain

—0.19 — 0.017 —0.25 — 0.02i  0.31 — 0.044
AFO = 01240.01i 0.28—0.00i 0.29+0.04i |, (2.24)
—0.37 — 0.01i  0.21 — 0.05; —0.03 + 0.013

for normal ordering (NO), and

0.21 +0.09 —0.34 + 0.05i  0.03 + 0.11
AP =10.31+0.12i 0.19+0.00i —0.15 — 0.14i | , (2.25)
0.12-0.02i 0.04 —0.19i 0.34 —0.10i

for inverted ordering (IO) of neutrino masses. Here Ay = 104 GeV and the lightest neutrino
mass m,, = 0.2eV have been taken. One can see that the magnitudes of all the matrix
elements of Ay are of similar size except for (AeNo)gg, which has much smaller magnitude
than the other couplings.

Let us finally make a comment on the DSMEFT with MFV. In general, similar to the
SM fermions, the DM particles can also appear in a form of multiple generations. In this case,
the SM flavour symmetry could be extended to include the global symmetry associated with
the DM multiplet and the MFV hypothesis can be generalized to the DM sector [80-84]. In
this paper, we focus on a minimal DM sector, which contains only one or two DM generations,
and leave a detained study of the DM with MFV for future work.

3 M; —» M+ vv

In this section, we first summarize the SMEFT framework with the most general flavour
structure as well as in the MFV hypothesis. Then, the NP effects on various rare FCNC
decays are discussed.

3.1 SMEFT

If new particles are much heavier than the electroweak scale and the electroweak symmetry
breaking is realized linearly, their effects can be parameterized by a series of higher dimensional
gauge-invariant operators in the SMEFT (see refs. [33, 34] for recent reviews). The SMEFT
Lagrangian at dim-6 takes the form [85, 86]

Ci
LsMEFT = Y EQi’ (3.1)

where A denotes the NP scale. The dim-6 effective operators Q; are built out of the SM fields
and respect the SM gauge symmetry SU(3)c ® SU(2);, ® U(1)y, with C; the corresponding
dimensionless Wilson coeflicients.

For the b — svv transition, the relevant operators are given by

- _ =
Qly = ("t (@ uar) QW) = (H1i'D W H) @4y (3.2)
- _ oy
O = (L") (57 ) Q) = (H'i DL H) (gr"v"4r),
, g DI
Qua = (Ipy"'lr) (dsypdy), Qpa = (H'i D ,H)(dyy"d,),



where D), = 0, +ig; TG}, + igat! WJ +1g1Y B, denotes the covariant derivative under the
SM gauge symmetry. Here 7% = A\*/2 and ! = 77/2 are the SU(3) and SU(2) generators,
where A% and 7! stand for the Gell-Mann and Pauli matrices, respectively. [ and ¢ denote the
left-handed lepton and quark doublets respectively, while d is the right-handed down-type
quark singlet, all being given in the mass eigenbasis. The generation indices of the SM
fields are characterized by p, r, s, t.

The operators Qg)q, Qg?l and Qg can induce a tree-level 5v#0Z,, coupling, and thus
contribute to the b — sy transition. However, the same 5v#bZ,, interaction also affects the
b — slT{~ processes [2, 3]. Due to the SU(2), gauge invariance, its contributions to these
two processes are of equal magnitudes and lepton flavour universal. Thus, it is impossible
to explain the Belle I data on the branching ratio B(B* — K'vv) while satisfying the
stringent constraints from the precisely measured b — s¢*¢~ observables, e.g., the branching
ratio B(Bs — pu* ™). Explicitly, it is found that B(B* — K'vv) can only be enhanced
by about 20% after considering other relevant experimental constraints [16]. Therefore, we
will not consider these operators and focus on the remaining three four-fermion operators
in the following.

In the MFV hypothesis, by using eqgs. (2.12), (2.14) and (2.22), the relevant four-fermion
operators take the following forms:

C1a9Qa = [éL'Yu (Ko]l + I€1A4) er + vy, (Ro]l + Hlsz)VL} [JR’}/“(Go]l)dR}, (3.3)
Cl(qug) Ql(;’g) 2 [éL’Yu (KO]l + “1A€) er, £ I;L’YM (Koll + Hlj\lz,)VL} [d}jy‘u (60]1 + €1Aq) dL} ,

in the mass eigenbasis. Here we have suppressed the operator indices for the MFV parameters
€0,1 and kg 1 are suppressed. It is noted that Q;4 does not involve any quark FCNC interactions,
and thus has no contribution to the b — svv transition.

3.2 Observables

3.2.1 b — s(d)vv decay

The B — K®uw decays are induced by the b — sv;v; transitions. In the most general case,
the effective weak Hamiltonian contains only two operators and can be written as [2, 3]

4GF Qe

b—svv * iVj iVj iVj iVj
M == VeV Y (CIORT H CRPORY ) d b, (34)

i?j:e?l‘t?T
with the effective operators defined by
Oziuj = (E’YHPLb) (DZ")/MPLVJ‘), Ollgyj = (EW#PRb) (DZ'"}/MPLVJ‘). (35)

In the SM, C5" is negligible and C}""7 = CM§;; with CPM = —12.64 £ 0.14 [3] after
including the NLO QCD corrections [87-89] and the two-loop electroweak contributions [90].
In the SMEFT, by comparing egs. (3.1) and (3.4), one can derive that the NP contributions
to these two operators are given, respectively, by

V;Vj 1 3 127
CL,N]P = CV([Cl(q)]z'j% B [Cl(q)]ijzg)v CR,l\?P =C [Cld] 523 (3.6)



with the normalization factor ¢, = (27/(aeVipVy%)) - (v2/A2). In the MFV framework, by
using eq. (3.3), we find that

Oty = AR (1Y + £ 1VAZ) — (1) = (3))]435, (3.7)
Czlg,ly\ﬁFv =0,

where egn) and /ﬁgfl) denote the MFV parameters associated with the operator Ql(g), with

n = 1,3. Thus, one can see that the transition b — svv in the MFV hypothesis is only
induced by the effective operator O7*"", which also conserves the lepton flavour. In addition, it
is straightforward to obtain the operators and Wilson coefficients for the b — dv;; transitions
by changing the corresponding flavour indices.

Starting with the effective weak Hamiltonian in eq. (3.4), we can write the dineutrino
invariant mass spectrum of the B — K*vv decay as [2, 3]

KD g 5 (i + afen + afen). @

7’7]:67l’l’77—

dsp

where sg = ¢%/ mQB, and ¢ denotes the dineutrino invariant mass squared in the B-meson

rest frame. The three polarization amplitudes AY | are functions of the B — K* transition

L’H7()
form factors and the Wilson coefficients, and take the form

V(sp)
1+ mg’

Al (sB) = =2V2N (1 +m-) (C17 = CF") Ai(sp),

Al (sp) = 2V2N N2 (1,113, sp) (C777 + CR™)

N(CHY

MR T S ——
. As(sp)
_)\<17m%(*783)m ) (3.9)

1/2
with Mg+ = mg/mp and N = 1/2 Vy V% [G%agm%sBAl/Q(l,mi(*, sp)/(3- 21%5)} ” Sim-
ilarly, the dineutrino invariant mass distribution of the B — Kvv decay can be written
as [2, 3, 91]
dI'(B — Kvv)  GFa?
dsp - 3.2104

IV Vi P2 (1, ) [ 127K (sm)]

x S |ert Rt (3.10)
1,)=€,1,T

For convenience, all the relevant form factors present in the above expressions are given
in appendix A.2. In addition, it is straightforward to obtain the distributions of other
b — s(d)vv decays, such as B — mvv and Bs — ¢vv, from the above expressions with some
replacements. Finally, one should notice that for charged B-meson decays, there is a long-
distance contribution arising from the tree-level weak annihilation mediated by the on-shell 7
lepton [92]. For example, the BT — 71 (— K*v)v process provides an additional O(10%)
contribution to the BT — K v decay, and constitutes a background in the experimental
extraction of the branching ratio [11]. Here we do not include the tree-level contribution,
which has already been subtracted away during the experimental data analysis [11].
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3.2.2 b — sl decay

The quark-level b — s¢t¢~ transitions, such as the rare By — ¢T¢~, B — K®¢t¢~ and
Bs — ¢t~ decays, can provide promising probes of various NP effects (see refs. [93, 94]
for a recent review). For a general b — s/ E;r transition, the effective weak Hamiltonian
can be written as [35]

4G R e?
b—stl *
Heff ﬂ 1672 Dtbvts Ek Ck(’)k + h.c., (3 )

where the most relevant operators are Oé/) and (’)58. They are defined, respectively, by

OF = (57, PLb) (61"t;), Ot = (5% PLb) (v 545, (3.12)
049 = (57, Prb) (Ly"t;), O = (57 Prb) (Crv5;).

In the SMEFT, the NP contributions to their Wilson coefficients are given by

17 1 3 17
CQJ,NP = +C€<[Cl(q)]ij23 + [Cl(q)]ij23)’ Cé,IJ\IP =+ [Cld] 523 (3.13)
%] 1 3 %]
Cionp = _cf([cl(q)]iﬂs + [Cl(q)]z'j23)’ CiO{NF’ = —c[Cud] 1523

with the normalization constant ¢, = (7/(aeVipVy)) - (v?/A2). In the MFV framework, from

eq. (3.3), we can further obtain

ij ij 1), (1) cij 1) Aij

CQJ,MFV = _01{),MFV = CﬁAgg [eg )(’fé )6 4 ’“@5 )Aej) + (1) = (3))],

Cotirv = Cromry = 0, (3.14)
where egn) and /i((fl) denote the MFV parameters for the operator Ql(g) (n =1,3). For the
B — wlil;, B — K(*)&Ej and By — (;¢; decays, which are all induced by the quark-level
b — s(d)¢;¢; transitions and will be included in our numerical analysis. These decays have
been studied in refs. [72, 95-98] and the explicit expressions of their branching ratios can
be found in, e.g., refs. [72, 97, 98].

3.2.3 s — dvv decay

Both the KT — ntvw and K, — n%vi decays are induced by the s — dv;i7; transition. The
corresponding effective weak Hamiltonian, including the effective operators and their Wilson
coefficients, can be obtained from the ones of the b — sy transition in section 3.2.1 by
replacing the related flavour indices. In addition, for the K™ — 7w decay, a non-negligible
charm contribution must be taken into account [88, 89].

In absence of the operator O%"’, the branching ratio of the K+ — ntvi decay is
given by [99-101]

1 I Vivj 2
B(K+ N 7T+V17) = r+(1 + Agm) Z 3 [(Sin2 me[)\tCL]>

-z 2\P
LI=61,T
Re). i . Re[MCTTN?
+ ()\PC(X)(S J — S1n 9W2)\5) B (315)

— 11 —



where \; = ViiVig, A = |Vis|, and sin?0y = 0.23116 is the weak mixing angle. The
parameter k. = (5.173 £ 0.025) x 1071()1/0.225)® contains, besides some other factors, the
hadronic matrix element of the weak current 5v,,Prd that can be extracted from the K,3 data
with the help of isospin symmetry [102]. Agy = —0.003 accounts for the isospin-breaking
electromagnetic corrections [100, 101]. P.(X) = 0.404 £+ 0.024 comprises the short- and
long-distance charm contributions [102-105].

The rare decay K — 7°vi proceeds almost entirely through direct CP violation in
the SM [106, 107], and the charm contribution can be fully neglected [99]. The branching
ratio of this decay can be written as [99, 108]

2
B(Ky — nvi) = kp(1—=6) Y. Im[Ath“’j]> : (3.16)

27‘7:67}’[/77—

1 (sin® 6w
205

where r7, = (2.231 + 0.013) x 10719()1/0.225)% encodes, besides some other factors, the
hadronic matrix element that can be again extracted from the Ky3 decay with the help
of isospin symmetry [100, 109]. The parameter J. encodes, on the other hand, the highly
suppressed indirect CP-violating contribution [107].

4 Ml—)M2—+—DM

In this section, we first recapitulate the theoretical framework of the DSMEFT and DLEFT,
and then detail the calculation of M; — My + DM decays.

4.1 DSMEFT

It is known that EFT can provide a systematic framework for parameterizing various effects
induced by the DM particles. The DSMEFT is a generalization of the SMEFT [85, 86] to
include the DM particles, which can be either lighter or heavier than the electroweak scale and
are gauge singlets under the SM gauge group [45, 46, 48]. It is also assumed that electroweak
symmetry breaking must be implemented via the usual Higgs mechanism. Following the
convention of ref. [45], the DSMEFT Lagrangian takes the form

1 1
LpSMEFT O X Z cio + 2 Z Cj Qg»ﬁ), (4.1)
i j

where A is the NP scale above which new degrees of freedom appear and interact with the
SM and DM particles. The dim-d effective operators di) involve at least one DM field and
respect the SM SU(3)c ® SU(2);, ® U(1)y gauge symmetry. C; denote the corresponding
dimensionless Wilson coeflicients. We will define the DSMEFT at the electroweak scale pugw.

In the DSMEFT framework, three types of DM particles can be added: spin-0 scalar ¢,
spin-1/2 fermion x and spin-1 vector X. Generally, each type of the DM particles can have
multiple generations. For simplicity, the case of one generation DM will be assumed in this
paper. For the operators vanishing in the case of one generation, however, two generations
of DM particles will be considered. Furthermore, in order to affect the rare B-meson and
kaon FCNC decays, only the operators that can induce tree-level FCNC interactions among
the down-type quarks are included in our analysis. Finally, motivated by the large excess of
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B(B*T — K +vv) reported by Belle II [11], we will focus on the dim-5 and dim-6 operators,
which are less suppressed than the ones with dim > 7. Consequently, the DSMEFT operators
we are considering must involve two down-type quarks and at least one DM field. Furthermore,
in order to mimic the rare B-meson and kaon FCNC decays involving a dineutrino final state,
the DM particles must be light enough to be produced in these decays. For each type of the
DM particles, the relevant effective operators are given in the following.

For the scalar DM particles, there are four operators,

Qus = (qpd,H)¢ + h.c., Qup2 = (qpdy H)$* + hec.,
Qo = (00) (16107 62), Qua = (o) (16107 00), (42

where ¢1 0" g)(ﬁg $1(0F ) — (0" ¢1)¢2, and ¢(; is the real scalar DM field with the generation
index characterized by i. For the operators which are not hermitian, “—+h.c.” should be
added to them to indicate that the hermitian conjugated operators should be included in
the DSMEFT Lagrangian eq. (4.1). In addition, constructions of the operators Qg, and Qgq
requires at least two generations of scalar DM fields.

For the fermionic DM particles, there are only two operators,

qu = ((jp’y,uQT)(X’Y“X)v de = (Jp'Yudr)(X'VMX)a (4~3)

where y denotes the fermionic DM field. In this paper, all the observables considered are
insensitive to the chirality of the fermionic DM. Without loss of generality, x will be therefore
chosen as the right-handed Dirac field.

For the vector DM particles, by using the field strength tensor as the building block,
there is only one operator,

QuHX = ((ijm,dr)HXlW + h.c., (4.4)

where X, = 0,X, —0,X,,, and X, denotes the real vector DM field. Taking X, an additional
building block, the following operators also appear [46]:

Qux = (dpyudy) X", Quax = (H'H)(dyy"d,) X
Qux = (Gpyuar) X, Qlhx = (H'H) (@7, X0,
Qux> = (@pd H) X, X" + hic, Qfhx = (H' H) (7' ar) X,
Quxx = (GpYuar) X" X, Quxx = (dpyudy) X" X,,
qXX = ( p%(IT‘)XWXVv Quxx = (J pd )X“”X,,,
Qpyx2 = (g D"qr) X Xy + hoc., Qpax2 = i(dpyy"D"d,) X, X, + h.c.,
Qanxz = (Gpouwdr H)X{' X5 +hoc,, (4.5)

where X = M7 X, /2. Tt is noted that the rare B-meson and kaon decay rates induced
by the operators involving the vector DM field X, are divergent in the mx — 0 limit. Such
a divergence is caused by the longitudinal polarization of the vector field and related to
the phenomenon that it is impossible to consistently define a massless limit for a vector
field without an active gauge symmetry [42]. As in refs. [42, 47, 110], this singularity is
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treated by assuming some kind of Higgs mechanism in the dark sector. As a result, the
Wilson coefficients of the operators in eq. (4.5) should be proportional to some powers of
(mx/A) and can be redefined as

=0 {(mX/A)2 for Q; = Qux2, Qpax2, Lpgx2, Qamx2, (4.6)

(mx/A)  for Q; = others.

These redefined Wilson coefficients C; will be used in the following analysis.

We can also include the axion or axion-like particles (ALPs) [49-52] in the EFT ap-
proach [53-58]. They are pseudo Nambu-Goldstone bosons with non-trivial properties, and
can emerge from spontaneous breaking of some global symmetries. Up to dim-5, there
are only two operators,

Qqa = ((jp’)ﬂu%)auaa Qda = (dp'YMdr)a'uav (4-7)
where a denotes the ALP field.
In the MFV hypothesis discussed in section 2, the Wilson coefficients of the DSMEFT

operators should take special flavour structures. Explicitly, by using the quark currents
in eqgs. (2.12)—(2.14), we obtain

ebhatei Ay for Qi = Quy, Quye, Qurrx, Qurrx2, Qax2
Y = efl+el A, for Q; = Q¢>qvQqX7QqXX7QqXX7QDqX27QqX>Qgg(’gqa’ (4.8)

GZO for Q’L = Qd)da dea QdXX7 QdXXv QDdX27 Qan QHan Qdaa

for the DSMEFT operators discussed above. Here the Wilson coefficients CM¥V are given for
the down-type quark currents expressed in the mass eigenbasis, and they are 3 x 3 matrices
in flavour space. Generally, the real parameters 66,1 are different from each other for different
operators Q;. We can see that the operators listed in the last line of the above equation do
not generate tree-level FCNC interactions among the down-type quarks.

4.2 DLEFT

Below the electroweak scale, the NP effects induced by the DM particles can be described by
the DLEFT [45]. This EFT is obtained by integrating out all the heavy particles with masses
at or above the electroweak scale and can be considered as an extension of the LEFT [35, 36]
by including besides the light SM fields also the light DM particles. The DLEFT respects
the SM SU(3)¢ ® U(1)em gauge symmetry, and does not contain the Higgs boson. Thus, it
can be considered without reference to the DSMEFT for the light DM and light SM particles
interacting at energies below the electroweak scale. Following the same convention as in
ref. [45], we can write the DLEFT Lagrangian as

1 1
LpLEFT D A Z LiOZ(E)) + e Z Lj(’)](-ﬁ), (4.9)
@ J

up to dim-6, where (’)Z(d) denote the dim-d effective operators and L; the corresponding
Wilson coefficients.
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Analogous to the DSMEFT case, we can write down all the relevant DLEFT operators
involving the scalar, fermionic and vector DM fields. For the scalar DM, we have

- - R
Oag = (drpdrr)d + h.c., Ohy = (drpyudrr) (i¢10" ¢2),

_ - —
Oug2 = (drpdpy)d* +hc., O = (drpyudrr) (i¢10" ¢2), (4.10)

where d;, and dr denote the left-handed and right-handed down-type quarks, respectively.
For the fermionic DM, the relevant operators are given by

O;/XLR (de’YudLr)(Xa’Y Xb) OVRR (dRprMdRr)(Xa’Y Xb)
07 = (drydrr) (X2 Cxp) + e, 05 BB — (drpdr)(XTCxp) + hoc.,
ngRR (dL UMVdRr)(Xa CUuVXb) +h.c, (411)

with the charge conjugate operator defined by C' = i7y24". For the vector DM, there is
only one operator,

OgX = (CZLpUquRr)XMV +h.c., (412)

by using the field strength X, as the building block. However, including X, as additional
building block, the following operators are obtained:

05){ = (‘ZLp'YudLT)XMv Ofx (J pVudrr) X,
Olxx = (drpyudr) X" X, O« = (drpyudrr) X" X,
05)2)( = (dzpyudir) X" Xy, OfXX (drpyudrr) X' X,
Ofng? = i(JLPVVDHdLT)XuXV +h.c, Ong2 = 1(dRp7 D”dRr)XuXu +h.c.,
Oux2 = (drpdpy) X, X" + h.c., 0o = (drpowdpry) X1 XY +he.,,  (4.13)

where D, = 0, +igsT*GY, + ieQA,, denotes the covariant derivative of the SU(3)c ® U(1)em
gauge symmetry. Here we have chosen the basis where the combinations of X, and X,
are similar as in the DSMEFT operators of eq. (4.5). One can prove that this basis is
equivalent to the one adopted in ref. [47]. In addition, there are two operators involving
the ALP field, which take the form

Oﬁa = (CZLp’deLT)E)“a, O(ﬁl = (JprudRr)a“a. (4.14)

Although the DLEFT can be considered without reference to the DSMEFT, the former
should arise as the low-energy limit of the latter, if we start from the DSMEFT. At the
electroweak scale pgw, the tree-level matching conditions between these two EFTs are
summarized below:

e Scalar DM:
(
Lhi=Csqy  LE=Csa,  Lyge = \fAC‘W’ Lap = ﬁcdqﬁ. (4.15)

e Fermionic DM:

Lzl/),(LR _ qu, L(‘;}’(RR _ CdX7 LS’),(LR =0, LgkRR =0, LT RR —0. (4.16)
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e Vector DM:

2 2
v L v 1 3 R v
Lax = ﬂACdHX’ Lix =Cyx + BVl (CI(LI;X + C%gx), Lgx =Cax + wcHdm
v
LCLlXX = CqXX; L(?XX - Cqu, LédXQ - CDqX2, LdX2 = ﬁcdx2’
v
L?XX = Caxx, L?XX = CdXX’ LlE)dXQ = CDdXQa LgXQ = ﬁCdHXZ. (417)
o« ALP:
Lfia = an’ Lc]l%a = Cda- (418)

Here all the Wilson coefficients are given in the mass eigenbasis. In the MFV hypothesis,
the Wilson coefficients in DSMEFT take the form of eq. (4.8).

Since the above matching conditions are given at the electroweak scale, i.e., L; = L;(ugw)
and C; = C;(urpw), the renormalization group (RG) evolution should be performed in the
DLEFT to obtain the corresponding Wilson coefficients at the typical scales of B-meson and
kaon decays. In the DLEFT, as the DM particles are color singlet, we need only consider
the QCD RG evolution of the quark current in each DLEFT operator. Furthermore, the
different DLEFT operators do not mix under the QCD RG running. Accordingly, the RG
equations take the form

i) _ 0, piw) (4.19)

dln p

where L;(u) denote the Wilson coefficients of the operators O; at the scale u. ; denote the
anomalous dimension matrices (ADM) for the operators O;. They can be obtained from the
ADM of the semi-leptonic operators in the LEFT [35, 111]. For the DLEFT operators with
a non-zero matching condition, the values of these ADM are given by

—GCF for Ol = Odd), Od¢27 de2,

vi =< +20F for O; = 0%, 0%, (4.20)
L.R ,V,LR ,AV,RR ,~L,R ,~L.,R L,R L,R
0 for 0; = OfF, O, 00 OF, 0, O8E 05,

with Cp = (N? —1)/(2N,) and N, = 3. Numerically, we find

1.37 for O; = Oug, Ogge, Oyxce,

Li(4.8GeV) = Li(my) o dgr g X (4.21)
0.90 for O; = OFy, 0T,
159 for O; = Oup, Oz, Oyxce,

Li(2.0GeV) = Li(myz) - o dgr g X (4.22)
0.86 for O; = OFy, 0T,

which can be used in the B-meson and kaon decays, respectively.
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4.3 Observables

Within the DLEFT, by using the similar treatment as for the d; — d;vv transitions discussed
in section 3.2, one can calculate the various d; — d;+DM processes. Generally, the amplitudes
of these decays can be factorized into the product of the Wilson coefficient and the hadronic
matrix element of the corresponding effective operator that can be parameterized form
factors or decay constants. In appendix A, we summarize the relevant hadronic matrix
elements used in this paper. For the explicit expressions of the decay rates, we refer the
readers to refs. [42, 112-117] for the d; — d; + ¢ (+¢) decays, refs. [5, 42, 118, 119] for the
d; — dj+x+x decays, refs. [42, 47, 116] for the d; — dj+ X (+X) decays, and refs. [120-122]
for the d; — d; + a decays. To the best of our knowledge, a complete computation of the
longitudinal polarization fraction F, of the vector meson V' in P — V +DM decays within the
DLEFT is still missing, although the cases with some effective operators have been studied
previously, e.g., in refs. [2, 42]. In this work, we systematically calculate the polarization
observables in the DLEFT. All the relevant analytical expressions have been implemented
in our recently developed package HadronToNP [123], which will be used in the following
numerical analysis.

5 Numerical analysis

In this section, we proceed to present our numerical results and discussions. In table 1,
we list the main input parameters used in our numerical analysis. Table 2 summaries our
SM predictions and the up-to-date experimental measurements of the relevant observables.
We take Axp = 1TeV in the SMEFT and DSMEFT. In the following, we investigate two
explanations to the recent Belle II measurement of B(BT — K*vv) [11]. In section 5.1, we
consider the b — s+ vv transition in the SMEFT. In section 5.2, the missing energy signals in
the Belle II measurement are interpreted in the DSMEFT as contributions from DM particles.

51 M — My + v

The recent Belle IT measurement of the BT — KT + inv decay could be explained by NP
contributions to the b — svv transition. In this case, the theoretical prediction of the related
M7 — M + inv processes takes the form

Bth(Ml — My + iIlV) = Z B(Ml — Mgl/iﬂj). (51)
1,)=€,1,T
The NP contributions to these processes can be generally described in the framework of
SMEFT. We refer to refs. [15, 16, 27, 131] for the recent relevant studies. In the following,
we also focus on the SMEFT but with the MFV hypothesis.

In the SMEFT, as mentioned in section 3.2.1, one interesting implication of the MFV
hypothesis is that the d; — d;vv transitions are all governed by only one effective operator at
low energy. As a consequence, the ratio of the branching fractions of any two b — svv decays
should be independent of the NP contribution. Considering as an example the BT — Kt
and B° — K*Oui decays, we obtain

Bt = Ktvi Bt = Ktvi
BIB™ — K*vp)  BIB™ > K vi)sm _ 461 07, (5.2)
B(BY — K*0up)  B(BY — K*9vw)gy
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Input Value Unit Reference
mPo° 172.69 =+ 0.30 GeV [31]
| V.| (semi-leptonic) 41.15 4 0.34 & 0.45 1073 [124]
| Vb | (semi-leptonic) 3.88+0.08 +0.21 1073 [124]
Vs | fE=7(0) 0.2165 4 0.0004 [124]
v 72,1122 ° [124]
FE=7(0) 0.9675 4 0.0009 =+ 0.0023 [124]
Am3, 74102 (7.417038) 1075 - eV? 31]
Am3, 2.43715:028 (—2.498T0032) | 1073 . eV? 31]
012 33.411075 (33.417575) ° [31]
023 491719 (49.5109) ° [31]
013 8.541015 (8.572917) ° [31]
Scp 197752 (286720) ° 31]

Table 1. Main input parameters used in our numerical analysis. The values (in brackets) of the
parameters in the lepton sector correspond to the NO (IO) of neutrino masses.

Observable SM Exp Unit Sensitivity
B(B* — Ktvp) | 416 +£0.57 | 234575 [125] 1076 19% [13]
B(B® — K%w) | 3.8540.52 < 26 [126] 10-¢ 87% [13]
B(Bt — K*tvw) | 9.70 £ 0.94 < 61 [126] 106 75% [13]
B(B® — K*%vi) | 9.00 £ 0.87 < 18 [126] 1076 40% [13]

B(Bs — ¢vv) | 9.934+0.72 < 5400 [127] 10-¢ 2% [128]
B(B* — ntvp) | 1.404+0.18 < 140 [126] 1077
B(B? — mvi) | 6.52+£0.85 < 900 [126] 1078
B(B* — ptvi) | 4.06 £0.79 < 300 [126] 1077
B(B® — p%vi) | 1.89 +0.36 < 400 [126] 1077
B(K* — ntvw) | 8424 0.61 | 10.6739+£0.9 [129] | 10~
B(Kp — i) | 3.414+0.45 < 300 [130] 10~
B(Bs — vir) ~0 < 5.9 [32] 1074 | < 1.1 x 1075 [12]
B(B® — vp) ~ 0 < 1.4 [32] 107% | <5.0 x 1079 [12]

Table 2. Our SM predictions and the experimental measurements of the relevant observables. Upper
limits are all given at 90% confidence level (CL). The last column shows the expected sensitivities at

the Belle II (5ab™

to that at the CEPC, and hence are not given here.
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where summation over the neutrino flavours has been taken into account. In this ratio,
all the relevant SMEFT operators, i.e. Ql(;) and Ql(f;), have been included simultaneously.*
When deriving this ratio, it is noted that only the MFV hypothesis in the quark sector is
required to eliminate the right-handed operator Ogr. Therefore, the ratio still holds even
by assuming generic couplings in the lepton sector, i.e., without the leptonic MFV. In
addition, as both the CKM and Wilson coefficients involved are cancelled in this ratio, the
theoretical uncertainty is reduced compared to that of the individual branching ratios. If
future experimental measurements find any deviation from the theoretical value, it could
imply new sources of flavour violation beyond the Yukawa couplings. By using the above
ratio, the Belle 90% CL bound B(B" — K*%vi) < 18 x 1076 would imply that

B(BY — K vi)ypy < 10.5 x 107°, (5.3)

which is obviously lower that the 90% CL lower bound of the Belle IT measurement, B(B* —
K*tup) > 12.5x1075. Or inversely, the Belle IT measurement B(B* — K+vi) = (2377)x 1076
would indicate that

B(B® — K*%up)\ypy = (50717) x 107°, (5.4)

which is incompatible with the Belle 90% CL bound B(B? — K*%vi) < 18 x 1075, As a
conclusion, the recent Belle II measurement of the BT — K Tvi decay cannot be explained
in the SMEFT with MFV hypothesis. However, the MFV prediction of B(B? — K*Oui)
is well within the reach of Belle IT at 5ab™! (cf. table 2), which can be used as a further
test of the MFV hypothesis considered here.

Similarly, the ratio of the branching fractions of a b — svv and a b — dvv decay is also
independent of the NP contribution in the SMEFT with MFV hypothesis. As an illustration,
let us consider the BT — KTvi and BT — 7w decays, and obtain

B(BT — Ktvv) B(BT™ — K*tvp)

SM
= =29.7+5. .
B(Bt — ntvw)  B(BT — ntvw)gy 9756, (5:5)

where summation over the neutrino flavours has been included. Taking as input the Belle
IT measurement in eq. (1.1), this ratio implies that

B(BT — ntvi)ypy = (7.8758) x 1077, (5.6)

which shows a 2.3¢ deviation from the SM prediction B(Bt — ntvir)sy = (1.404£0.18) x 1077,
but is still compatible with the current 90% CL experimental bound B(BT — ntvv) <
140 x 1077, Of course, similar ratios can also be constructed for other processes to test
the framework used here.

In the MFV framework, all the quark FCNC or the LFV processes are related with
each other. Explicitly, for the operators Ql(é) (i = 1,3), all the quark FCNC transitions are
governed by the two parameter products €gi)/€(()i) and egi)ﬁgi). In order to constrain them, we
consider several quark (and lepton) FCNC processes, including the B — K O, B — K (*)eu,

4The ratio still holds after including the operators ng), although they are not considered in our analysis

as mentioned in section 3.1.
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Figure 1. Constraints on the MFV parameter products (egi)n((,i),egi)/igi)) for Q; = QS) (left) and

Q; = QS) (right) in the cases of NO (upper) and IO (lower) of neutrino masses. The allowed regions

by the measurement of B(B* — K*tuvi) are at 20 level, while the regions by B(B? — K*'vi),
B(B° — K*ute™) and B(Bs — ptp~) at 90% CL. The allowed regions by all the last three
observables are shown in blue. The black points (0,0) denote the SM case.

B — mep, Bs — eu, Bs — ptu~ as well as K — wvv decays. Besides the input parameters
listed in table 1, the lepton number breaking scale Ajx = 104 GeV and the lightest neutrino
mass m,, = 0.2eV are used in the leptonic MFV. Numerically, we find that the dominant
constraints come from the Bt — Ktviw, B - K*%vw, BY - K% ut and By — ptu~
decays. The allowed parameter regions of egi)kag) and egi)ngi) are shown in figure 1. We
can see that there is a small gap between the allowed regions of the BY — KTvi and
B? — K*%vu decays. This reflects the discrepancy between the MFV prediction in eq. (5.4)

and the current Belle bound on B(B? — K*Ovi).

Since the uncertainty of the recent Belle IT measurement is still quite large, we use
instead all the processes except the BT — KTvi decay to derive the allowed parameter
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space. As shown in figure 1, the upper bounds on the magnitudes of the products Ggi)h}g;

and egi)ﬁgi) for the two operators Ql(;’g) are all around 0.05 in the cases of NO and IO of

)

neutrino masses, which are much smaller than the parameter regions required to explain
the BT — KTvi excess. Using the allowed parameter regions for Ql(;), we can derive the
following numerical predictions:

3.4(3.5) x 1078 < B(BT = K vi)ypy < 5.0 (4.9) x 1075,
7.4(7.5) x 1075 < B(B® = K*%p)\py < 10.8 (10.6) x 107°,
1.1(1.2) x 1077 < B(BT — 77 vo)mpy < 1.7(1.7) x 1077, (5.7)

which correspond the NO (IO) of neutrino masses. The numerical results show less than 0.5%
difference between Ql(ql) and Ql(j), implying that both of these two operators coincide with
each other under the above bounds. From these bounds, we can see that the NP contributions
to the B — Kvv and B — wvv decays should be less than ~ 20% of their SM predictions. It
is noted that the leptonic MFV has been used to derive the allowed parameter space and
the above bounds. Therefore, the bound on B(Bt — K*tvr) is more stringent than the

one in eq. (5.3) derived without the leptonic MFV.

5.2 M; —- Ms+ DM

The large excess of B(BT — KTvv) reported by Belle I can also be explained by light
NP particles that contribute to the signal as BT — KT + missing energy. In this case, the
theoretical predictions of the M} — Ms + inv decay can be written as

B (My — Mj + inv) = Bsm(M1 — My + vv) + Byp(My — My + DM). (5.8)

As discussed in section 4, the effects of light NP particles in the second term can be generally
described in the EFT framework. In the following, we investigate this explanation in the
DSMEFT framework, in which the Wilson coeflicients are taken to be the most general
form or satisfy the MFV hypothesis.

5.2.1 General flavour structure

In the DSMEFT with general flavour structure, only the b — s 4 inv processes are directly
related to the Bt — KT + inv decays, which include B® — K% + inv, B%*t — K*%% +inv,
Bs; — ¢ 4+ inv and B; — inv decays. In the following, we investigate constraints on the
DSMEFT operators from the experimental data on these decays as summarized in table 2,
and discuss future prospects at Belle II, CEPC and FCC-ee. As discussed in section 4.1,
seven DSMEFT operators are not hermitian. In order to compare with the MFV analysis
in the next subsection, contributions from the hermitian conjugation of these operators are
neglected in the numerical analysis in this subsection, i.e., Cj;; = 0 is taken for d; — d;
processes.” For example, contributions to the b — s¢¢ processes from the operator Qe

are calculated by taking [Cj42]23 # 0 and [Cyy2]32 = 0. Two exceptions are the operators

®Let us consider Q42 as an example. For the b — s¢¢ process, [Cyy2]23 # 0 and [Cyy2]32 = 0 are taken
in the general DSMEFT analysis. In the MFV hypothesis, the coupling matrix eq. (2.17) implies that
[Cap2]23 > [Cyg2]32, which results in the approximation [Cyy2]32 ~ 0.
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Qpgx2 and Qpgx2. Consider the former as an example, we take [Cp,x2]ji = [Cpgx=2];; for
the d; — d; processes to compare with the MEF'V analysis, where its MFV coupling matrix
in eq. (2.16) also implies a hermitian Cp,y2. In this case, the hadronic matrix elements
of the weak currents can be parameterized in terms of the transition form factors of the
vector current as discussed in appendix A.2.

For the scalar DM, there are three operators (Qgg2, Qgq and Qgua, cf. eq. (4.2)) contributing
to the three-body d; — djp¢ and one operator (Qg4, cf. eq. (4.2)) to the two-body d; — d;¢
decay. Allowed regions of the Wilson coefficients for these four operators are shown in figure 2.
From this figure, we make the following observations:

e The B® — K*° 4 inv decay provides the strongest constraints on the parameter regions
allowed by the Belle II measurement of the B* — KT + inv decay. Especially, for the
operators Qg, and Qgq, the regions of my, < 2.0GeV (mg, < mg, is assumed without

loss of generality) are excluded by the decay. For the operator Qg4, on the other hand,
large part of the parameter region with mg < 3.8 GeV is excluded.

e Another stronger constraint arises from the Bs; — inv decay, which benefits from the
large phase space. As a result, it excludes the parameter region for large DM mass, e.g.,
the region with mg 2 2.3 GeV is excluded for the operator Q2. For the operators Qg,
and Qgq, however, the B; — ¢1¢2 amplitude vanishes in the case of mgy, = mg, due to
the derivative term ¢, ngz in the operators. Therefore, only the parameter regions
with mg, # mg, receive constraint from the B, — inv decay.

o Compared to the B — K*0 4 inv and B, — inv decays, the B — K" + inv, Bt —
K*T +inv and By — ¢ + inv decays provide almost no further constraints. The upper
bounds from these three decays are comparable to or weaker than the upper limits of
the 20 allowed region required to explain the BT — K 4 inv excess.

o All the processes put very weak constraints on the parameter regions with mgy < 2.3 GeV
for the operator Qd¢2.

In addition, constraints on the operators involving ALP are shown in figure 3, which are very
similar to the ones for the operator Qg4 but with much larger allowed Wilson coefficients.

For the fermionic DM, there are only two relevant operators Qg and Qg (cf. eq. (4.3))
in the DSMEFT. The experimental constraints are shown in figure 4. In the cases of
my S 0.6 GeV and m,, 2 2.3 GeV, the parameter spaces required to account for the Belle II
measurement are already excluded by the B® — K** +inv and B, — inv decays, respectively.
In the range of 0.6 < m, < 2.3 GeV, however, large part of the parameter space survives all
the constraints. This is quite different from the case of the SMEFT operator Ql(;) discussed
in section 5.1, due to the massive fermionic DM fields in the operators Qg and Qg,. In the
massless limit, their effects on the decay width are the same as that of the operator Ql(;).ﬁ

For the vector DM, there are 8 operators (Q x2, Qqxx, Qdxx, QqXX’ Qux x> Lpgx2;
Qpax2 and Qg x2, cf. eq. (4.5)) contributing to the three-body d; — d; X X and 6 operators

SAlthough the leptonic and DM currents in these operators have different chiralities, the total decay width
does not depend on the chirality of the currents.
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Figure 2. Constraints on the Wilson coefficients of the operators involving scalar DM as a function of
the scalar mass mg. The blue band denotes the 20 allowed region by the recent Belle II measurement
of the BT — K% + inv decay. The upper bounds from other measurements are shown by the solid
lines, while the expected sensitivities at Belle IT and CEPC by the dotted lines. The sensitivities at
FCC-ee are very similar to that at CEPC and hence are not shown. For the operators Qg, and Qg,
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we have considered four different cases for the DM masses, as indicated in the last four plots.
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Figure 3. Same as in figure 2, but for the operators involving ALP.
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Figure 4. Same as in figure 2, but for the operators involving fermionic DM.

(Qarrx, Qux, Qox, Qrax and Qypx, cf. eqs. (4.4) and (4.5)) to the two-body d; — d; X
decay. For the Wilson coefficient of each operator, the parameter region required to account
for the Belle IT measurement of the BT — KT 4 inv decay as well as the experimental bounds
from other processes are shown in figures 5 and 6. The following observations are made:

o For the operators involving one DM field, the high-mass region of 4.3 < mx < 4.6 GeV
does not suffer from any constraint, while large part of the parameter region with
myx < 4.3GeV is excluded by the B — K*Y +inv decay. Specifically, for the operator
Qgnx, the unique one built from the field strength tensor X,,,, the parameter region
with mx < 4.3 GeV is excluded; for the other operators, parts of the parameter region
still survive for mx < 2.5GeV or 4.3 < mx < 4.6 GeV.

e For the operators involving two DM fields, except for Qg x2, the parameter spaces
with mx 2 2GeV are all excluded by the Bs — inv decay. For Qp,x2, Qpgx2 and
Q,x2, the By — inv decay also provides almost the strongest constraints in the whole
DM mass region, although the constraints in the region of mx < 1.7GeV are quite
weak. For the other operators, the parameter regions with myx < 1.7 GeV are highly
constrained or largely excluded by the BY — K** + inv decay.
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Figure 5. Same as in figure 2, but for the operators involving one vector DM.

¢ Constraints on the operator Q g2 are quite different from the other ones. As the
tensor hadronic matrix element (0|bo,,, s|Bs) vanishes identically, this operator does
not contribute to the By — inv decay. Therefore, the high-mass regions do not suffer
from any constraint. However, most of the low-mass regions are excluded by the
BY — K*Y + inv decay, e.g., the one with mx, < 1.8GeV is excluded in the case of
mx, —mx, = 200 MeV.

All the data on b — s decays discussed above will be significantly improved in the
future [12, 13, 128, 132]. Considering the expected sensitivities at Belle IT (5ab™!), CEPC
and FCC-ee (Tera-Z phase) listed in table 2, we also show in figures 2-6 the projected 90%
CL bounds on the DSMEFT operators. It is observed that

o At the Belle IT with 5ab~!, the relative uncertainty of the measured B(B* — K*uvb)
is expected to be 19%. Using the SM prediction to estimate the future experimental
central value, the projected bound covers all the parameter space explaining the recent
Belle II excess. If the central value of the current Belle II data remains unchanged in
the future, the future experimental measurement of B(Bt — Ktvv) is expected to be
(23 £4) x 1079, which would deviate from the current SM prediction by about 4c.

o For the B — K + inv decay, the projected bound can cover most of the parameter
regions required to explain the B* — K + inv excess. Therefore, this decay can
provide an independent probe of the proposed mechanism behind the Belle II excess.
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Figure 6. Same as in figure 2, but for the operators involving two vector DM fields. For the operator

Qumx2, we have considered four different cases for the masses of the two DM particles, as indicated
in the last four plots.
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e The By — ¢ + inv and Bs; — inv decays can strongly constrain the low- and high-mass
regions of the parameter space used to explain the Belle II excess, respectively. Their
combination can even exclude almost all the parameter regions. It is also noted that
the operators Q42 and Qgx2 affect the Bs — inv decay without helicity suppression,
which makes the projected bound of the By — inv decay cover the whole parameter
space of these two operators.

o All the operators involving one DM (such as Qg4 and Qg,), as well as the operator
Qamx2, do not contribute to the By — inv decay. Therefore, the high-mass regions do
not suffer from any constraint, even at the Belle IT with 5ab~! or at the CEPC and
FCC-ee during the Tera-Z phase.

5.2.2 MFV

As demonstrated in eq. (4.8), once the MFV hypothesis is assumed, 8 out of the 22 DSMEFT
operators do not induce down-type FCNC interactions. Therefore, these operators cannot
account for the recent Belle II measurement of the BT — KT +inv decay. For the remaining
14 operators, their MFV couplings make the b — d and s — d processes also relevant. We
consider the constraints from the experimental measurements summarized in table 2, which
include the branching ratios of the B — K 7, p+ inv, KT — 7t +inv, K — 7° + inv,
By — ¢ +inv and B, 4 — inv decays. It is noted that, as discussed in the last subsection, the
b — s transition in the MFV hypothesis approximately depends only on one Wilson coefficient.
Numerically, this situation is similar to the treatment in the general DSMEFT discussed in
the last section; see footnote ® for an example. Consequently, the relative strength of the
constraints from the various b — s processes are the same between the general case and the
MFYV hypothesis. Therefore, in the following, we focus on whether the s — d and b — d
processes can provide further constraint with respect to that from the b — s processes.

For the three operators with scalar DM (cf. eq. (4.2)), the allowed regions of the
MFV parameter €} are shown in figure 7. In the low-mass region of me S 200MeV, the
K" — 7 4 inv decay puts the strongest constraint for the operators Qg4 and Qg2 For
all the operators, the BT — 7™ +inv or the BT — p™ + inv decay, depending on the DM
mass, provides the strongest constraint among all the b — d processes. However, this decay
provides no further constraint after considering the constraints from the b — s processes.
The only exception is the constraint for the operator Q4, in the case of mgy, = my, = my.
In the region of my 2 2.3 GeV, the strongest constraint is provided by the BT — 7 + inv
decay (as well as the T(1S) — inv decay; see the later discussion), because mg, = mgy,
makes the NP contribution to the B, — ¢1¢2 decay vanishing. In addition, Qg is the unique
operator involving ALP in the MFV framework. The constraints on this operator are shown
in figure 8, which are, as in the general case, very similar to the ones for Qg4 but with a
much larger allowed Wilson coefficient.

Among the operators with fermionic DM, there is only one relevant operator (Qgy, cf.
eq. (4.3)) in the MFV hypothesis. The experimental constraints are shown in figure 9. We
can see that, after considering the constraints from the b — s processes, all the s — d and
b — d decays provide no further constraints, except in a narrow window near m, =~ 2.3 GeV,
where the BT — 7t + inv decay gives the strongest bound.
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Figure 7. Constraints on the MFV parameter ¢; for the operators involving scalar DM as a function
of the scalar mass my. The blue band denotes the 20 allowed region by the recent Belle II measurement
of the BT — KT 4 inv decay, while the upper bounds obtained from all the other processes are shown
by the solid and dashed lines. The red points denote the benchmark points used to investigate the ¢
distributions in figure 12; see text for more details.

For the vector DM, in the MFV framework, there are five operators (Qqxx, Q 1K
Qix2, @pgx2 and Qupy2, cf. eq. (4.5)) contributing to the three-body d; — d; XX and
four operators (Qimx, Qqx and Q%i)){, cf. egs. (4.4) and (4.5)) to the two-body d; — d; X
decay. The relevant experimental constraints are shown in figures 10 and 11. For the
operators Q,x and Q%ﬁ))(, the KT — 7t + inv decay provides the strongest constraint
for mx < 0.35GeV and exclude the parameter region required to account for the Belle T1
excess. For the four operators involving one DM, the BT — 7™ + inv decay excludes the
mass window around mx =~ 4.8 GeV. For the five operators involving two DM, neither the

s — d nor the b — d processes can put further constraints after considering those from
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Figure 10. Same as in figure 7, but for the operators involving one vector DM.
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Figure 11. Same as in figure 7, but for the operators involving two vector DM fields. For the operator
Qumx2, we have considered four different cases for the DM masses, as indicated in the last four plots.
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the b — s decays. One exception is the operator Qg 2, where the decay BT — 71 + inv
excludes the tail in the high-mass region.

In the MFV hypothesis, as indicated by eqgs. (2.16) and (2.17), the flavour-conserving
couplings to the third generation are much larger than all the other FCNC couplings.”
Therefore, the T — DM + DM decay could be highly enhanced. However, the current
experimental bounds on the invisible T decays are still quite weak. For the Y(1S) — inv
decay, the 90% CL upper limit on its branching ratio is 3.0 x 10~* [133], which is about one
order of magnitude higher than the SM prediction 9.9 x 107 [134-136]. Constraints from
this process are also shown in figures 7-11. For the operator Qg, with mg, —mg, < 200 MeV,
we can see that the constraints from the Y(1S) — inv decay are much stronger than from
all the b — d decays in the high mass region of mg, 2 2GeV and, especially, exclude the
regions of mg, 2 2.3 GeV required to explain the Belle II excess. However, the constraints
for all the other operators are much weaker than from the B-meson and kaon decays in
the range of mpy < mp/2. On the other hand, the constraints from invisible charmonium
decays are totally negligible, because the NP contributions are suppressed by a factor of
O(M\}) in the MFV hypothesis.

The ¢? distributions of the FCNC decays can also provide useful information about the NP
effects. Considering the large uncertainty of the Belle II measurement, we take a conservative
estimation of the NP contributions to the ¢? distributions: for each DSMEFT operator, the
minimal value of the MFV parameter allowed by all the experimental constraints is chosen
as the benchmark point, which is also shown in figures 7-11. Therefore, all the benchmark
points actually correspond to the same branching ratio B(B* — K+ +inv) = 4.8 x 1079,
which is the 20 lower bound allowed by the Belle II measurement. Furthermore, we choose
two typical values of the DM masses, 700 MeV and 1500 MeV. By using these benchmark
points, we show in figure 12 our predictions for the ¢? distributions of B* — K* + inv
and B’ — K*0 + inv decays.® In the case of mpy = 700 MeV, we can see that, for the
operators Qgq and Q,2, the distributions are close to each other in the BY — K +inv, but
distinguishable in the B® — K*0 + inv decay. However, for the operators Quxx and Q GXX
(also for Q;x2 and Qp,x2), the distributions are quite close in both of these two decays. In
the case of mpy = 1500 MeV, the distributions are quite different, and hence distinguishable
from each other for most operators. Therefore, all the operators are distinguishable from
each other by combining the two decay spectra.

As can be seen from ref. [11], excesses of the BT — K +inv events mostly appear in the
bins 2 < ¢ < 7GeV?, although the uncertainties are still quite large. From the predictions
shown in figure 12, one can see that the ¢ distribution resulting from the operator Qux
with m, = 700 MeV can closely match that of the Belle II excess. As another possibility,

"As can be seen from eq. (4.8), the flavour-conserving couplings can also be altered by the MFV parameter
€0. However, this parameter does not affect the FCNC processes, e.g., the BT — KT +inv decay. For simplicity,
we take g = 0 to derive the bounds on €; from the invisible decays of charmoniums and bottomoniums. For a
non-zero €y, it is straightforward to obtain the corresponding bounds on €; by using eq. (4.8).

8The ¢? distributions of other P — P +inv and P — V + inv decays are similar to that of BT — K+ +inv
and B° — K*° 4 inv respectively, and hence are not shown here anymore. In addition, for comparison, we
show the ¢? distributions of these decays by considering the benchmark values of the Wilson coefficients of the
operators Qgq, Qarx and Qup x2, although they are already excluded by the B® — K*° + inv bound.
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Figure 12. Differential branching ratios of the B¥ — K* + inv and B® — K*° + inv decays both
within the SM and in the DSMEFT with MFV hypothesis. For each effective operator, the DM mass
is chosen either as 700 MeV or 1500 MeV, and the MFV parameters are fixed at the corresponding
benchmark points shown in figures 7-11. For the operators involving one DM field, mpy = 1.7, 2.0,
2.2 and 2.4 GeV are chosen and the corresponding averaged branching ratios in the [2, 3], [3, 4], [4, 5]
and [5, 6] GeV? bins are shown, respectively.

the two-body decay with a DM mass around 2 GeV could also contribute to the observed
distribution. In this case, the DSMEFT operators involving one DM field become relevant,
and there are 6 such operators in the MEF'V hypothesis, i.e., Qg4, Qga, Lanx, Lgx and
Q(I}[f))(. In order to study the possible excesses in the [2, 3], [3, 4], [4, 5] and [5, 6] GeV?
bins, we choose mpy = 1.7, 2.0, 2.2 and 2.4 GeV as benchmarks, respectively. For the MFV
couplings of these 6 operators, we choose the minimal values allowed by all the experimental
constraints, as done for the operators involving two DM fields. By using these benchmark
points, we also show in figure 12 the bin-averaged branching ratios of the B* — KT +inv and
BY — K*Y 4 inv decays. Since the minimal values allowed by the Belle IT measurement are
chosen, the distributions resulting from these operators are the same for the BT — K+ +inv
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Figure 13. Longitudinal polarization fraction of the B® — K*Y + inv decay both within the SM and
in the DSMEFT with MFV hypothesis. The benchmark points used in this figure are the same as the
ones in figure 12.

decay spectrum. The resulting BY — K*° + inv decay spectra are, however, distinguishable
from each other for the operators Qunx, Qg and Q4. They can also be distinguished
from that resulting from the operators Q,x and Qg;f))(, which have the same distribution.
As the two-body decay kinematics is quite different from that of the three-body decay, a
dedicated statistical analysis can provide more insightful information, for which we refer
to ref. [23] for a recent study.

For the B — K™ + inv decays, the polarization of the K* meson can be extracted via
an angular analysis of its decay products. This virtue allows us to define an additional
observable, the longitudinal polarization fraction Fy, = (dI'y/d¢?)/(dl'/d¢?), where dI'f,
denotes the differetial decay width with a longitudinally polarized K*. By using the same
benchmark points used to investigate the branching ratios in figure 12, our predictions for
the longitudinal polarization fraction of the B® — K*° + inv decay are shown in figure 13.
Comparing figures 12 and 13, we can see that the longitudinal polarization fraction is
complementary to the branching ratio and can, therefore, serve as an additional observable
to distinguish the various DSMEFT operators. For example, in the case of mpy = 1500 MeV,
the operators Qg and Q,x2, while predicting quite similar BY — K* + inv decay spectra,
result in quite different F7,. However, in the case of mpy = 700 MeV, the operators Qgxx
and Q (XX (also for Qgx2 and Qp,x2), which are the remaining indistinguishable operators
by combine the B* — KT 4 inv and B — K* + inv decay spectra, show at most around
5% difference in FT,.

From figures 7-11, we can see that the benchmark points actually correspond to the
minimal allowed parameter values required to explain the BT — K+ + inv excess. They are
irrelevant to the b — d + inv and s — d + inv decays. Therefore, the predicted branching
ratios and longitudinal polarization fractions of the Bt — K+ 4 inv and BY — K*0 + inv
decays in figures 12 and 13 can also be applied to the general DSMEFT case discussed
in the last subsection.
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6 Conclusion

The recent Belle IT measurement of B(BT — KTww) is about 2.70 higher than the SM
prediction. In this work, we have deciphered the data with two different NP scenarios: the
underlying quark-level b — svv transition is, besides the SM contribution, further affected by
some heavy new mediators that are much heavier than the electroweak scale, or amended
by an additional decay channel with light new final states that are sufficiently long-lived
to escape the detector and appear as missing-energy signals. To make our analyses model-
independent as much as possible, we have studied these two scenarios in the SMEFT and
the DSMEFT framework, respectively. Furthermore, the flavour structures of the resulting
effective operators are taken to be either of the most generic form or satisfy the MFV
hypothesis, both for the quark and lepton sectors.

In the first scenario, we have focused on the implications of the MFV hypothesis. It is
found that, once the MFV hypothesis is assumed for the quark sector while without any

»
7 can be

assumption on the lepton sector, only one SM-like low-energy effective operator (’)Zi
induced by the SMEFT dim-6 operators. As a consequence, the ratio of the branching fractions
of any two b — svv decays remains a constant, which can be used to test the MFV hypothesis.
In particular, the resulting ratio B(B* — Ktvi)ypy/B(B? — K*9vi)\ypy = 0.46 + 0.07 is
inconsistent with the current 90% CL lower limit 0.70 derived by combining the recent Belle IT
measurement of B(BT — K*vi) and the Belle upper bound on B(B® — K*%v). Thus, the
Belle II excess cannot be explained in the SMEFT with MFV hypothesis for the quark sector.
Such a conclusion is true irrespective of the flavour structure of the lepton sector. As the
uncertainty of the Belle II measurement of B(B+ — KTvw) is still quite large, we have also
used all the relevant processes but without the B™ — K Tvi decay to constrain the parameter
space of the MFV parameters, and then predicted that B(B* — Ktvi)ypy < 10.5 x 1076
and 3.5 < B(Bt — Ktvi)ypy < 5.0 x 1075, which correspond to the cases without and
with the leptonic MFV, respectively. These predictions can be further tested at the Belle
II with more statistics.

In the second scenario, it is found that the Belle II excess can be accommodated by 22
DSMEFT operators with dim < 6, which include 4 operators involving scalar, 2 operators
involving fermionic, 14 operators involving vector DM, as well as 2 operators involving
ALP. For each operator, the current experimental constraints on the corresponding Wilson
coefficient and DM (ALP) mass are derived. For most of these operators, large parts of the
parameter spaces required to account for the BT — KT + inv excess are excluded by the
BY - K*Y +inv and B, — inv decays. Nevertheless, none of the operators is fully excluded
by the current data. The future Belle IT (5ab™!), CEPC and FCC-ee (Tera-Z phase) data on
B; — ¢ + inv and By — inv decays are, however, expected to cover almost all the parameter
spaces needed for explaining the Belle II excess. Furthermore, the BY — K° + inv decay can
provide an independent probe of the NP mechanism proposed for the Belle IT excess. Once
the MFV hypothesis is assumed, 8 out of the 22 viable DSMEFT operators do not induce
the down-type FCNC interactions, and hence cannot account for the Belle II excess. For
the remaining 14 operators, their MFV couplings make the b — d and s — d processes also
relevant. For Qu4, Qqq, Qgx and Q(I_}f))(, which all involve one DM field, the K+ — 7+ 4 inv

decay provides the strongest constraint in the low-mass region mpy < myg — my. For

~
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Quys Qarx, Dgx, Q(hl,f))( and Qg 2, especially for the ones (e.g., Qg x2) that make no
contribution to the B; — inv decay, the BT — 7" + inv decay puts the most stringent
bound in the high-mass region. In addition, the Y(1.5) — inv decay provides the strongest
constraint in the high-mass region for the operator Qu, with mg, —mg, < 200MeV. Within
the parameter space allowed by all the current experimental data, the differential branching
ratios (as well as the longitudinal polarization fractions) of the B — K®) 4 inv decays are
then studied for each viable operator. We find that the resulting prediction of the operator
Qox = (@py1uar) (Xy*x) with a fermionic dark matter mass m, =~ 700 MeV can closely match
the Belle II event distribution in the bins 2 < q2 < 7GeV2. Our numerical results also show
that the longitudinal polarization fractions are complementary to the branching ratios. By
combining them, all the DSMEFT operators are distinguishable from each other, except the
operators Q,xx and QqXX in the case of mx = 700 MeV.

At the Belle IT with 5ab™! dataset, the branching ratio B(BT — K™ + inv) is expected
to be measured with an uncertainty of 19%. If the central value of the current Belle II
measurement remains unchanged but the uncertainty is reduced accordingly in the future, the
discrepancy from the SM prediction will increase to 40 level. At the same time, in the future,
the B® - K°+inv, B » K*0 +inv, BY — 7t +inv, Bt — pt +inv and B, — inv decays at
Belle IT [12, 13], the By — ¢ +inv at CEPC [128] and FCC-ee [132] as well as the K — m+inv
at NA62 [137] and KOTO [138], are all expected to provide complementary information
about the (D)SMEFT operators as well as the validity of the MFV hypothesis studied here.

The new singlets introduced in the DSMEFT could be the DM candidates in the universe.
In this case, the parameter space derived in our work could be further constrained by
cosmological observations, such as the DM relic density and the Big Bang nucleosynthesis,
as well as the DM direct detection [139-143]. For the operators involving one new particle,
their couplings should also suffer from additional constraints to ensure that the particle is
sufficiently long-lived to escape the detector. In addition, the DM FCNC couplings can
affect the neutral-meson mixings, such as By — B, mixing [120, 121]. At the LHC, the large
couplings of the new singlets to the third generation in MFV can lead to the DM production
associated with top and bottom quarks [144]. However, a complete and dedicated study of
all these constraints should go beyond the EFT framework and specific UV completions are
needed. Therefore, we leave these explorations for our future work.
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A Hadronic matrix elements

For the B-meson and kaon decays discussed in sections 3 and 4, as well as the invisible
decays of charmoniums and bottomoniums, we need the hadronic matrix elements between
the vacuum and the initial hadronic states or between the initial and the final hadronic state,
which can be parameterized by the decay constants or by the transition form factors. For
convenience, they are recapitulated in appendices A.1 and A.2, respectively. The matrix
elements of other bilinear quark currents not mentioned explicitly are zero due to parity
invariance of strong interaction.

A.1 Decay constants
For the B, meson (¢ = u, d), the non-vanishing annihilation matrix elements are defined as

2

(01@vu5b| Bo(p)) = ifp, pus {01G750]By(p)) = —i—

m G+ e A

with 7, (p) and m,(p) denoting the b- and g-quark running masses at the scale p defined in
the MS scheme. Here fg , denote the Bj-meson decay constants, and their up-to-date Lattice
QCD values can be found in ref. [145] and references therein. For the vector quarkonium V'
(such as Y and J/v), the relevant hadronic matrix elements are given by [146, 147]

(0lgy"q|V (p,e)) = fymyer,

(0lgo"™ q|V (p,e)) = i fi- () ("p” — "p"), (A.2)

where €* denotes the polarization vector of the vector quarkonium, and féT) is the decay
constant. The matrix element of the axial-tensor current can be related to that of the tensor
current, while the ones of all the other currents are zero. In the numerical analysis, we use
the values of fy in ref. [147], f;/y in ref. [148], and fF(2GeV)/ fv in ref. [149].

A.2 Transition form factors

The transition form factors for a B meson decaying into a pseudoscalar meson P (e.g.,
B — K) are defined by [150, 151]
2

2
mp —Mp

cp(P()|ly"b|B(p)) = f1(4%) (P" - q“) - fo(qQ)Tq :

2 2

cp(P(p)| @bl B(p)) = Mfc)(qz),
cr (P arb0) BG)) =i L fr(g?), (A3)

where g =p—p/, P=p+9, and cp = —/2 for 7° and cp = 1 otherwise. For a B meson
decaying into a vector meson V', the relevant transition form factors are introduced by the
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following Lorentz decompositions of the bilinear quark current matrix elements [150, 152]:

e (V{0 )@yl BO)) = —euupoc™ PP — L)
mp + my

*\ | = D .k . g* - q
v V&) lays W B () = i (i -+ my) () — 1P = ()

— g q)2(7;~v A3(@®) = Aol
AV (N PHB ) = =20 T (= 0) Aol
v (V' )ioua UB)) = ~icupos™ P4 Ta(a?)

v (V (P, e)aowa’y"b|B®)) = [(mh = mi)e;, — (- a) P Ta(d?)

2
q 2
+ (" - ———FP, | T , A4
( Q) (qM mQB _ m%/ u) 3((] ) ( )
where ¢ denotes the polarization vector of the vector meson, and ¢y = —+/2 for p" and

cy = 1 otherwise. We adopt the convention €*'?* = +1 and o, = i/2[y,, 7). With
the above parameterizations, the absence of dynamical singularities at ¢ = 0 implies that
f+(0) = fo(0) and Ag(0) = A3(0). In addition, the algebraic relation between o, and 7,,7s,
O Y5 = /26,0307, gives rise to the identity 71(0) = T5(0). It is also noted that the form
factor As is redundant and can be written as a linear combination of A; and Ay [152]

(mp +my)
2my

mp — my

As(q?) = Ai(q?) As(q?). (A.5)

2my

The hadronic matrix elements of the tensor and axial-tensor currents can also be decom-
posed as [153]

_ m2 _ m2 6* q
(V! £)ar " DB @) = ieppe | P27 = —EHg2 + =20 P Ti(d)
2 2 *
. mMmas — M e’ .
+ €pvpo [quvqpff*a + quPPqU] Ta(¢%)

E* - q 2
. g
+ 1€uwpe — 5 PP T5(q%),
mp —my
2 2
mp — My

2 (q“g*y _ g*uqu)
q

eV (V (¥, e%) G0 +*b| B(p)) = [@*upv _ puey 4

*

E: .
+ S prg = P Tile?)
m% —mi, € -q 2
+ Z (e™g” — gM'e™) + ?(q“P” — PHq”) | Ta(q”)
e'q o pU v 2
———— (¢"P" — P*¢") T3(¢), A6
+ mQB _m%/ (¢ q") Ts3(q”) (A.6)

from which the forms given in eq. (A.4) can be obtained by multiplying both sides by g,.
All the By — P (V) and K — « form factors can be defined similarly.
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Numerically, we use the values obtained in ref. [151] for the B — P and in ref. [152] for
the B — V transition form factors. As the Lattice QCD results are still not available for all
of these form factors, especially for the tensor ones (see ref. [145] and references therein), we
use instead the calculations based on the light-cone sum rule approach [151, 152]. For the
K — 7 vector and scalar form factors, the results obtained in refs. [154, 155] are adopted,
while the value in ref. [156] is used for the K — 7 tensor form factor.

For the operator Qpgx2 defined in eq. (4.5), the relevant form factors are not available in
the literature so far. However, when the Wilson coefficient Cpgx2 is assumed to be hermitian,
they can be derived from the above form factors. Taking the B — KO transition as an example,
we have the relation (K°(p')|(0*5)y” Ppb + 3" Pr.(0*b)|B(p)) = —ig"(K°(p')|5v* Prb|B(p)).
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