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Belle II recently reported the new measurement B(Bt — Kviy) = (2.3 £0.7) x 1075 [I. Adachi ef al.
(Belle-II Collaboration), arXiv:2311.14647] which is two times larger than their previous result (although
consistent within errors) and about 2.7¢ higher than the SM prediction. We reexamine new physics
scenarios we discussed previously, which can enhance this rate to determine if they can accommodate the
higher value reported in the new measurement. We use consistency with existing bounds on B — K*v7,
b — stt¢~, B— DW¢p, and B, mixing to limit possible explanations for the excess. For the case of
lepton flavor violating neutrino couplings, we find that only two leptoquarks remain viable requiring a large
Cy = —C7f,. For models with different types of light dark matter particle pairs (scalar, fermion, or vector),
the preliminary ¢ distribution from Belle II, which shows that the excess appears mostly for bins with
3 < ¢* <7 GeV? [I. Adachi et al. (Belle-II Collaboration), arXiv:2311.14647], implies only the vector
current operators with scalar or vector dark matter particles with masses in the hundreds of MeV can match

the anomaly.

DOI: 10.1103/PhysRevD.109.075019

I. INTRODUCTION

The B — K*)uiy decays are amongst the cleanest modes
to search for new physics due to their well-controlled
theoretical uncertainty in the standard model (SM). A
recent measurement by the Belle II Collaboration finds
the branching ratio [1],

BBt - K*vi)_,, = (234+0.7) x 107, (1)

exp

which is higher than SM expectation by about 2.7c.
This result is also about twice as large, but consistent
within errors, with a previous Belle II combination
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B(B" — K*wi)22! = (1.1£0.4) x 107 [2], and with
the new average B(B" — KTvi)2ye =(1.34+0.4)x 1075 [1].
Currently, these numbers suggest consistency with the
SM prediction (subtracting the so-called tree-level

contribution) [3],
B(BT —» Ktui)g, = (443 £0.31) x 1079, (2)

but the new measurement is sufficiently intriguing to
entertain the possibility of new physics affecting this decay
[4-10]. Note that this number agrees with the one we use
for our numerical study below, obtained from flavio,
B(B* - K*vi)g, = (4.4 £0.6) x 107°. It has been noted
that the Cabibbo-Kobayashi-Maskawa (CKM) dependence
of the SM prediction, which can hide new physics (NP),
can be bypassed by considering certain ratios instead [11]."

"The SM value we use is a bit lower than the one quoted in [1]
due to the use of different CKM parameters; we consistently use
[V, Vi = (3.934£0.10) x 1072 whereas [12], quoted in [1],
uses |V, Vi| = 0.04185(93).

Published by the American Physical Society
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We previously studied three different new physics
scenarios that can enhance the rate for this mode; lepton
flavor violating (LFV) neutrino couplings (possibly
induced by leptoquarks) [13], a light sterile neutrino [13],
or other invisible light particles (dark matter) [14]. These
three cases exploit the fact that the neutrinos (or their
flavor) are not detected so they could be mimicked by other
unseen particles.

In this paper, we revisit those scenarios with the new
(high) measurement in mind. Specifically, we want to
explore whether this large value of B(B™ — K*wp) (or
indeed Bt — K™ + F) can be accommodated in any of
those scenarios while satisfying the existing upper bounds
on B(B — K*vp) (again, more generally, B - K* + F).
All these NP scenarios introduce correlations with other
modes that also need to be considered.

Specifically, we will base our study on the ratio,

B(B" - K*wp)
B(B" —» Ktui)gy, '

K —
RI./I/:

(3)

using the numerical values obtained from both the new
Belle II measurement and from the new average reported in
Fig. 23 of [1]

(Rg{I/)newBelle I — 53 + 17’ (48‘)

(Rllz(v)newaverage = 3'0 :l: 1'0' (4b)
We will refer to the first number as the “new 1o range”. The
rate predicted for the corresponding neutral and charged
pseudoscalar meson modes is the same if isospin is
conserved, and the measurement of the neutral mode is
at present less restrictive. To discuss correlations with R%.
we use two numbers,

B(B — K*vi)

RY, = —— ——
K B(B - K*ui) gy

<27 or 19 (5)

The first number (2.7) arises from the combined charged
and neutral modes as directly quoted by the Belle
Collaboration [15]. The second number reflects the fact
that the predictions for the decay rates of the charged and
neutral modes are the same in all the models we consider.
This suggests using the strongest experimental constraint,
which in this case occurs for the neutral mode [15],

B(B® - K%wp) <1.8x 107 (90% C.L.). (6)
In combination with the corresponding SM prediction, this
results in the second number (1.9) in Eq. (5).

The overall picture suggested by these numbers is that
the new Belle II measurement does not imply significant
changes to the averages yet. However, it invites us to
entertain the possibility of a larger RY and to study its

implications for phenomenology, in particular for the
implied R¥ > R%.. This is the subject of this paper.

II. ALTERING THE PROPERTIES OF THE
NEUTRINOS

We parametrize possible new physics entering these
decays through an effective Hamiltonian at the b mass scale
with dimension-six operators responsible for b — svw
in the low-energy effective field theory approach (LEFT)
[16,17]. The effective theory originates in extensions of the
SM containing new particles at or above the electroweak
scale that have been integrated out but also allowing for the
possibility of light right-handed neutrinos. Specifically, we
consider the effective Hamiltonian,

AGr , 1u € i o i i
_thhvts@Z(cLoL + Cr O
i

+CION 4 C;QJ'O}?) +He., (7)

HNP =

including the operators

of = (SLyubr) (@i (1 =ys)y;),
O = (Skrubr) (@i (1 = 75)v;), (8a)

O} = (517,b1) (G (1 +75)v;),
O = (Srrubr) (@ (1 +75)v;). (8b)
The Wilson coefficients in Eq. (8) are defined so that they

only contain NP contributions. The SM contributes only to
CZ and is accounted for separately [18,19],

Crow=——5-.  X(x,)=1469£0017. (9)

New interactions that conserve lepton number and have
no new light particles can generate O 5. In contrast, the

operators O'L’/ r are present when there are light right-
handed neutrinos. Off diagonal (lepton flavor violating)
operators occur for example, in models with leptoquarks.
Other possibilities, such as scalar or tensor operators, are
not discussed here.

Equation (7) has contributions to B — K )y that
interfere with the SM, Of p; and others that do not,
O’L#{Q and O'L’] z- In B — Kvp only the vector current enters
the hadronic matrix element making the contributions to the
rate from O} and O (or from O}/ and O}/) the same. In
B — K*uvw both the vector and axial-vector currents enter
the hadronic matrix element resulting in different contri-
butions from (’)Qj and Og as well as from (’)/Lij and O;éj .
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The different neutrino chirality eliminates interference between the contributions from primed and unprimed operators for
massless neutrinos. Expressions for RY.) can be determined analytically [20] and we find

2CLSM i i /i /i
Rw =1+ Re (c” c”) (|Cf+cf| +|CY Y| ) (10a)
§ 3|CLSM|2Z 3|CL |2Z
RY =1+ CLSMzz 2Z(|c P+ ICHR + ICR + 1CP)
3|Cp sl 3|C SM|
CLSM ok / % :|
- (Cl) +=——— S Re(CYCy + Y (10b)
[3|CLSM|2Z 36, o Rl )
where
F. (-vFP 32 A1, xg,
n=--, Fiz/ Vi dx,ﬁ(LxK,x)[xA%Jr a1 S %2ix< K )VQ] (11)
Fy 0 (1+ /xx) (1+ xx)*

with x = ¢?/m% and xg = m%./m%. Numerically, 1 =
0.63 = 0.09 when using the recent light cone sum rule
(LCSR) result for the form factors Ay, Ay, Vo [21],

skt = —(0.105+0.001) and 5zl—=0.0083+0.0002.

With these numbers, this expression agrees with the result
presented in [13] that was obtained by using £1lavio [22].
It is interesting to note that the difference R¥ — RY.
involves only the interference terms between the left-
and right-handed currents,

C )
RY —R%. =2(1+n) [LMPZRe(C}é)

Re Cl]C*l]+Clle/*lj):| (12)
3ICLSM| Z

We begin by examining the correlations between R} and
RY. implied by Eq. (10b) in light of the new 1o range.
These are illustrated in Fig. 1 for a scan of the 12 parameter
space CiLj, Cg in light gray in the left panel, and for the 12
parameter space C/Lij , C;éj in darker gray in the left panel.2
The primed operators do not interfere with the SM so the
points in the darker shaded region satisfy RY7., > 1. In
addition, since there is no interference between the primed
and unprimed coefficients (we ignore neutrino masses), it
will suffice to look at the two cases separately. We will
focus on groups that reproduce the new 1o range of RY,
3.6 < R¥ <7, or the new average, 2 < R¥ <4 and these
regions are marked by the vertical solid (dashed)
black lines. We are also interested in groups that satisfy

*There are only six parameters for each of C(L/?R because the

expressions in Eq. (10b) are symmetric in i <> j. In addition, we
assume CP is conserved and use real Wilson coefficients for our
scans.

RY. <27 or R¥. <1.9 and these two regions are bounded
by the horizontal dashed red lines. For comparison we
show the 36 SM region in green (only theoretical para-
metric errors as estimated by £1avio). The figure shows
that it is possible to reproduce values of R¥ and R¥. in any
of the desired regions with either the 12 unprimed
or primed coefficients, albeit with increasing difficulty
for the region where R% matches the new measurement and
RY. < 1.9. The solid diagonal line, where RY = R¥., will
be of interest for certain cases that we discuss below [13].

On the right panel of Fig. 1 we consider only the six C;{
coefficients, as these are the ones induced by certain
leptoquarks that can satisfy both the R¥ and R%. con-
straints as discussed below. The red and blue regions of
interest are the targets for our study and the color code will
serve to map predictions for other modes with parameters
producing values of R%¥ and R%. in the respective region.

To generate the operators w1th only left-handed neutri-

nos, (’)’L’ z» we consider scalar S and vector V leptoquarks
coupling to SM fermions as [13,23-26],
Ls = A5, 02015 + ALSI,ZCinLSI/z

+ /1LS] q_f‘lfz%) §1]<bﬂL + H.C., (133)

‘CV :/ILVI/ZC?%}’NKL VT/;Z +)“LV| quﬂf” V)Iﬂfll +HC (13b)

The leptoquark fields appearing in Eq. (13), and their
transformation properties under the SM group, are

So=Sy": (3.1.1/3). 8} ,=(877°.512):(3.2.1/6),

(14a)

S}B \/55?/3

= o _
T S1 (\/ESI_Z/,J, _51/3 (14b)

):(5,3,1/3),
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FIG. 1. The correlation between R and RY. scanning the 12 parameters C’Lj C% is shown in the left panel as the shaded light gray
region. The corresponding 12 parameter scan in C/L” , C;é" is shown as the shaded dark gray region. The figure highlights in green the 3¢

SM prediction. The right panel shows the corresponding scan including only the six parameters Cﬁ{. The points highlighted in blue or red
fall within the new lo range of R¥ (also marked by the vertical solid black lines). Additionally, the blue (red) points satisfy
R¥. <2.7(1.9), respectively (values marked by the horizontal dashed red lines). The diagonal black line marks Rx = Rg-.

1/3 (A3 . 7

V1/2 = (V1§2’ V1§2)~(352’5/6)»

2/3 5/3

z.V = ( Vl/ \/ivl/
= -1/3 2/3
Vavili e vy

Exchange of S, S;, or V, generates the C; coefficients
only, whereas exchange of S, 2 or Vi, generates only the
Cr coefficients. We find that it is not possible to satisfy the
bound on R¥%., Eq. (5), with only C'L’ coefficients because
they predict R¥ = R%. and thus fall along the diagonal line
shown in the left panel of Fig. 1. Models with only Sy, S,
or V; are thus incompatible with the new Belle II
measurement. The same figure shows that they could
satisfy the new average value of R% but would only satisfy
the weaker bound on R%..

These three leptoquarks are also constrained by modes
with charged leptons. S, induces charged current oper-
ators and contributes to the “charged B anomalies” in
Rp». If we choose its parameters to reach the largest
point consistent with the new average value of R while
satisfying the looser constraint on RY., R¥ = R¥, ~ 2.7,
then we find that it can only enhance R by about 6%
over their SM value. This is insufficient to explain the
current discrepancy as reported by HFLAV, rp = 1.19 &+
0.10, rp = 1.12 +0.06 [27], Fp = RD(*)/(RD(*>)SM'
Conversely, tuning the parameters of Sy to 7 = 1.12
results in RY = RY, 2 14.

The cases of S; and V; are also constrained by the
“neutral B anomalies” as they generate the correlated
coefficients [13],

):(3,3,2/3). (14c)

Si: Cf =—Cy =2CY, (15a)

ij i _ 1 4
Vi:C§ =-Ciy ==Cy.

5 (15b)

Recent global fits suggest that the observables in
b — s¢* ¢~ are best described with Cg* ~ C§¢ ~ —1 imply-
ing R¢ = RY. < 1.1 for S| and R;(w < 1.5 for V.

For the case where new physics appears only with Cp
coefficients, on the other hand, there is a large region of
parameter space that simultaneously satisfies the new 1o
range of R% and the 90% C.L. upper bound on R¥. as seen
on the right panel of Fig. 1. However, if we restrict
ourselves to models where only the off-diagonal (in lepton
flavor) coefficients, C}?ﬁj , are not zero, it is impossible to
satisfy both constraints simultaneously because this sce-
nario also results in RY = RY..

We are left with two leptoquarks that can satisfy
both the new lo range of RY and the 90% C.L. upper
bounds on R¥.. They are S /2 and V', with both diagonal
and off-diagonal flavor couplings. They generate the
coefficients [13],

ij o ~ij ij
CR — C9/ — _CIO/
2./; /1*3~i l3j %20
B b3 R R AL ALY (16)
- * 2 2 ’
V2aGpVyVis \ - 2my,, my,,

and are thus correlated with other modes with charged
leptons [28,29]. The flavor diagonal entries for the first
two generations affect the b — s£7#~ processes. Recent
global fits> to b — st~ observables, in addition to
preferring C¢* ~ C¢¢ ~ —1, also allow Cj, and Cj, to be
nonzero, but much smaller than one. This makes it
obvious that S, 2 and Vy, are not a preferred solution

for the “neutral B anomalies”. §, s2 and Vi, can still

3After the corrected LHCb value of R k(k*) [30] (for a review
with references see [31]).
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FIG. 2. Left panel: Scan of parameters C;{ where the only nonzero diagonal term is C¥ with the same color code as in Fig. 1. Center
panel: A selected slice of a projection in parameter space illustrating the location of the red and blue clusters in the six-parameter space
of Cﬁ{. As this figure suggests, these clusters concentrate in regions where at least one of the diagonal entries |Ci| is near 10. Right panel:
Parameter region allowed when only C¥ and C% are nonzero, we have added in this panel the hashed regions showing the

corresponding solutions when the average value of R¥ is used.

RY =3 + 1 (hashed)
RY =5.3+ 1.7 (solid)
Ry <19
Ry <27

B(B; — 7 u7) x 10°

0 20 40 60 80 100 120
B(B, —» 7517) x 10°

FIG. 3.
lepton flavor conserving processes marks the SM prediction.

modify R¥ and RY. but they are constrained to produce
small values of C¢/"““ and C';** and additional NP would
be needed to provide the preferred values of C,.

A scan of the six-parameter space for a symmetric Cg is
shown on the left panel of Fig. 2, marking the regions that
satisty Eq. (4) and Eq. (5) as before. With the aid of tools
described in [32—-34] we can examine the parameter region
responsible for the blue and red regions. We show in the
center panel a slice of a projection mostly onto the
diagonal elements Ci (axes labeled x;,3). The slice is
thin in the orthogonal space, mostly the off-diagonal
elements C}?éj . The inset represents the projection matrix
corresponding to this view. The visualization indicates
that the red and blue points concentrate in regions where at
least one diagonal Cii element is large, O(10). Given that
the global fits b — s£#~ do not admit solutions with

-
N
T

RY =3+ 1 (hashed)
RY =53+ 1.7 (solid) ]

-
o
T

Ry. <19

Ry <27

©
T

B(B* — K*t*u™) x 10°
D

o 2 4 6 8 10 12
B(B* - K*t71t7) x 10°

Mapping of the parameter space selected in Fig. 2 into predictions for other B meson decay modes. The solid black line for the

large Cy"iy we conclude that the case with large C% is the
only viable solution.* For further illustration, we show the
viable two-parameter space C% — C¥ region on the right
panel of the same figure (the color code is the same
throughout).

Quantitatively, in this case, we find a lower bound of
RY. > 1.5 for the red region. It corresponds to C% ~ Ci' ~0
and CgF ~ —13.2. Similar solutions exist for small but
nonzero C¢, C' ~O(0.1) in combination with a large
C% ~ O(10).

The Wilson coefficients generated by either one of S, 2
or Vi, [Eq. (16)], imply large rates for other B decay

modes when chosen to produce values of R, in the

*A short video illustrating the tools arriving at the center panel
of Fig. 2 can be found in the Supplemental Material [35].
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red/blue regions as we illustrate in Fig. 3. We see that the
CLFV branching fractions B(B* — K*u~t") and B(B, —
u~7") can reach values of 107>, which are within factors
of two below their current experimental upper limits;
2.8 x 1073(90%) and 4.2 x 1073(95%) [36] respectively.
Similarly, the branching ratios for the lepton flavor con-
serving modes B(B™ — K*r"7z7) and B(B; — 7777) can
reach values of a few times 107>, whereas their current
experimental upper limits are B(B™ — KT7777) < 2.25 x
1073(90%) and B(B;, - t777) < 6.8 x 1073(95%) [36].
These represent large enhancements over the SM (shown as
a vertical black line in Fig. 3 and could rule out this
possibility in the future.

The case of leptoquarks was also discussed by [5].5
They reach similar but not identical conclusions to us. For
So, S or V; (called S;, S5 and V5 in that reference) we
agree that only C; coefficients are generated and this
results in RY = R¥.. Our Fig. 1 quantifies just how much
this deviates from the current measurements. We also
agree that global fits to b — s£7£~ processes imply that
significant deviations from the SM would correlate with
z-lepton flavor. We disagree with the conclusions reached
for the case of 5’1/2 or Vy,, (called S,,V, in [5]), which
induce only Cp. We find that these two can explain the
measurements of RY and RY. as shown in Fig. 2 for a
certain region of parameter space, contrary to what is
claimed in [5].

We briefly turn our attention to models with a light sterile
neutrino (that couples to SM fields via a Z") [37,38]. This

model produces nonzero C/Lij , C;éj as those in the left panel
of Fig. 1. In this case, Eq. (10b) implies that in the region
where 3.6 < RY <7 there is a lower bound RY. > 1.47.

Both C}/ #0 and Cy' #0 are needed to deviate from
RY¥ = R¥. and the parameter scan shows that there could
be solutions of this type, the region satisfying both R¥, R¥.
constraints is shown in dark gray in Fig. 1. However, the
specific model described in [13] is severely constrained
by both Z — Z’ mixing and by B, mixing [39,40]. When we
consider these two constraints, the model predicts
RY¥ ~ RY. <2, barely reaching the lower end of the new
RY average.

III. LIGHT DARK MATTER SCENARIO
FOR B — K +invisible

A large B(B* — K'vp) such as the one reported by
Belle II can also be caused by invisible particles beyond the
SM. In this case light dark matter (DM) pairs take the place
of the neutrinos, and we now examine this possibility.®
Since the spin of the possible DM particles is not known,
we consider three cases; a spin-O scalar ¢, a spin-1/2

>Which appeared as we were finalizing our manuscript.
®Similar considerations for the charm decay can be found
in [41,42].

fermion y, or a spin-1 vector X, respectively. We work
within the framework of LEFT [16,17], so we only impose
the SM broken-phase symmetry SU(3). x U(1),, on the
effective operators. In this way, the LEFT framework
covers scenarios that contain both light DM as well as
new weak scale mediators that have been integrated out.
The complete LEFT operator basis with a pair of light DM
fields at leading order was recently provided by us in
Ref. [14]. In the following, we will adopt the notation in
that paper and list the relevant FCNC local quark-DM
operators mediating Bt — K+ + invisible decays for all
cases.

For this discussion, it iS not convenient to use the
ratio RK of Eq. (1). Instead, it is better to look at the
difference between the measurement and the SM, and refer
to it as the “NP window”. Using the new Belle II
measurement this is

B(BT — K + invisible)y,
=B(B* = K'wi),, — B(BY = K*ui)g,
— (194 0.7) x 1075, (17)

and it becomes (1.0 £ 0.4) x 10~ using instead the new
average experimental value.

In keeping with our previous discussion, we explore the
possibility of attributing the new Belle II result to light dark
particles while satisfying other constraints. We thus illustrate
the implications of requiring the new contribution to the rate
Bt —» K* + invisible to fall within the 1o range of
Eq. (17). At the same time, the effective operators studied
below will also contribute to the decays B° — K° +
invisible and Bt — K**O) 4 invisible. There exist
experimental upper bounds on these modes (at 90% C.L.)
that we will use to constrain the parameter space. A final
consideration relevant to this scenario is the observation by
Belle II that the excess of events is predominantly concen-
trated in the region with 3 < g*> <7 GeV? [1].

It has been pointed out recently that the excess over
the SM from the Belle II measurement is model depen-
dent [43,44]. A recasting of the Belle II analysis for the
different types of particles, different masses, and different
operators that we discuss below is beyond the scope of the
present study. Each choice of particle, mass or operator
leads to a different kinematic (¢?) distribution and this
can be exploited by future experimental analysis to
differentiate between benchmarks. In this study we rely
on the branching ratio under the assumption that the
number reported by Belle II is model independent.
Clearly this is not exactly true, but a reliable model
independent branching ratio can only be extracted by the
experimental collaboration (if at all). Our results should
be interpreted as a comparative guide to different scenar-
ios to select preferred benchmarks that can be studied
further if the excess persists.
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FIG. 4. The pink [purple] region is the parameter space that could explain the recent Belle II excess [new average] with scalar DM for
scalar (vector) quark current operators (’)z;‘;b (OZI/(”,}“b). The gray region is excluded by other B meson decay modes that are indicated in the

plots by color lines.

A. Scalar DM case

We begin with the spin-0 scalar DM case. The leading-
order operators mediating BT — KT ¢¢ consist of quark
scalar and vector currents with s, b flavors coupled to two
scalar fields,

OS2 = (sb) ('), OV =(57"b)(¢'10,4).(x). (18)

The symbol “(x)” indicates an operator that vanishes

for real scalar fields, and ¢"0,¢ = ¢'(0,4) — (0,4").
These operators occur at dimension six in the SMEFT
framework [45]. In addition to BT — Kt¢¢, the scalar
current operator also induces the decay B® — K°¢p¢. The
vector operator can also mediate the modes B — K*%¢p¢p
and BT — K*T¢¢. The differential decay widths for these
four modes have been given in [14]. For the hadronic form
factors involved, we use the recent lattice calculation
in [46] for B — K, and those from LCSR [21] for
B — K*. To quantify the allowed parameter space, we
define an effective heavy scale associated with each
operator as Cy;” = Az} and C);"" = AZ.

Figure 4 shows our results for the operators in Eq. (18).
The green (solid and dashed) lines and the blue dashed
line mark the lower limit on the scale A, associated
with the scalar (vector) operator in the left (right) panel
resulting from the upper bound on B+ — K*+)¢¢ and
BY — K°p¢, respectively. The pink region covers the
parameter space in the my-A.y plane that accommodates
the Belle II 1o range. The purple region indicates the
allowed parameter space once the new average number is
adopted, the thin dark purple strip is the overlapping region.
The gray area is excluded by the experimental upper limits
and is mostly due to the neutral modes B® — K*)0u57 for
these two operators. The scalar operator provides a larger
parameter region consistent with the new Belle II meas-
urement than the vector operator. The vector operator,
however, results in a ¢° distribution more in tune with the
reported excess, as we illustrate in Fig. 7.

B. Fermion DM case

We now turn to fermion DM paurticles.7 Denoting the DM
field by y, there are six leading, dimension-six operators
that are responsible for the BT — K™'yy transition [14],

gt = (5b) (22).

O3 = (5b) (7irsy). (19)
OV = (57D) (7). (%)

0,5 = (57'0) (rursi), (19b)
Ol = (50"b) (76,,2). (x)

OLY = (56b)(76,,75x), (X) (19¢)

where the “(x)” indicates the accompanying operator
vanishes for Majorana fermions. The implications for
B — K transitions from such operators have been partially
considered before [49]. In Ref. [49], only the charged
processes BT — K*)*yy are considered and this was done
before the new Belle I measurement. Here we use the new
experimental result and include all possible modes includ-
ing the neutral ones. We also use the new lattice form
factors [46].

The differential decay widths for this case have been
given previously in [45], and we reproduce them in terms of
our convention in the Appendix for reference. To study the
parameter space, we rewrite the Wilson coefficient Cj of the
operator (’){ as an effective scale C’ A;. For each
operator in Eq. (19), Fig. 5 shows the parameter space
in the m,-A plane that reproduces the new Belle II 1o
(new average) result as the pink (purple) shaded region. The
gray region is excluded by other B meson decay modes. It
can be seen that the two operators with tensor quark

A general study of the three-body decay with sterile neutrinos
in the vYSMEFT framework [47] can be found in [8,48].
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fermion DM for the operators in Eq. (19). The gray region is excluded by other B meson decay modes that are indicated in the plots

by colored lines.

currents have almost no viable region to explain the excess,
unlike the operators with scalar or vector currents. Most of
the exclusion for these four operators arises from the upper
limit on the neutral mode B® — K%y. If we insist on an
excess of events concentrated in the 3 < g> <7 GeV? bins,
only the vector current operators OZ;}S& with certain DM
masses remain viable as we illustrate in Fig. 7.

C. Vector DM case

Finally, we consider the vector DM. There are two
parametrizations that can be used in this case as discussed
in [14]. Here we adopt the one with a four-vector field X,
for simplicity. The operators have been classified by us in
[14], and the ones relevant for BT — K+ XX transitions are

O’ = (5b)(X;x¥), (20a)
i
Oﬁ;{’ =5 (56"b)(XpX, — X0X,,), (x) (20b)
oL

Oy =5 (50" ysb) (XX, = XiX,). (x)  (20¢)

O = (57,b)a, (X¥TX¥ + X*TXm), (20d)

OV — (s, D) (X3, X, Yoo 0
qX3 (S]/ﬂ )( PYvy 0')6 5 ( e)

OVt — (5b)(X}ia XV 20f
i = (Sr'b)(Xiia,X"), (x) (20f)

O = (57,b)i0, (X¥1X¥ = X*TX¥), (x)  (20g)

Oe = (Sr,b)i0, (X)X ;)" (%) (20h)
The symbol “(x)” indicates that the corresponding operator
vanishes for real vector fields. To address the well-known
singularity problem that affects vector fields in the limit of
vanishing mass, for our numerical analysis, we scale the
Wilson coefficients of these operators in the following
manner:

2 2

m m
S — T =__
CtIX T A3 Cle,Z T A3
eff eff

2
m m
\4 —
qX245 — A4 ’ gX3,6 = A3 . (21)

eff eff

In Fig. 6, we show the parameter space resulting in a
branching ratio in agreement with Eq. (17). It can be seen,
that except for the two operators with tensor quark currents

(’)gjﬁ’ », the remaining operators contain a large acceptable
parameter region.

D. The ¢? distribution

The excess of events observed by Belle II appears to
occur mainly for ¢* values between 3—7 GeV?2 [1].° It is

*We thank Eldar Ganiev for confirming this observation.
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thus interesting to compare the g> distributions that follow
from the different DM cases. Because the new particles
would add incoherently to the SM rate, we combine the two
to obtain a normalized ¢ distribution as

= drSM drNP d]:SM dl:NP
dr’ _d¢? + dq® _ d_(lz + (R,{i, B 1)TIZ (22)
dq2 B Doy + e B Rzﬁ ’

where drSM,NP/dqz = (dFSM,NP/d‘IZ)/FSM,NP-

In Fig. 7, we show representative cases from the insertion
of all the DM operators discussed above for selected DM
mass value my = 300,700 MeV  (left panel), m, =
700 MeV (center panel) and my, = 700 MeV (right panel).
For comparison, the SM distribution is also shown (black

line). The figures indicate that the cases of OZ(’;I’ with my, ~

300 MeV and (’);}Sf’z with m, ~700 MeV would more

closely match the preliminary ¢ distribution of the excess.
This can be seen more clearly when the experimental
detection efficiency is taken into account. Figure 8 shows
how the inclusion of the Belle II signal-selection efficiency
for inclusive tagging analysis (ITA) affects the distribution
for scalar and fermion DM case. Since the selection
efficiency is given in each ¢>-bin, we show the new
distributions in histogram according to (dl'/dq?).e;/
(2 GeV?Y_,(dl'/dq?);e;). Here ¢; is the efficiency taken
from Fig. 6 in [1], 2 GeV? is the bin width, and (dl"/dq?),
is evaluated at the central g> value of each bin. The study
of the shape of this distribution will help narrow down
possible explanations if the excess is confirmed.

IV. SUMMARY AND CONCLUSIONS

The recent measurement of the branching ratio
B(B" — K*wy) by the Belle II Collaboration is larger
than the SM prediction at the 2.7¢ level and has attracted
some attention. This new Belle II result is consistent within
errors with the average of measurements, and the discrep-
ancy with the SM is not sufficiently large to require a new
physics explanation. In anticipation of future, more precise,
measurements, the new number invites speculation on the
possibility of accommodating a rate that exceeds the SM. In
particular it is important to understand whether models that
can enhance R¥ can remain consistent with a lower RY,
closer to the SM.

Since the neutrinos in the final state are not identified,
it is possible to enhance RY with models that contain other
invisible particles, such as light dark matter. It is also
possible to do so with additional neutrinos or by introduc-
ing lepton flavor violating neutrino couplings as in models
previously discussed in the literature.

We began with a model-independent description of the
interactions in b — svi. We considered four types of
dimension six operators, two of which can interfere with
the SM (when diagonal in neutrino flavor) and two that can

not. We then scanned the parameter spaces to see if it was
possible to cover the new Belle II 1o range for B(Bt —
K*up) (or the new average) as well as existing bounds on
B(B — K*vr). Our results, shown in Figs. 1 and 2 indicate
that whereas it is relatively easy to reproduce the new lo
range of R¥, it is much harder to simultaneously obtain a
low value of R¥. < 1.9. This conclusion is stronger for
operators which have no interference with the SM. The
relative size of RY and RY. will play an important role in
untangling any hint for NP in these modes.

We then restricted the parameter scans to models
with one leptoquark, and found that only S, ;2 0r Vip
can produce R¥ # RY. and satisfy the constraints from
both R¥. and b — s¢T¢~ modes. However, they cannot
explain the b — s£*¢~ anomalies. These two cases predict
significant enhancements for the modes BT — KT u~t™,
B, - ut", Bt - Ktt7t", and B, » t~t". In contrast,
we found that models with only C} coefficients, such as
those with S,, S; or V; leptoquarks, cannot satisfy both
conditions on RY and R¥. because they give RY = RY..
Furthermore, if S, is used to explain the current values
of R, it produces values of R¥ and R%. much larger than
the existing constraints. We also found that solutions with
light right-handed neutrinos that couple to SM fields via a
7' are excluded when B, mixing constraints are imposed.

In scenarios with light dark matter resulting in BT —
K" + E, we present constraints on the effective scale of all
lowest-dimensional operators coupling b, s quark bilinears
to pairs of scalar, fermion or vector dark matter particles.
We find that existing experimental upper bounds on
B> K+ F, B> K"+ E, and BT - K** + F rule
out much of the parameter space where these operators
could enhance B™ — K™ + F to the level of the new
Belle II result.

We illustrated the remaining parameter space that can
survive the constraints, finding that the effective scales are
typically constrained to be in the multi-TeV range for scalar
and fermion dark matter. For vector dark matter, the
effective scales are in the several hundred GeV range when
the masses are less than 100 MeV and become weaker as
the mass increases due to the reduced phase space.

We confronted the different operators with the prelimi-
nary ¢’ distribution reported by Belle II. We found
that three operators with specific values for dark matter

mass would best accommodate the spectrum, OZ:};Sb with

mgy ~ 300 MeV and (’);}ﬁ{’z with m, ~700 MeV. Clearly,

the experimental result is preliminary, but our exercise
illustrates how the shape of the spectrum can be used to
narrow the possible explanations for an excess in the rate.
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APPENDIX: THE DIFFERENTIAL WIDTH
FOR B - K¥yy

For the light invisible fermionic DM case, based on the
parametrization for the hadronic matrix elements given
in [14,21,50,51], the differential decay widths for B —
K*(K%yy and B - K**(K*)yy transitions induced from
the interactions in Eq. (19) are calculated to take the
following general form:

dlg_pyy ﬂ%(m%,m%,,s)lé(mz,s) 3(’”% ) S.sb|2 S.sb|2 2(54'2’"2)1(’"123”"10’ 2 | AV.sh|2
tet Ll o) (S L e+l + 22
2 S
+; [6mz(m2 m3)2f3 + (s — 4m?)A(m3, m%,,s)fﬂ |C}I/)(2b|2
42(mp. mp,s) z[ T.sb|2 T.sb|2
R~ A S 8 C S —4 2 ch N :|
(i + mp)? f51(s+8m )| qz1| + (s—4m )| P
lzm(mB B m%)z S.sb AV sbx 2471’1/1(1’}13, mP’ ) V.sb ~T sbx
- m, — m; |:Cq;(2 Cq)(Z } mp + mp f+fT |:Cq;(1 Cq)(l i| ’ (Al)
dlg vy, l%(m% m%, S)Kz(mz s)
_ Mp, Vz[ am2)| Vst |2 _am2)| Vb }
A 96z°m 3(mBer ) (s 2mlCo [ (= am|Co
/’{ ) ) 8 2 2
o j;; pa { (54 802 A0 )T + (=) ( = PT343 e
B B 1%
/lz(vamw 2 4 2 2 272 8’”%’"%/5 2 T.sb|2
+ 4872 mBs mB’mV’ )T (s+8m ) (m ) T2 +WT23 |C(1)(2 |
ma(my, m%, s)k2(m?, s b T b
( B \% ) ( )VOTIER[CV bCT b :|, (AZ)

8ﬂ3m%(m3+mv) at ~axl

where P = KT, K% and V =

Ax,y,2) = x>+ y* + 22 = 2(xy + yz + zx) and k(m?, s) =

K+, K*. C{ is the corresponding Wilson coefficient of the operator (’){ . The Killen function
/1 —4m? /s, with m being the DM mass while s the invariant

mass of DM pair. mg, mp, my are the masses of mesons B*, P,V and m,,, m, are masses of b, s quarks, respectively.
Sfo-f+. Vo, fr.T1, T, To3 are hadronic form factors associated with different quark currents, with definitions that can be

found in [14,21].
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