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FIG. 21. Signal strength µ determined in the ITA (left) and HTA (right) for independent data samples divided into approximate
halves by various criteria. The vertical lines show the result obtained on the full data set. The horizontal bars (and dot-dashed
lines) represent total one standard deviation uncertainties.

FIG. 22. Distribution of q2rec for ITA events in the pion-
enriched sample and populating the ω(BDT2) > 0.92 bins.
The yields of simulated background and signal components
are normalized based on the fit results to determine the
branching fraction of the B+ → ε+K0 decay. The pull dis-
tribution is shown in the bottom panel.

f
+→ = 0.5 compared to the one adopted here. However,

due to the large statistical uncertainties, minor di!er-
ences in the correction factors have a small impact on

FIG. 23. Branching-fraction values measured by Belle II,
measured by previous experiments [9–13], and predicted by
the SM [4]. The Belle analyses reported upper limits; the val-
ues shown here are computed based on the quoted observed
number of events, e!ciency, and f+→ = 0.516. The BaBar
results are taken directly from the publications, and they use
f+→ = 0.5. The weighted average is computed assuming sym-
metrized and uncorrelated uncertainties, excluding the super-
seded measurement of Belle II (63 fb→1, Inclusive) [13] and
the uncombined results of Belle II shown as open data points.

Clean SM calculation 
SM rate is suppressed 
-> Invisible particles also probed
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• Inclusive Tagging Analysis/Kinematicsを紐解く　 

•２体崩壊の解釈、ほかの関連データ 

•３体崩壊の解釈 

• B→K*+Invからの示唆 

•暗黒物質などのシナリオ 

•まとめ展望



Inclusive Tagging Analysis
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• 比較的新しい方法、従来HTA,Semileptonic 
Inclusive→統計多い 

• 結果、2.7σほどSMより大きい

BSMとして解釈するための障壁 

• q_recとは？ (先行の理論論文では無視) 

 

• Signal efficiencyがわからない（同上）
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An excess in the branching fraction for B
+ → K

+
ωω recently measured at Belle II may be a hint

of new physics. We perform thorough likelihood analyses for di!erent new physics scenarios such
as B → KX with a new invisible particle X, or B → Kεε through a scalar, vector, or tensor
current with ε being a new invisible particle or a neutrino. We find that vector-current 3-body
decay with mX ↑ 0.6 GeV—which may be dark matter—is most favored, while 2-body decay with
mX ↑ 2 GeV is also competitive. The best-fit branching fractions for the scalar and tensor cases are
a few times larger than for the 2-body and vector cases. Past BaBar measurements provide further
discrimination, although the best-fit parameters stay similar.

I. INTRODUCTION

The decay B+
→ K+ωω is a rare process in the Stan-

dard Model (SM). It has long been a sought-after exper-
imental target [1–4] as it is one of the cleanest channels
for the search for new physics owing to well-controlled
theoretical uncertainties in the SM prediction for its
branching fraction [5] (also see [6]):

BSM(B+
→ K+ωω) = (5.58± 0.37)↑ 10↑6 . (1)

The Belle II collaboration recently reported [7] a mea-
surement of this branching fraction by employing the
novel Inclusive Tagging Analysis (ITA) method [7–9]:

B(B+
→ K+ωω) = (2.7± 0.5(stat)± 0.5(syst))↑ 10↑5 ,

(2)
which is obtained by scaling and fitting the normal-
ization of a SM-like event distribution. Ref. [7] also
combines this with results from the well-established
Hadronic Tagging Analysis (HTA) method, and obtains
B(B+

→ K+ωω) = (2.3 ± 0.5(stat)+0.5
↑0.4(syst)) ↑ 10↑5.

This is higher than the SM prediction by about 2.7ε,
prompting a burst of theoretical activities to look for
NP via this mode [10–22].

Assuming the excess is due to NP, there are two sim-
ple interpretations of the “ωω”, which is undetected ex-
perimentally. One (the “2-body scenario”) is that “ωω”
is a single new particle, X, which is invisible or de-
cays invisibly experimentally [21, 22]. Another (the “3-
body scenario”) is that it is a pair of particles ϑ1ϑ2,
where each ϑi may be either a new particle or a SM
(anti-)neutrino (e.g. [10, 11, 15, 19]). The 3-body sce-
nario can be further categorized into three sub-scenarios
depending on whether the b → s transition happens via
a scalar, vector, or tensor operator. The question, there-
fore, is which scenario seems to be most favored by data
on statistical grounds.
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In this work, we perform likelihood analyses mainly
using the binned ITA data of Ref. [7], and identify the
preferred ranges of the mass and branching fraction in
each scenario. Then, comparing the best-fit points be-
tween di!erent scenarios, we find that the vector-current
3-body scenario with mω1,2 ↓ 0.6 GeV is most statisti-
cally favored, but the 2-body decay with mX ↓ 2GeV
is also comparable. We also find that in the scalar-
and tensor-current 3-body scenarios the best-fit branch-
ing fractions are a few times larger than the aforemen-
tioned value by Belle II. This is because the scalar and
tensor event distributions have a very di!erent shape
from a SM-like (vector) event distribution assumed in
the Belle II analysis. Finally, we also explore further
discrimination between scenarios by including the past
BaBar data.

II. TESTING NEW PHYSICS WITH BELLE II

Given the latest ITA, Belle II reports the results in
terms of a variable (q2rec) that is only loosely related
to q2 ↔ (pB ↗ pK)2, we carefully analyze distortions
in the reported signal shape compared to the true q2

distributions expected in the various scenarios. We will
also find it essential to take into account the e!ects of a
very non-uniform signal e”ciency. We further combine
the results with past measurements to narrow down the
possibilities.

Since the 4-momentum of the tagged B meson is not
reconstructed in ITA, the missing mass-squared, q2 =
(pB ↗ pK)2, is approximated by q2rec:

q2rec ↔ E2
B +m2

K ↗ 2EBEK

= q2 + (E2
B ↗m2

B)↗ 2ϖpK(q2)·ϖpB , (3)

where EB,K and ϖpB,K are the energies and momenta of
the observed B and K in the BB̄ center-of-mass frame.
The resolution in EK measurement is O(1)%, leading to
negligible smearing in q2rec. Given the bin size of 1 GeV2

chosen in Ref. [7], the smearing in q2rec almost entirely
stems from the absence of the ϖpK(q2) · ϖpB term in the
inference of q2rec. By numerical simulation, we find that
events with a given value of q2 get distributed almost
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FIG. 18. Distributions of ω(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, !EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ → K+εε̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ω(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb→1. The pull distributions are shown in the bottom panels.
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FIG. 15. Observed yields and fit results in bins of the ω(BDT2) → q2rec space obtained by the ITA simultaneous fit to the
o!- and on-resonance data, corresponding to an integrated luminosity of 42 and 362 fb→1, respectively. The yields are shown
individually for the B+ ↑ K+εε̄ signal, neutral and charged B-meson decays and the sum of the five continuum categories.
The yields are obtained in bins of the ω(BDT2)→ q2rec space. The pull distributions are shown in the bottom panel.

FIG. 16. Twice the negative profile log-likelihood ratio as a
function of the signal strength µ for the ITA, HTA, and the
combined result. The value for each scan point is determined
by fitting the data, where all parameters but µ are varied.

di!erence between the →2 log L values at µ = 1 and at
the minimum is used to estimate the significance of the
observed signal with respect to the SM expectation. For
the ITA, it is found to be 2.9 standard deviations, indi-
cating a potential deviation from the SM. For the HTA,
the result is in agreement with the SM at 0.6 standard
deviations.

Events from the SR of the HTA represent only 2% of
the corresponding events in the ITA; their removal does
not alter the ITA result significantly. The ITA sample

with removed overlapping events is used for the compat-
ibility checks. The ITA and HTA measurements agree,
with a di!erence in signal strength of 1.2 standard devi-
ations.

XIII. CONSISTENCY CHECKS

Several checks are performed to test the validity of the
analysis.

Simulation and data events are divided into approxi-
mately same-size statistically independent samples (split
samples) according to various criteria: data-taking pe-
riod; missing-momentum direction; momentum of the
rest-of-event particles; number of photons, charged par-
ticles, and lepton candidates in the event; kaon direction;
kaon charge; and total charge of the reconstructed parti-
cles in the event. Fits are performed for each split sample,
and the results are presented in Fig. 21.

Good compatibility is observed between the split sam-
ples for the HTA. A tension at 2.4 standard deviations
is observed for the total charge split sample in the ITA.
Several studies are conducted to investigate this tension,
but they did not reveal any significant systematic e!ects.
The total ω

2 value per degrees of freedom for all tests in
the ITA is 12.5/9.

An important test involves the subdivision based on
the number of leptons in the ITA. Since there are no
leptons on the signal side, this test compares events in
which a (semi)leptonic B decay occurs in the ROE with
those in which a hadronic B decay occurs. The separa-

ずれが顕著なBin 
η(BDT2)>0.98

(2.3±0.7)×10⁻⁵ B(B⁺→K⁺νν̄)SM=(5.58±0.37)×10⁻⁶
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• qrec2は,欲しいq2=(pB-pK)2から少しズレる 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An excess in the branching fraction for B
+ → K

+
ωω recently measured at Belle II may be a hint

of new physics. We perform thorough likelihood analyses for di!erent new physics scenarios such
as B → KX with a new invisible particle X, or B → Kεε through a scalar, vector, or tensor
current with ε being a new invisible particle or a neutrino. We find that vector-current 3-body
decay with mX ↑ 0.6 GeV—which may be dark matter—is most favored, while 2-body decay with
mX ↑ 2 GeV is also competitive. The best-fit branching fractions for the scalar and tensor cases are
a few times larger than for the 2-body and vector cases. Past BaBar measurements provide further
discrimination, although the best-fit parameters stay similar.

I. INTRODUCTION

The decay B+
→ K+ωω is a rare process in the Stan-

dard Model (SM). It has long been a sought-after exper-
imental target [1–4] as it is one of the cleanest channels
for the search for new physics owing to well-controlled
theoretical uncertainties in the SM prediction for its
branching fraction [5] (also see [6]):

BSM(B+
→ K+ωω) = (5.58± 0.37)↑ 10↑6 . (1)

The Belle II collaboration recently reported [7] a mea-
surement of this branching fraction by employing the
novel Inclusive Tagging Analysis (ITA) method [7–9]:

B(B+
→ K+ωω) = (2.7± 0.5(stat)± 0.5(syst))↑ 10↑5 ,

(2)
which is obtained by scaling and fitting the normal-
ization of a SM-like event distribution. Ref. [7] also
combines this with results from the well-established
Hadronic Tagging Analysis (HTA) method, and obtains
B(B+

→ K+ωω) = (2.3 ± 0.5(stat)+0.5
↑0.4(syst)) ↑ 10↑5.

This is higher than the SM prediction by about 2.7ε,
prompting a burst of theoretical activities to look for
NP via this mode [10–22].

Assuming the excess is due to NP, there are two sim-
ple interpretations of the “ωω”, which is undetected ex-
perimentally. One (the “2-body scenario”) is that “ωω”
is a single new particle, X, which is invisible or de-
cays invisibly experimentally [21, 22]. Another (the “3-
body scenario”) is that it is a pair of particles ϑ1ϑ2,
where each ϑi may be either a new particle or a SM
(anti-)neutrino (e.g. [10, 11, 15, 19]). The 3-body sce-
nario can be further categorized into three sub-scenarios
depending on whether the b → s transition happens via
a scalar, vector, or tensor operator. The question, there-
fore, is which scenario seems to be most favored by data
on statistical grounds.
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In this work, we perform likelihood analyses mainly
using the binned ITA data of Ref. [7], and identify the
preferred ranges of the mass and branching fraction in
each scenario. Then, comparing the best-fit points be-
tween di!erent scenarios, we find that the vector-current
3-body scenario with mω1,2 ↓ 0.6 GeV is most statisti-
cally favored, but the 2-body decay with mX ↓ 2GeV
is also comparable. We also find that in the scalar-
and tensor-current 3-body scenarios the best-fit branch-
ing fractions are a few times larger than the aforemen-
tioned value by Belle II. This is because the scalar and
tensor event distributions have a very di!erent shape
from a SM-like (vector) event distribution assumed in
the Belle II analysis. Finally, we also explore further
discrimination between scenarios by including the past
BaBar data.

II. TESTING NEW PHYSICS WITH BELLE II

Given the latest ITA, Belle II reports the results in
terms of a variable (q2rec) that is only loosely related
to q2 ↔ (pB ↗ pK)2, we carefully analyze distortions
in the reported signal shape compared to the true q2

distributions expected in the various scenarios. We will
also find it essential to take into account the e!ects of a
very non-uniform signal e”ciency. We further combine
the results with past measurements to narrow down the
possibilities.

Since the 4-momentum of the tagged B meson is not
reconstructed in ITA, the missing mass-squared, q2 =
(pB ↗ pK)2, is approximated by q2rec:

q2rec ↔ E2
B +m2

K ↗ 2EBEK

= q2 + (E2
B ↗m2

B)↗ 2ϖpK(q2)·ϖpB , (3)

where EB,K and ϖpB,K are the energies and momenta of
the observed B and K in the BB̄ center-of-mass frame.
The resolution in EK measurement is O(1)%, leading to
negligible smearing in q2rec. Given the bin size of 1 GeV2

chosen in Ref. [7], the smearing in q2rec almost entirely
stems from the absence of the ϖpK(q2) · ϖpB term in the
inference of q2rec. By numerical simulation, we find that
events with a given value of q2 get distributed almost
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• ほぼフラットに広がるので、以下の近似が可能
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the

qrec2の広がり方
qr2=0,4,19,15
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• qrec2-q2対応関係が得られたので、次はEfficiency 

• HTAとITAで依存性が違う？

3

FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.
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FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

SM(赤)はカット前の分布はq2<15GeV2までフラット
20

FIG. 18. Distributions of ω(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, !EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ → K+εε̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ω(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb→1. The pull distributions are shown in the bottom panels.

22

FIG. 20. Distribution of q2, computed using Btag kinematics, Eextra, E
→
miss + cp→miss, and ntracks extra for events in the signal

region of the HTA. These distributions are obtained for B+ → K+ωω̄ candidates reconstructed in data (points with error bars),
simulation (filled histograms) of B+ → K+ωω̄ signal, BB decays, cc̄ continuum, and light-quark continuum backgrounds,
normalized according to the fit yields in the HTA. The pull distributions are shown in the bottom panels.

correlated between the two analyses. These tests yield no
substantial deviation from the default combination.

The combined result for the signal strength yields
µ = 4.6 ± 1.0(stat) ± 0.9(syst) = 4.6 ± 1.3, correspond-
ing to a branching fraction of the B

+ → K
+
ωω̄ decay of[

2.3 ± 0.5(stat)+0.5
→0.4(syst)

]
↑10→5 =(2.3±0.7)↑10→5. The

significance with respect to the background-only hypoth-
esis is found to be 3.5 standard deviations. The combined
result is 2.7 standard deviations above the SM expecta-
tion.

XV. DISCUSSION

The measured branching fraction is compared with
previous measurements in Fig. 23. The comparison is
performed using branching fractions from prior measure-
ments to assess both compatibility and relative accuracy.
For BaBar, the branching fractions are taken as given in
Refs [10, 11]. Since Belle did not report branching frac-
tions in Refs. [9, 12] they are computed for this compar-
ison based on the quoted observed number of events and
e!ciency taking into account statistical and systematic
uncertainties. Note that BaBar uses a di”erent value of

ITAの方がq2の大きい方のシグナルが削れている

η(BDT2)>0.98
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FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.
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FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

SM(赤)はカット前の分布はq2<15GeV2までフラット

ITAの方がq2の大きい方のシグナルが削れている

• ITAのほうは、欲しいBDTカットと若干違う 10

FIG. 6. Signal-selection e!ciency as a function of the dineutrino invariant mass squared q2 for simulated events in the SR for
the ITA (left) and HTA (right). The error bars indicate the statistical uncertainty.

data and simulation, exploiting its large branching frac-
tion and distinctive experimental signature. These events
are selected in data and B

+ → K
+
J/ω simulation by

requiring the presence of two oppositely-charged muons
with an invariant mass within 50 MeV/c

2 of the known
J/ω mass [14]. To suppress background events, the vari-
able |!E| is required to be less than 100 MeV and the
beam-energy constrained mass Mbc is required to exceed
5.27 GeV/c

2. These criteria result in 7214 events being se-
lected in the data sample with an expected background
contamination of 2%. Each event is then reconsidered as
a B

+ → K
+
εε̄ event by ignoring the muons from the J/ω

decay and replacing the kaon candidate with the signal
kaon candidate from a simulated B

+ → K
+
εε̄ event, to

reflect the three-body topology of the signal signature.
The kinematic properties of the signal kaon are then ad-
justed such that the B

+ four-momentum and decay ver-
tex in the simulated B

+ → K
+
εε̄ decay match the four-

momentum and decay vertex of the corresponding B
+

from the B
+ → K

+
J/ω decay. This substitution is per-

formed for the reconstructed track, ECL energy deposits,
and PID likelihood values associated with the simulated
kaon such that the test samples have a format identical to
the data and can be analyzed by the same reconstruction
software. This signal-embedding method is performed for
both data and B

+ → K
+
J/ω simulation.

The results obtained by analyzing selected events are
summarized for the ITA in Fig. 7, where the distributions
of the output values of both BDTs are shown. Good
agreement between simulation and data is observed for
the selected events before (B+ → K

+
J/ω ) and after

(B+ → K
+!!J/ω ) the signal embedding. The ratio of the

selection e”ciencies for the SR in data and simulation is
1.00 ± 0.03, i.e., agreement is observed.

For the HTA, the signal embedding is used to check
both the FEI and the combined FEI plus BDTh signal
reconstruction e”ciency. The ratios of data and simula-
tion e”ciencies at the two levels of the selection are found
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FIG. 7. Distribution of the classifier output BDT1 (main
figure) and BDT2 for BDT1 > 0.9 (inset). The distributions
are shown before (B+ → K+J/ω ) and after (B+ → K+!!J/ω )
the muon removal and replacement of the kaon momentum of
selected B+ → K+J/ω events in simulation and data. As a
reference, the classifier outputs directly obtained from simu-
lated B+ → K+εε̄ signal events are overlaid. The simulation
histograms are scaled to the total number of B+ → K+J/ω
events selected in the data.

to be 0.68 ± 0.06 and 0.60 ± 0.10, respectively. The first
ratio agrees with an independent FEI calibration derived
from B → Xϑε FEI-tagged events [41] and is therefore
used as a correction for signal e”ciencies and BB normal-
ization. From the relative uncertainty on the e”ciency
ratio computed after the ϖ(BDTh) selection, a 16% sys-
tematic uncertainty on the signal-selection e”ciency is
derived.

• qrec2-q2の対応関係が得られたので、次はEfficiency 

• HTAとITAで依存性が違う？

η(BDT2)>0.92
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FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.
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FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

SM(赤)はカット前の分布はq2<15GeV2までフラット

• 自前でEfficiencyを推定（SMの分布を再現するように）→信号分類に重要

• ITAのほうは、欲しいBDTカットと若干違う

• qrec2-q2の対応関係が得られたので、次はEfficiency 

• HTAとITAで依存性が違う？
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.
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FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the

20

FIG. 18. Distributions of ω(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, !EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ → K+εε̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ω(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb→1. The pull distributions are shown in the bottom panels.
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• Efficiencyとqrec2-q2の対応関係から実験データに理論をのせれる
この時点で多くの先行研究が的外れであることがわかった

• SMと観測のBRの差、この数字１つだけ合わせにいっている

例：b->s Xinvの二体崩壊でX質量依存性を無視 3

0.01 0.1 1 10

mhD
[GeV]

10�4

10�3

0.01

0.1

1

si
n

� LHC

HL-LHC

ILC

FCCee

B � KS B � K��

NA62
K

+
! ⇡

+
inv.

Belle
B

0
! K

⇤0
⌫⌫

KOTO K
0
L

! ⇡
0
⌫⌫

Belle II B
+

! K
+
⌫⌫

FIG. 1. Region of sin ω vs mS plane that can explain the Belle II excess at 2ε (blue shaded region) for the singlet Higgs portal
model. The central value from Eq. (5) is depicted by the dashed white curve, and the red horizontal lines are current and
future bounds on the invisible BR of the SM Higgs boson in Tab. I. We show additional constraints from K+ → ϑ+ + inv. [17],
K0

L → ϑ0ϖϖ [18] , and B0 → K→0ϖϖ [19] in the gray shaded regions. The vertical dotted blue line denotes the transition from
two-body decays B → KS to three-body decays B → Kϱϱ.

A. Singlet Higgs Contribution to B+ → K+ + inv.

Together, the interactions in Eqs. (10) and (11) con-
tribute to decays of B mesons and kaons involving miss-
ing energy when yD ↭ (mµ/v) sin ω. In this regime,
the dark Higgs hD decays dominantly to a pair of dark
fermions. When mhD < (mB → mK), B mesons un-

dergo two-body decays to kaons and on-shell dark Higgs
bosons, while three-body decays are mediated by o!-
shell Higgs bosons when mhD > mB . Similarly, the
dark Higgs is produced on-shell in kaon decays when
mhD < (mK → mω). The rates for these two-body de-
cays are

”(B+
↑ K

+
hD) =

|cbs|
2 sin2

ω

64εm
3
B+

|f
BK

0 (m2
hD

)|2
(

m
2
B+ → m

2
K+

mb → ms

)2

ϑ
1/2(m2

B+ , m
2
K+ , m

2
hD

), (13)

”(B0
↑ K

→0
hD) =

|cbs|
2 sin2

ω

64εm
3
B0

|A
BK

0 (m2
hD

)|2
(

1

mb + ms

)2

ϑ
3/2(m2

B0 , m
2
K→0 , m

2
hD

), (14)

”(K ↑ εhD) =
|csd|

2 sin2
ω

64εm
3
K

|f
Kω

0 (m2
hD

)|2
(

m
2
K

→ m
2
ω

ms → md

)2

ϑ
1/2(m2

K
, m

2
ω
, m

2
hD

), (15)

where f0(q2) and A0(q2) are hadronic form factors for
B ↑ K or K ↑ ε transitions that are evaluated at the
mass of the dark Higgs mhD . The parameterization of
these form factors is discussed in App. A. The function

ϑ(a, b, c) = a
2 + b

2 + c
2

→ 2(ab + bc + ac) is the Källén
function. In Eq. (15), K ↓ {K

+
, K

0
} and ε ↓ {ε

+
, ε

0
}.

The di!erential rates for the three-body decays B
+

↑

K
+
ϖϖ̄ and B

0
↑ K

→0
ϖϖ̄ are

Can't be flat

例：b->s XXの３体崩壊でX質量依存性と 
bs側のオペレータのq2分布も無視

these two constraints, the model predicts Rωω
K → Rωω

K→ ↭ 2, barely reaching the lower end of the

new Rωω
K average.

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

A large B(B+ ↑ K+ωω̄) 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.6 Since the spin of the possible DM particles is not known, we

consider three cases: a spin-0 scalar ε, a spin-1/2 fermion ϑ, 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)c ↓ U(1)em on the e!ective 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 B+ ↑ K+ + invisible decays for all cases.

For this discussion, it is not convenient to use the ratio RK
ωω of Eq. (1). Instead, it is better to

look at the di!erence between the measurement and the SM, and refer to it as the “NP window”.
Using the new Belle II measurement this is,

B(B+ ↑ K+ + invisible)NP ↔ B(B+ ↑ K+ωω̄)exp ↗ B(B+ ↑ K+ωω̄)SM = (1.9± 0.7)↓ 10→5, (17)

and it becomes (1.0± 0.4)↓ 10→5 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 B+ ↑ K+ + invisible to fall within the 1 ϖ range

of Eq. (17). At the same time, the e!ective operators studied below will also contribute to the

decays B0 ↑ K0 + invisible and B+(0) ↑ K↑+(0) + 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 concentrated in the region with 3 ↘ q2 ↘ 7 GeV2 [1].

It has been pointed out recently that the excess over the SM from the Belle II measurement is

model dependent [42, 43]. A recasting of the Belle II analysis for the di!erent types of particles,

di!erent masses, and di!erent operators that we discuss below is beyond the scope of the present

study. Each choice of particle, mass or operator leads to a di!erent kinematic (q2) distribution

and this can be exploited by future experimental analysis to di!erentiate 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

6 Similar considerations for charm decay can be found in [40, 41].
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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 OS,sb

qω (OV,sb
qω ). The gray region

is excluded by other B meson decay modes that are indicated in the plots by colour lines.
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FIG. 5: The pink [purple] region shows the parameter space that could explain the recent Belle II excess
[new average] with 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 coloured lines.

OV,sb
qε1 = (sωµb)(εωµε), (→) OV,sb

qε2 = (sωµb)(εωµω5ε), (19b)

OT,sb
qε1 = (sϑµϑb)(εϑµϑε), (→) OT,sb

qε2 = (sϑµϑb)(εϑµϑω5ε), (→) (19c)

where the “(→)” indicates the accompanying operator vanishes for Majorana fermions. The im-

plications for B ↑ K transitions from such operators have been partially considered before [48].

In Ref. [48], only the charged processes B+ ↑ K(→)+εε are considered and this was done before

the new Belle II measurement. Here we use the new experimental result and include all possible

modes including the neutral ones. We also use the new lattice form factors [45].

The di!erential decay widths for this case have been given previously in [44], and we reproduce

them in terms of our convention in Appendix A for reference. To study the parameter space, we

rewrite the Wilson coe”cient Cj
i of the operator Oj

i as an e!ective scale Cj
i ↓ #↑2

e! . For each

operator in Eq. (19), Fig. 5 shows the parameter space in the mε ↔ #e! plane that reproduces

12

Higgs Portal Scalar [2312.00982]

Actually disfavored 2309.12741
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q2recのbinごとにLikelihood、統計エラーのみ。

2

FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the
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FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

• データを良くフィット 
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in theFridell, Ghosh, Okui, KT [2312.12507]
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• Belle IIのHTA(左)はデータオーバラップがあり断念 
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FIG. 5. Number of B → Kωω events (black, error bars
shown) for 471↑106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e!ciency in this BaBar study stays
flat until q2 → 20GeV2 while the e!ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+

↑ K+ωω result at BaBar, as seen in
Fig. 5. For this reason, the ε2

min values of these scenarios
are significantly worsened, see Table I. The best scenario
is still the 3-body decay with massive ε via the vector
operator, but the 2-body one is comparable.

Other data sets that may be relevant for us, but are
not included, are the following:

1. In [7], Belle II also reported the q2 result in the
HTA, see Fig. 6. Since the data has a small overlap
with the ITA dataset, we are unable to combine
them. However, we see the trend that the third bin
seems to have a tension with the 2-body scenario
with mX = 2GeV.

2. Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an
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FIG. 6. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di”erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di”erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

↑ K+ωω. The
NP scenarios we consider are: (a) 2-body scenario B ↑

KX, and (b) the 3-body scenario B ↑ Kε1ε2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e!ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a εε
pair, where mω ↓ 0.6GeV. This ε can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less ε fits best, for a branching fraction of B(B+

↑

KεRωL) → 8↔ 10→5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e!ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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FIG. 5. Number of B → Kωω events (black, error bars
shown) for 471↑106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e!ciency in this BaBar study stays
flat until q2 → 20GeV2 while the e!ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+

↑ K+ωω result at BaBar, as seen in
Fig. 5. For this reason, the ε2

min values of these scenarios
are significantly worsened, see Table I. The best scenario
is still the 3-body decay with massive ε via the vector
operator, but the 2-body one is comparable.

Other data sets that may be relevant for us, but are
not included, are the following:

1. In [7], Belle II also reported the q2 result in the
HTA, see Fig. 6. Since the data has a small overlap
with the ITA dataset, we are unable to combine
them. However, we see the trend that the third bin
seems to have a tension with the 2-body scenario
with mX = 2GeV.

2. Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an

FIG. 6. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di”erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di”erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

↑ K+ωω. The
NP scenarios we consider are: (a) 2-body scenario B ↑

KX, and (b) the 3-body scenario B ↑ Kε1ε2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e!ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a εε
pair, where mω ↓ 0.6GeV. This ε can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less ε fits best, for a branching fraction of B(B+

↑

KεRωL) → 8↔ 10→5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e!ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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• オペレータ3種類（B->Kvvに関連するもの） 
• Low q2を切るfermionの質量も考慮
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the

3

FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

3

FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K
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excess would be severely excluded by the absence
of a corresponding excess in B → K→, while the
pure vector case has the least impact on B → K→

and is still allowed by data. Therefore, for our
interest in identifying the best scenarios, we do
not consider any axial-vector component in the
quark bilinear.

3. Tensor operator: the interaction is given by

L ↑
1

!2
T

(b̄ωµωs)(ε̄1ωµωε2) , (9)

where !T is a heavy scale. As in the scalar case
above, we consider ε1 = ϑL and ε2 to be a new
neutral fermion.

In each of these three cases, we compute the q2 spec-
trum of the decay rate d”/dq2, and the distributions
are given in Fig. 4. The relevant matrix elements and
form factors for the B → K decay are given in [25, 26]
and also in Appendix A. In the ITA, the distributions
are modified due to the e#ciency and smeared by q2rec.
Two representative cases are shown in Fig. 1.

We find the favored parameter space of the 3-body
scenarios using the same likelihood analysis as we per-
form for the 2-body one, and the results for the cases of
the vector and scalar operators are shown in Fig. 3. For
the vector case, the fit is best at mε = 0.62+0.10

↑0.09GeV
and B = (3.5+0.8

↑0.6(stat)) ↓ 10↑5 (see the middle panel),
which is close to the measurement made at Belle II.
Since this massive ε be can be stable, it is a candidate
of dark matter.

For the scalar operator, the best-fit mass is mε = 0,
while the branching fraction is preferred to be high,
(7.9+1.6

↑1.5(stat)↓ 10↑5) (see the right panel). This is due
to that the q2-spectrum peaking at high q2 ↔ 20 GeV2,
as seen in Fig. 4, is multiplied by the e#ciency which
drops at high q2, see Fig. 2. Therefore, most of the sig-
nal events are discarded by the ITA, which statistically
favors a higher branching fraction to explain the excess.

For the tensor case, since the q2-distribution is very
similar to the scalar case, as seen in Fig. 4, the fitted
results are also similar, and the preferred branching frac-
tion is B = (6.4 ± 1.2(stat)) ↓ 10↑5. We do not show
the tensor case in Fig. 3 for the sake of brevity, but we
quote ε2

min for the fit to the decay B → Kεϑ in Table I.
For the best-fit points in Fig. 3, we find !V ↗ 6.5 TeV

for the 3-body vector current and !S ↗ 4.1 TeV for
the 3-body scalar current. The 2-body decay occurs at
tree-level, for which we find an e$ective coupling ϖX ↗

3↓ 10↑4 for L ↑ ↘ϖX b̄sX.
As already addressed, our analysis does not include

systematic uncertainty. The systematic uncertainty
would enlarge the allowed parameter space by about
40% unless the uncertainty has a strong q2 dependence.

Based on the values ε2
min of di$erent scenarios, shown

in Table I, we can distinguish the preferred ones out
of them. Testing one hypothesis H1 against the null

ω
2
min → 100 2b V V→ S T SM

Belle II 6.8 15.2 4.7 15.1 11.9 44.6

+ BaBar SR 27.6 30.4 22.1 31.8 29.8 61.0

+ BaBar sB < 0.8 73.3 78.8 72.9 90.2 86.9 106.7

TABLE I. The likelihood minima ω
2
min for 2-body scenario

(2b), and several 3-body scenarios: two vector cases with
mω = 0 (V) and mω ↑ 0.6GeV (V→); the scalar (S) and
tensor (T) cases. The rows correspond to the choice of an-
alyzed datasets: first only the Belle II ITA data [7], then
adding the BaBar data [4] within the signal region (SR),
and finally including outside the SR, q

2
< 0.8m2

B . The
bold ones indicate the best-fit or competitive scenarios with
ε(H0 = V→) > 10%. The ω

2 values for the SM are also
shown. Only statistical uncertainties are considered.

hypothesis H0 can be evaluated by [27]

ϱ =
maxL(H1)

maxL(H0)
= exp

(
↘[ε2

min(H1)↘ ε2
min(H0)]/2

)
.

(10)

Within the Belle II ITA, we find that the best sce-
nario is the 3-body decay with vector-operator and
mε = 0.62GeV, and the best 2-body scenario is also
competitive. However, the scalar-current 3-body sce-
nario is disfavored, and adding mass to ε makes it even
worse. A SM-like shape, i.e. the vector-current 3-body
scenario with massless ε, is also disfavored. Even if un-
accounted uncertainties, such as the systematics, lower
ε2, say by a factor of two, the scalar and vector opera-
tors with massless ε would still have ϱ < 10% against
the best-fit scenario.

a. Combining with other measurements. —
Having considered the Belle II ITA, we now combine

the analysis with past BaBar measurements of B → hϑϑ
with h = K0,K+ based on the conventional hadronic
tagging [4]. The shape with the BaBar data (after the
background is subtracted) with several new physics sce-
narios in Fig. 5. A major di$erence from the latest
Belle II ITA is that the analysis uses q2 rather than
q2rec, and the resolution of q2 is significantly better than
the adopted bin size. Therefore, we can ignore smearing
e$ects.

For their signal region sB ≃ q2/m2
B < 0.3, we calcu-

late the log-likelihood ε2 for this data, which we then
combine with the result of Belle II ITA. The combined
fits are shown as magenta dashed lines in Fig. 3, and
the values of ε2

min are in Table I. While the preferred
parameter regions barely change in all scenarios, the
di$erence of ε2

min between the 2-body scenario and the
best 3-body scenario increases from 2 to 5 because the
signal of 2-body decay should be localized in the second
bin where no excess is seen.

Although sB > 0.3 (q2 ↭ 8.4GeV2) is outside the

3

FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.
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FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

• Scalar dist.~Tensor dist. 
• Scalar/Tensorはhigh-q2 dominate 
→q2～4GeV2ピークたいしては効率悪い 
Note: efficiency drops for higher q2 in ITA.
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.
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FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the
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FIG. 3. The upper panel shows 2D plots of ω2 → ω
2
min in the B-mNP plane for di!erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di!erent NP scenarios: on the left panel is the 2-body scenario B

+ ↑ K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ↑ K

+
ωω, mNP = mω mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ↑ K

+
ω̄RεL,mNP = mω, where εL is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ↑ K

+
ω1ω2 via

scalar, vector, and tensor operators as functions of q
2 for

massless ω1,2 (solid lines) as well as massive ω1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e”ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
→

K+ω1ω2 where we have multiple scenarios to consider.
We assume that ω1,2 are fermionic in this work. How-
ever, some operators that contribute to B → K decays
also contribute to B → K→ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

→ K→εε) < 1.8↑ 10↑5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e!ects

on B → K→:

1. Scalar operator: the interaction is given by

L ↓
1

”2
S

(b̄s)(ω̄1ω2), (7)

where ”S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄ϑ5s as
that would contribute only to B → K→ and not
to B → K, while the scalar case contributes only
to B → K and not to B → K→. In our work, we
consider the case where ω1 = εL, which is massless
for our purpose, and ω2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

→ ϖ+εε implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via #L = 2
odd mass-dimension operators. We consider the
possibility of ω2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ϱijLiNQjd [24].

2. Vector operator: the interaction is given by

L ↓
1

”2
V

(b̄ϑµs)(ω̄1ϑµω2) , (8)

where ”V is a heavy scale. ω1 and ω2 may be a
pair of SM εLεL or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di!erent from a SM-
like V↔A current. As shown in Fig. 2 of [15], an
additional V↔A contribution that fits the B → K

5

FIG. 5. Number of B → Kωω events (black, error bars
shown) for 471↑106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e!ciency in this BaBar study stays
flat until q2 → 20GeV2 while the e!ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+

↑ K+ωω result at BaBar, as seen in
Fig. 5. For this reason, the ε2

min values of these scenarios
are significantly worsened, see Table I. The best scenario
is still the 3-body decay with massive ε via the vector
operator, but the 2-body one is comparable.

Other data sets that may be relevant for us, but are
not included, are the following:

1. In [7], Belle II also reported the q2 result in the
HTA, see Fig. 6. Since the data has a small overlap
with the ITA dataset, we are unable to combine
them. However, we see the trend that the third bin
seems to have a tension with the 2-body scenario
with mX = 2GeV.

2. Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an
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FIG. 6. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di”erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di”erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

↑ K+ωω. The
NP scenarios we consider are: (a) 2-body scenario B ↑

KX, and (b) the 3-body scenario B ↑ Kε1ε2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e!ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a εε
pair, where mω ↓ 0.6GeV. This ε can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less ε fits best, for a branching fraction of B(B+

↑

KεRωL) → 8↔ 10→5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e!ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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unconventional statistical treatment, we cannot
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In this work, we perform a binned-likelihood analysis
of di”erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

↑ K+ωω. The
NP scenarios we consider are: (a) 2-body scenario B ↑

KX, and (b) the 3-body scenario B ↑ Kε1ε2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e!ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a εε
pair, where mω ↓ 0.6GeV. This ε can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less ε fits best, for a branching fraction of B(B+

↑

KεRωL) → 8↔ 10→5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e!ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.

ACKNOWLEDGMENTS

We thank Eldar Ganiev for useful discussions. This
work is supported in part by the US Department of En-

5

-4

-2

0

2

4

6

8

10

0 5 10 15 20

-6

-4

-2

0

2

4

6

FIG. 5. Number of B → Kωω events (black, error bars
shown) for 471↑106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e!ciency in this BaBar study stays
flat until q2 → 20GeV2 while the e!ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+
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is still the 3-body decay with massive ε via the vector
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seems to have a tension with the 2-body scenario
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tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an
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dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di”erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di”erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

↑ K+ωω. The
NP scenarios we consider are: (a) 2-body scenario B ↑

KX, and (b) the 3-body scenario B ↑ Kε1ε2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e!ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a εε
pair, where mω ↓ 0.6GeV. This ε can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less ε fits best, for a branching fraction of B(B+

↑

KεRωL) → 8↔ 10→5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e!ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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FIG. 1. Number of B+ → K
+
ωω events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ε(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ → K
+
ϑϑ by a vector current, with mω =

0.6 GeV and B(B+ → K
+
ϑϑ) = 3.2↑10→5 in addition to the

SM. The green line shows B+ → K
+
ωLϑ via a scalar current

for mω = 0 and B(B+ → K
+
ϑϑ) = 7.3 ↑ 10→5. The yellow

line shows the distribution for the 2-body decay B
+ → K

+
X

with B(B+ → K
+
X) = 0.7↑ 10→5 and mX = 2 GeV.

FIG. 2. Inferred e!ciency in the ε(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

{
(!+ →!→)→1 if !→ < q2rec → q2 < !+

0 otherwise
,

(4)

!± = (E2
B →m2

B)± 2

(
1±

|ωpB |

EB

)
|ωp↑

K(q2)||ωpB | (5)

where ωp↑
K(q2) is the momentum of the K in the rest

frame of the B meson, |ωpB | = 0.33GeV, and EB =
5.29GeV. For example, B ↑ KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

↑ K+εε is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e”ciency, ϑ(q2), is another essential input
to process the various scenarios. Although two e”cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e”ciencies
to reproduce the shape of the reported B ↑ Kεε distri-
bution. We tune the q2-dependent e”ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7↓ 10→5, is
multiplied by q2-dependent e”ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e”ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
∏

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i ↔ q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NKωω,SM

i +NNP
i includes

the background and the SM B ↑ Kεε with as well as
the yield of new physics,

NNP
i = NB±

∫ q2i+1

q2i

dx

∫
dq2 f rec

q2 (x) ϑ(q2)
dBNP

dq2
, (6)

where NB± = 3.99↓ 108 at Belle II. We obtain the log-
likelihood, →2 lnL, which is denoted as ϖ2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))↓10→5

for B+
↑ K+εε for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))↓ 10→5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood ϖ2, based on the
2-body decay B+

↑ K+X scenario. We find the mini-
mum ϖ2

min and obtain the preferred parameter space by
evaluating ϖ2

→ ϖ2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3ϱ are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the ϖ2 by
a factor of two, resulting in the allowed region being
enlarged by ↗ 40%, but the tendency of the preferred
parameters would not be a#ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best ϖ2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

(
0.79+0.16

→0.13(stat)
)
↓ 10→5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the
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• Belle II公式の解析 2507.12393（Babar無しでも）も3体崩壊では 
Scalar/tensorよりVector(SM like) が良い 

• 2体崩壊との比較は不明（次のトーク？）

• 後追い論文2403.13887では、Bs→InvやB→K* inv(Babar)なども見る。 
共通して見えるオペレータも多い
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Figure 3. The marginalized posterior for the Wilson coe!-
cients in Eq. (9). We adopt the convention that CVL + CVR,
CSL+CSR and CTL are real valued. Diagonal and o”-diagonal
panels show the 1-dimensional and 2-dimensional sample den-
sity PDFs on a linear scale, respectively. The overall scale is
omitted, as all relevant information is contained in the shape
of the distribution. The contours indicate 68% and 95% cred-
ible intervals. The dashed black lines and cross mark the SM
point; the dash-dotted yellow lines and cross indicate the pos-
terior mode; dotted red lines mark the symmetry axes used
for sample symmetrization.

8 correlated parameters, which are decorrelated using
the eigendecomposition of their covariance matrix (see
App. B of Ref. [1]). The three nuisance parameters
for the hadronic parameters entering the SM prediction,
which were already present in the statistical model, are
removed to avoid double counting.

We exploit the symmetry of Eq. (9) and sample only
in the octant of the parameter space where all Wilson
coe!cients are positive, and symmetrize the samples af-
terward. We choose uniform priors for all Wilson coe!-
cients in the range [0, 20]. Uniform priors are justified by
neither wanting to assign preference to any part of the pa-
rameter space, nor anticipating inference based on a non-
linear transformation of the Wilson coe!cients. Ranges
are chosen to cover the full posterior. The marginal pos-
terior is shown in Fig. 3. There is a clear deviation from
the SM in the vector sector, as expected from the result
of Ref. [2]. Further, we find that the posterior distribu-
tion peaks around a non-zero value for the tensor contri-
bution. This indicates that a pure SM signal template
does not provide the best description of the data (see
Section A). From the 1-dimensional marginal posterior
distributions, we can calculate the highest density credi-

ble intervals (HDI)3 at 68% and 95% probability on the
absolute values of the Wilson coe!cients. The posterior
mode and the credible intervals are shown in Table I.

Table I. The mode of the posterior, and HDI at 68% and 95%
for the (sums of the) WET Wilson coe!cients in Eq. (9),
derived from the posterior in Fig. 3.

Parameters Mode 68% HDI 95% HDI

|CVL + CVR|
|CSL + CSR|
|CTL|

11.3

0.0

8.2

[7.8, 14.6]

[0.0, 9.6]

[2.3, 9.6]

[1.9, 16.2]

[0.0, 15.4]

[0.0, 11.2]

To provide a baseline for comparison, we assess the
e”ect of neglecting kinematic shape information by com-
puting credible intervals using a simplified reinterpreta-
tion approach. In this approach, the SM branching ratio
is scaled by an overall factor, discarding all di”erential
distribution information. This is implemented by per-
forming inference with a likelihood constructed from joint
number densities defined over a single bin in the kine-
matic range, reducing Eq. (5) to ω1,x = ω0,xw. Within
this simplified framework, the resulting 95% credible in-
tervals are |CVL + CVR| < 14.4, |CSL + CSR| < 8.5 and
|CTL| < 7.1. These values demonstrate a bias from ne-
glecting kinematic shape di”erences, as evidenced by the
discrepancies compared to the results in Table I. The sig-
nificant variations highlight the importance of reinterpre-
tation approaches that account for these kinematic shape
di”erences.

A prior sensitivity analysis was performed to assess
the dependence of the presented results on the chosen
priors (see Section B). Two alternative prior choices were
considered. The most stable parameter was found to be
|CVL + CVR|, while the largest variations occurred for
|CSL +CSR|, due to the low sensitivity of the analysis to
this parameter.

B. Model comparison

We compare the goodness of fit and relative perfor-
mance of the WET and the unconstrained B

+
→ K

+
ωω̄

SM, where the signal strength parameter µSM is treated
as a free parameter. To assess relative performance,
these models are evaluated against the background-only
(BKG) hypothesis, which assumes no B

+
→ K

+
ωω̄ con-

tribution, and the constrained B
+

→ K
+
ωω̄ SM, where

µSM is fixed to the SM prediction. The constrained
model includes a 5% normalization uncertainty, which
accounts for a 4.4% uncertainty in the CKM matrix ele-
ments |V

→
tsVtb|

2 and a 2.3% uncertainty in |C
SM
VL |

2 [4].

3 The smallest possible credible interval at a given probability
level.
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• Dark photonなど由来の場合も→2body(hV,hA),fVV,fAV→KとK*

• Axionへ崩壊する場合、自然なオペレータは 

 
Flavor violationはSM-W bosonから来るので、K もK*の両方が関連

2

not been explored. In this region, B physics should play
a crucial role, having the right energy scale as well as
great experimental precision. Moreover, the experimen-
tal reach of B physics will be improved further in up-
coming years by LHCb (300 fb�1) and Belle II (5 ⇥ 1010

B-meson pairs). A promising channel is B ! Ka with
the axion subsequently decaying to hadrons, which is
induced at 2-loop 1, starting from the tree-level La-
grangian (1). The importance of this channel was pointed
out in [43, 66], but the required 2-loop calculation has not
been performed to date. The previous work [43] relies on
order of magnitude estimation for axion production.

Our goal, therefore, is to perform this calculation and
obtain robust and competitive bounds for the heavy QCD
axion. We will also provide a projection for the reach of
Belle II.

II. CALCULATION OF b ! sa

Starting from the Lagrangian (1), the leading contri-
bution to b ! sa arises at 2-loop as shown in Fig. 1.
Cancelling UV divergences in these diagrams requires the
following additional interactions to be further included in
the Lagrangian:

L = · · · + Cqq

X

q

@µa

fa
q̄�

µ
�5q + Cbs

@µa

fa
s̄L�

µ
�5bL + h.c.,

(2)

where the ellipses denote the terms in Eq. (1) as well as
those irrelevant for the b ! sa phenomenology of our
interest (see e.g. [67, 68] for those other operators gener-
ated at 1-loop from Eq. (1)). The Cqq term is generated
at 1-loop from the diagram shown in Fig. 2 and necessary
to cancel 1-loop sub-divergences in Fig. 1. The Cbs term
is required to remove remaining divergences at 2-loop.
We have written the same coe�cient Cqq for all quark
flavors because we assume mt/⇤UV ⌧ 1 and ignore cor-
rections of order ⇠ m

2
t/⇤2

UV, where ⇤UV is the cuto↵ of
our EFT.

It is not necessary at the 2-loop level to modify the co-
e�cient of aG eG in Eq. (1) from ↵s/8⇡fa, provided that
the ↵s here is treated as the running coupling ↵s(µ).
While this claim is verified by an explicit calculation
in Appendix, it may be understood as follows. If we
treat the axion as an external field, the coe�cient of
(a/fa)G eG is completely fixed by matching the PQ-QCD-
QCD anomaly. All corrections from turning a back on as
a dynamical field involve the aG eG coupling itself at least
twice and hence negligibly small.

Although Cqq and Cbs are free parameters in the EFT,
their sizes must be consistent with the defining feature

1 If there is an aWW̃ coupling, b ! sa is induced at one-loop
level [64] (see also [65]).
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FIG. 1. Leading 1-particle-irreducible diagrams for b ! sa
from the Lagrangian (1).

<latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>

a

<latexit sha1_base64="b3acP0jk3PRQLgQnWe9K6DBtpbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBysWM5Q==</latexit>

g
<latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>

a

<latexit sha1_base64="39oZsX7YMDk3DuBFEiCn/IoQP6o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwzGM4A==</latexit>

b
<latexit sha1_base64="X4U4WMYRx1K64Yv63/VUOxW7lR0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3PWM8Q==</latexit>

s
<latexit sha1_base64="8HxVaC4H4eAfwC7w9Ymdvl95Bj8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5m/udJ9BGxOoBpwn4ERspEQrO0EpNHJQrbtVdgK4TLycVkqMxKH/1hzFPI1DIJTOm57kJ+hnTKLiEWamfGkgYn7AR9CxVLALjZ4tDZ/TCKkMaxtqWQrpQf09kLDJmGgW2M2I4NqveXPzP66UY1vxMqCRFUHy5KEwlxZjOv6ZDoYGjnFrCuBb2VsrHTDOONpuSDcFbfXmdtK+q3k3VbV5X6rU8jiI5I+fkknjkltTJPWmQFuEEyDN5JW/Oo/PivDsfy9aCk8+ckj9wPn8A3nmM8g==</latexit>

t

<latexit sha1_base64="+tFwTYQ0kX3USIgksd7JrUlnuTE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBsoWM1Q==</latexit>

W

<latexit sha1_base64="kn1fveHDRnY5Sf1DZnj6rm0DLyI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Koko9ljw4rEF+wFtKJvtpF272cTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+W9mSToR3QoecgZNVZqPPZLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJVr1TyOApzCGVyABzdQgzuoQxMYIDzDK7w5D86L8+58LFrXnHzmBP7A+fwB2e2M7w==</latexit>

q
<latexit sha1_base64="kn1fveHDRnY5Sf1DZnj6rm0DLyI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Koko9ljw4rEF+wFtKJvtpF272cTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+W9mSToR3QoecgZNVZqPPZLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJVr1TyOApzCGVyABzdQgzuoQxMYIDzDK7w5D86L8+58LFrXnHzmBP7A+fwB2e2M7w==</latexit>

q

FIG. 2. The diagram that generates the Cqq term of Eq. (2).

of our framework that the aG eG interaction is the dom-
inant coupling of the axion to the SM. As we would
set Cqq and Cbs to zero for our scenario if there were
no UV divergences requiring their presence as counter-
terms, we regard them as having sizes roughly similar
to the coe�cients of the corresponding divergences (i.e.,
those of the 1/✏ poles in dimensional regularization). We
thus take Cqq ⇠ CF (↵s/4⇡)(g2s/16⇡

2) = CF (↵s/4⇡)2

(see Fig. 2) with CF = 4/3. For Cbs, we further include
two electroweak gauge couplings and GIM suppression
(see Fig. 1), so Cbs ⇠ CF (↵s/4⇡)2(↵w/4⇡)

P
k VkbV

⇤
ks⇠k,

where V is the CKM matrix and ⇠k ⌘ m
2
k/M

2
W with

k = u, c, t. Therefore, at the cuto↵ ⇤UV of our EFT,
where it is matched on to the UV theory, we parametrize
Cqq and Cbs as

Cqq(⇤UV) ⌘ ACF

✓
↵s

4⇡

◆2
,

Cbs(⇤UV) ⌘ BCF

✓
↵s

4⇡

◆2
↵w

4⇡

X

k

VikV
⇤
kj⇠k ,

(3)

where A and B are O(1) parameters that depends on the
unknown UV completion of the Lagrangian in Eq. (1).
All the SM parameters are evaluated at ⇤UV . We will
show, however, that our bounds on fa are fairly insensi-
tive to the exact values of A and B. Then, keeping in
mind these rough sizes of Cqq and Cbs, we find the lead-
ing RG running of Cqq and Cbs (see Appendix for the

[例、2102.04474　2loop計算from (a/f)GG~ 
excessあうのはfa~100GeV、コレじゃなさそう] 
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2403.13887s̄γ5b[gpϕ +
gPS

Λ
ϕ†ϕ + . . .

s̄γμγ5b[hAVμ + . . .

3

energies below the associated NP scale !, these then
manifest as higher-dimensional e”ective operators, i.e.

L = LSM+X +
∑

i

C
(d)
i O(d)

i . (2)

Here, LSM+X is the dimension-four SM Lagrangian
extended with the gauge singlet field(s) X, while the
sum denotes a tower of dimension-d SM gauge-invariant

operators O(d)
i . In the standard dimensional analysis, the

Wilson coe#cients C
(d)
i are proportional to 4 → d powers

of the heavy NP scale !.
At energies below the weak scale, the X-extended

SM gauge-invariant e”ective field theory is no longer
appropriate. Instead, the weak e”ective theory in the
broken phase of the SM, i.e. operators invariant under
SU(3)c ↑ U(1)Q, should be used. Since in this EFT, the
left- and right-handed chiral fermion fields carry identical
charges, we can consider the parity basis for the quark
fields, i.e. either P -even or P -odd quark currents. In
the context of B meson decays, the expressions for the
branching ratios are simplified considerably.

Using the parity basis for b ↓ s transition quark
currents, the interactions of the generic invisible fields
X ↔ {ω, ε, Vµ, $µ} in the weak e”ective theory
(including operators up to dimension d = 6) are as
follows. Starting with the P -even quark currents, the
coupling of the vector quark current to invisible states is
described by the e”ective Hamiltonian

HV
e! ↗ s̄ϑµb

[
hV V
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gV V
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iω

†
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!2
$̄ω

ϑ
µ$ω +
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!2
$̄ω

ϑ
µ
ϑ5$ω

]
, (3)

where the corresponding hermitian conjugate terms are
implicit in all our Hamiltonians. Note that we have
omitted the operator gV (s̄ϑµb)ϖµ

ω/!, because it can be
rewritten using the quark field equations of motion as
gS(s̄b)ω, with gS = imbgV /!. This leads us to the
general e”ective Hamiltonian of the scalar quark current,

HS
e! ↗ s̄b

[
gSω +

gSS

!
ω
†
ω +

hS

!
V

†
µV

µ

+
fSS

!2
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!2
ε̄ϑ5ε
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!2
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FSP

!2
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ϑ5$ω

]
. (4)

Finally, the e”ective Hamiltonian for the tensor quark
current is

HT
e! ↗ s̄ϱµεb

[
hT

!
V

µε +
fTT

!2
ε̄ϱ

µε
ε +

FTT
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ϱ
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+
FTS
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, (5)
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Figure 2. Normalised di!erential branching fraction of
the three-body decay B → K

∑
X as a function of the

momentum transfer q2 for SM neutrinos and additional NP
light-states,

∑
X = ωω̄, εε̄, ϑϑ̄, V V̄ , ””̄.

with $̄[µ%$ε] = i($̄µ%$ε → $̄ε%$µ)/2. For the P -odd
quark currents, the e”ective Hamiltonians are similar
to the expressions above. In particular, for the axial
vector quark current, the couplings to invisible states
can be found by replacing s̄ϑµb ↓ s̄ϑµϑ5b and V ↓ A

in Eq. (3), e.g. hV ↓ hA and fV V ↓ fAV . Likewise,
the couplings for the pseudoscalar and axial tensor quark
currents are found with the replacements s̄b ↓ s̄ϑ5b

(S ↓ P ) and s̄ϱµεb ↓ s̄ϱµεϑ5b (T ↓ T̃ ) in Eqs. (4)
and (5), respectively.

For completeness, in Appendix A, we give the
matching relations between the coe#cients of the weak
EFT operators in Eqs. (3–5), written in the parity basis,
and the coe#cients of SM gauge-invariant operators,
necessarily in the chiral basis for the quark fields,
as defined in Ref. [28]. For example, the scalar
and pseudoscalar operators gS(s̄b)ω and gP (s̄ϑ5b)ω
are induced by the SM gauge-invariant operators
C

S,L
dϑ d̄RH

†
qω/! and C

S,R
dϑ q̄HdRω/!, with the matching

gS(P ) = v/
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2! ↑ (CS,R
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S,L
dϑ )/2.

We now comment on some interesting formal details
regarding the possible invisible final states. If the generic
scalar ω or vector Vµ is charged under a dark, possibly
non-Abelian, gauge group, the operators gS(P )[s̄(ϑ5)b]ω
and hV (A)[s̄ϑµ(ϑ5)b]V µ must vanish and it is forbidden
to emit a single or vector scalar boson. If the scalar
field is neutral, i.e., a real scalar field, the operator

gV V (s̄ϑµb)iω↑
→
ϖ
µ
ω/!2 vanishes instead.

The generic fermion field ε, if massive, may either be
a Dirac or Majorana fermion. In the latter scenario (ε =
ε
c), only viable if ε is a singlet under a dark gauge group,

the vector and tensor fermion bilinears vanish identically,
ε̄ϑµε = ε̄ϱµεε = 0. For the other fermion bilinears, two
possible contractions are possible for the Majorana fields,
so the amplitudes for Majorana fermions are a factor of

3
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manifest as higher-dimensional e”ective operators, i.e.

L = LSM+X +
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Here, LSM+X is the dimension-four SM Lagrangian
extended with the gauge singlet field(s) X, while the
sum denotes a tower of dimension-d SM gauge-invariant

operators O(d)
i . In the standard dimensional analysis, the

Wilson coe#cients C
(d)
i are proportional to 4 → d powers

of the heavy NP scale !.
At energies below the weak scale, the X-extended

SM gauge-invariant e”ective field theory is no longer
appropriate. Instead, the weak e”ective theory in the
broken phase of the SM, i.e. operators invariant under
SU(3)c ↑ U(1)Q, should be used. Since in this EFT, the
left- and right-handed chiral fermion fields carry identical
charges, we can consider the parity basis for the quark
fields, i.e. either P -even or P -odd quark currents. In
the context of B meson decays, the expressions for the
branching ratios are simplified considerably.

Using the parity basis for b ↓ s transition quark
currents, the interactions of the generic invisible fields
X ↔ {ω, ε, Vµ, $µ} in the weak e”ective theory
(including operators up to dimension d = 6) are as
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→
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with $̄[µ%$ε] = i($̄µ%$ε → $̄ε%$µ)/2. For the P -odd
quark currents, the e”ective Hamiltonians are similar
to the expressions above. In particular, for the axial
vector quark current, the couplings to invisible states
can be found by replacing s̄ϑµb ↓ s̄ϑµϑ5b and V ↓ A

in Eq. (3), e.g. hV ↓ hA and fV V ↓ fAV . Likewise,
the couplings for the pseudoscalar and axial tensor quark
currents are found with the replacements s̄b ↓ s̄ϑ5b

(S ↓ P ) and s̄ϱµεb ↓ s̄ϱµεϑ5b (T ↓ T̃ ) in Eqs. (4)
and (5), respectively.

For completeness, in Appendix A, we give the
matching relations between the coe#cients of the weak
EFT operators in Eqs. (3–5), written in the parity basis,
and the coe#cients of SM gauge-invariant operators,
necessarily in the chiral basis for the quark fields,
as defined in Ref. [28]. For example, the scalar
and pseudoscalar operators gS(s̄b)ω and gP (s̄ϑ5b)ω
are induced by the SM gauge-invariant operators
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We now comment on some interesting formal details
regarding the possible invisible final states. If the generic
scalar ω or vector Vµ is charged under a dark, possibly
non-Abelian, gauge group, the operators gS(P )[s̄(ϑ5)b]ω
and hV (A)[s̄ϑµ(ϑ5)b]V µ must vanish and it is forbidden
to emit a single or vector scalar boson. If the scalar
field is neutral, i.e., a real scalar field, the operator

gV V (s̄ϑµb)iω↑
→
ϖ
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ω/!2 vanishes instead.

The generic fermion field ε, if massive, may either be
a Dirac or Majorana fermion. In the latter scenario (ε =
ε
c), only viable if ε is a singlet under a dark gauge group,

the vector and tensor fermion bilinears vanish identically,
ε̄ϑµε = ε̄ϱµεε = 0. For the other fermion bilinears, two
possible contractions are possible for the Majorana fields,
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with $̄[µ%$ε] = i($̄µ%$ε → $̄ε%$µ)/2. For the P -odd
quark currents, the e”ective Hamiltonians are similar
to the expressions above. In particular, for the axial
vector quark current, the couplings to invisible states
can be found by replacing s̄ϑµb ↓ s̄ϑµϑ5b and V ↓ A

in Eq. (3), e.g. hV ↓ hA and fV V ↓ fAV . Likewise,
the couplings for the pseudoscalar and axial tensor quark
currents are found with the replacements s̄b ↓ s̄ϑ5b

(S ↓ P ) and s̄ϱµεb ↓ s̄ϱµεϑ5b (T ↓ T̃ ) in Eqs. (4)
and (5), respectively.

For completeness, in Appendix A, we give the
matching relations between the coe#cients of the weak
EFT operators in Eqs. (3–5), written in the parity basis,
and the coe#cients of SM gauge-invariant operators,
necessarily in the chiral basis for the quark fields,
as defined in Ref. [28]. For example, the scalar
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regarding the possible invisible final states. If the generic
scalar ω or vector Vµ is charged under a dark, possibly
non-Abelian, gauge group, the operators gS(P )[s̄(ϑ5)b]ω
and hV (A)[s̄ϑµ(ϑ5)b]V µ must vanish and it is forbidden
to emit a single or vector scalar boson. If the scalar
field is neutral, i.e., a real scalar field, the operator

gV V (s̄ϑµb)iω↑
→
ϖ
µ
ω/!2 vanishes instead.

The generic fermion field ε, if massive, may either be
a Dirac or Majorana fermion. In the latter scenario (ε =
ε
c), only viable if ε is a singlet under a dark gauge group,

the vector and tensor fermion bilinears vanish identically,
ε̄ϑµε = ε̄ϱµεε = 0. For the other fermion bilinears, two
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TABLE IV: Expected B → K∗νν background yields Nbkg
i = Npeak

i +Ncomb
i , signal efficiencies εsigi , number of observed data

events Nobs
i , resulting branching fraction upper limits at 90% CL, and the combined upper limits and central values, all within

the 0 < sB < 0.3 region. Uncertainties are statistical and systematic, respectively. The channels in brackets refer to the K∗

decay products.

B+
→ [K+π0]νν B+

→ [K0
Sπ

+]νν B0
→ [K+π−]νν B0

→ [K0
Sπ

0]νν

Npeak
i 1.2 ± 0.4 ± 0.1 1.3 ± 0.4 ± 0.1 5.0 ± 0.8 ± 0.5 0.2 ± 0.2 ± 0.0

Ncomb
i 1.1 ± 0.4 ± 0.0 0.8 ± 0.3 ± 0.0 2.0 ± 0.5 ± 0.1 0.5 ± 0.3 ± 0.0

Nbkg
i 2.3 ± 0.5 ± 0.1 2.0 ± 0.5 ± 0.1 7.0 ± 0.9 ± 0.5 0.7 ± 0.3 ± 0.0

εsigi (×10−5) 4.9 ± 0.2 ± 0.4 6.0 ± 0.2 ± 0.5 12.2 ± 0.3 ± 1.4 1.2 ± 0.1 ± 0.1

Nobs
i 3 3 7 2

Limit < 19.4 × 10−5 < 17.0× 10−5 < 8.9× 10−5 < 86× 10−5

B(B+/0
→ K∗+/0νν) (3.3+6.2

−3.6
+1.7
−1.3)× 10−5 (2.0+5.2

−4.3
+2.0
−1.7)× 10−5

Limit < 11.6 × 10−5 < 9.3× 10−5

B(B → K∗νν) (2.7+3.8
−2.9

+1.2
−1.0)× 10−5

Limit < 7.9 × 10−5
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FIG. 6: The central values (points with 1σ error bars)
of the partial branching fractions ∆Bi versus sB , for (a)
B+

→ K+νν, (b) B0
→ K0νν, (c) B+

→ K∗+νν, and (d)
B0

→ K∗0νν. The subplots show the distribution of the fi-
nal signal efficiencies within each sB interval (histogram with
error bars) and over the full sB spectra (dotted line). The par-
tial branching fractions are provided only within the intervals
that are unaffected by the kinematic limit at large sB.

TABLE V: Expected B → Kνν background yields Nbkg
i =

Npeak
i + Ncomb

i , signal efficiencies εsigi , number of observed
data events Nobs

i , resulting branching fraction upper limits
at 90% CL, the central values Bi, and the combined upper
limits and central value, all within the 0 < sB < 0.3 region.
Lower limits at 90% CL are also reported, as discussed in
the text. Uncertainties are statistical and systematic, respec-
tively. The B0

→ K0νν efficiency accounts for B(K0
→ K0

S)
and B(K0

S → π+π−) [30].

B+
→ K+νν B0

→ K0νν

Npeak
i 1.8 ± 0.4 ± 0.1 2.0 ± 0.5 ± 0.2

Ncomb
i 1.1 ± 0.4 ± 0.0 0.9 ± 0.4 ± 0.1

Nbkg
i 2.9 ± 0.6 ± 0.1 2.9 ± 0.6 ± 0.2

εsigi (×10−5) 43.8 ± 0.7 ± 3.0 10.3 ± 0.2 ± 1.2

Nobs
i 6 3

Bi (1.5+1.7
−0.8

+0.4
−0.2)× 10−5 (0.14+6.0

−1.9
+1.7
−0.9)× 10−5

Limits (> 0.4, < 3.7) × 10−5 < 8.1× 10−5

B(B → Kνν) (1.4+1.4
−0.9

+0.3
−0.2)× 10−5

Limits (> 0.2, < 3.2) × 10−5

the B → K∗νν upper limits from this search improve
the constraints from previous searches on the Wilson-
coefficient parameter space, as shown in Fig. 7. The B →
Kνν lower limit provides the first upper bound on ε and
lower bound on ε. These constraints are consistent with
the expected SM values of ε = 1 and ε = 0.

VII. RESULTS FOR cc → νν

In the search for cc → νν, Fig. 8 shows the mνν

distribution of the observed data yields, expected back-
ground contributions, and SM signal distributions. Ta-
bles VI and VII summarize the background contribution
values and signal efficiencies within the J/ψ and ψ(2S)

sB ≡ q2/m2
B
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I. INTRODUCTION

Flavor-changing neutral-current transitions, such as
b → sνν, are prohibited in the standard model (SM) at
tree-level. However, they can occur via one-loop box or
electroweak penguin diagrams, as shown in Fig. 1. They
can occur also in the SM via a quarkonium resonance
state b → scc, cc → νν, where the cc decay is mediated
by a virtual Z0 boson (Fig. 2). This latter decay process
has the same final state as b → sνν with an additional
constraint from the on-shell cc mass. Both the b → sνν
and cc → νν decay rates are expected to be small
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FIG. 1: Lowest-order SM Feynman diagrams for b → sνν
transitions. The virtual top quark provides the dominant con-
tribution in each case.

within the SM, with branching fractions estimated to be
B(B+ → K+νν) = B(B0 → K0νν) = (4.5± 0.7)× 10−6,
B(B+ → K∗+νν) = B(B0 → K∗0νν) = (6.8+1.0

−1.1) × 10−6

[1], and B(J/ε → νν) = (4.54× 10−7) · B(J/ε → e+e−)
[2]. The b → sνν rates are predicted with smaller the-
oretical uncertainties than those in the corresponding
b → s#+#− modes due to the absence of long-distance
hadronic effects from electromagnetic penguin contribu-
tions.
Various new-physics scenarios exist that could signif-

icantly enhance the b → sνν branching fractions, as
well as modify the expected SM decay distributions of
sB ≡ q2/m2

B, where q2 is the squared magnitude of
the four-momentum transferred from the B meson to
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• ALP（2GeV）への２体崩壊、 

• ALPはDM(χ) portal 
b-s-a couplingでFreeze-inができる

5

FIG. 1. Illustration of the parameter space of the ALP model that is able to explain the observed Belle II
excess in B → K + inv at the 1ω (dark red band) and 2ω level (light red band) for ma = 2 GeV. The gray
region is excluded at 95% CL by searches for B → K→ + inv. See the main text for details.

As we have seen above, BR(B → K
→
a) is instead sensitive to the axial-vector coupling C

A
sb.

We find that, for an ALP with ma = 2 GeV, this process is at odds with the BaBar search for
B → K

→
ωω̄ [87] unless fa/|C

A
sb| > 4.9 ↑ 107 GeV, i.e. the gray shaded region in Fig. 1 is ex-

cluded. Hence, natural scenarios with |C
A
sb| = |C

V
sb|— following, for instance, from an ALP

coupling only to left-handed (CA
sb = ↓C

V
sb) or right-handed (CA

sb = C
V
sb) quarks — are com-

patible with both the Belle II excess and the BaBar constraint on B → K
→ + inv if we set

fa/|C
A
sb| = fa/|C

V
sb| ↔ 108 GeV.6 Invisible signals require the ALP to escape the detector or decay

inside the detector into dark matter and thus also escape detection, which depends on the lifetime
of the ALP, its mass and the hierarchy of its couplings. Thus, the NP contribution to the invisible
branching ratios we are interested in receives two contributions:

BR(B → K
(→) + inv)NP = BR(B → K

(→)
a)

[
BR(a → εε̄) + e

↑Ldet/ωεcϑaBR(a → vis)
]
,

(11)
where cϑa is the proper decay length of the ALP, ϖϱ is the ALP velocity times its boost factor,
and Ldet denotes the typical detector size, which is Ldet ↔ 3.5 m for Belle II [88]. The quantity
BR(a → vis) = BR(a → ff̄ , gg, ϱϱ) is the total branching ratio of the visible ALP decays into
fermion-antifermion pairs, gluons, two photons. We do not include the contribution of visible
ALP decays close to the production point near the beam pipe but outside the detector coverage.
Although these decays are relevant for short-lived ALPs [45], their contribution is subdominant
for the coupling regime we consider here, which leads to a long-lived ALP. See the discussion
below.

6 However, it should be noted that the BaBar B → K + inv data in Ref. [87] are in mild tension with the Belle II

measurement [1], which leads to a deterioration of the ε2 of all new physics hypotheses considered in Ref. [50].

‣ K*の制限は充分回避できる 

‣ ctau~60mなのでEffectively invisible

‣ MeV scale DM 
‣ Axionはbを経由して熱浴に、 

bがNon-relativisticになるとFreeze-in

8

FIG. 2. Left: The shaded area shows the region where b decays (purple) or scattering processes (orange)
keep a 2 GeV ALP in equilibrium with the thermal bath. The gray region shows the region where the
number density of b-quarks is too suppressed to keep the ALP in thermal equilibrium. The dashed blue line
indicates the central value of the axion coupling Cq/fa required to explain the excess observed by Belle II
in B+

→ K+ + inv. Right: Evolution of different particle yields as a function of x = mb/T for universal
ALP couplings Cq/fa = CA

ωω/fa = 6 ↑ 10→9 GeV→1, and ALP mass of ma = 2 GeV and DM mass of
mω = 3 MeV and a vanishing UV coupling to gluons CUV

G = 0. The dot-dashed cyan curve represents the
ALP yield while the solid purple curve shows the dark matter yield. The dashed orange curve shows the
equilibrium yield of the b quark.

where MPl = 2.4↑1018 GeV, is the reduced Planck mass and gεϑ is the total number of relativistic
degrees of freedom present in the thermal bath at temperature T .

The left panel of Fig. 2 shows that the above processes (and the corresponding inverse ones)
quickly bring the ALP in thermal equilibrium with the SM bath. For a given value of the ALP
coupling to quarks, the orange and purple regions, respectively, denote the temperature range
for which the thermally averaged decay width and (normalised) scattering cross sections become
larger than the Hubble parameter, thus corresponding to rates fast enough to overcome the expan-
sion of the universe. In particular, for values of the coupling compatible with the Belle II excess,
fa/Cq ↓ 108 GeV, the scattering processes thermalise the ALP for T ↓ 10↑mb.8

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

dYa

d ln x
H = Y

eq
b ↗!b↑sa↘

(
1≃

Ya

Y
eq
a

)
+

sY
eq
b Y

eq
ϖ/g↗ωbϖ/g↑bav↘

(
1≃

Ya

Y
eq
a

)
+

8 This estimate neglected flavour-violating scattering processes, such as b s → a g, that are discussed in Ref. [91]. In

our scenario, their only effect would be to thermalise the ALP (slightly) earlier and this would not affect the final

DM abundance and our following results.

3

Ref. [39] also considers scalar DM produced via the freeze-out mechanism, but it relies on a
light scalar mediator to address the excess in B

+
→ K

+ + inv. The authors explain it by a two-
body decay into the scalar mediator and a three-body decay for a slightly heavier scalar mediator
with a mass larger than mB+ ↑mK+ . In both cases the scalar mediator dominantly decays to light
sub-GeV DM. DM direct detection has not been discussed in detail for this scenario. We expect
that the Migdal effect will further constrain the model and possibly rule out the explanation of the
excess in B

+
→ K

+ + inv.
Finally, Ref. [40] considers a scalar mediator ω together with the fermionic DM field ε. The

explanation of the observed DM relic abundance requires resonant DM annihilation, and thus
mω ↓ 2mε. The excess in B

+
→ K

+ + inv is accounted for by the decay B
+
→ K

+
ω(→ εε̄).

However, a large part of the parameter space is strongly constrained by LHCb searches [56, 57]
for long-lived scalar particles using B → K

(→)
µµ̄, whose complementarity to B → K

(→)+inv has
been discussed in detail in Ref. [30].

We revisit the fermionic DM scenario with a bosonic mediator and demonstrate the possibility
of explaining both the excess in B

+
→ K

+ + inv and the observed DM relic abundance, while
naturally avoiding all other constraints without relying on fine-tuning of the models’ parameters.
Two well-motivated mediators are an axion-like particle (ALP) and a dark photon. In Section II,
we discuss the ALP portal model, while Section III presents the phenomenology of a dark-photon
portal model. Finally, we conclude in Section IV with a comparison of the two scenarios and an
outlook.

II. ALP PORTAL MODEL

We start considering the most general effective Lagrangian for the interactions of an ALP with
the SM fermions (f = u, d, ϑ, respectively denoting up-type quarks, down-type quarks, charged
leptons 4) that is given by [83, 84]

Laff =
ϖµa

2fa
f̄iϱ

µ
(
C

V
fifj + C

A
fifjϱ5

)
fj , (3)

where the ALP decay constant fa is an energy scale related to the spontaneous breaking of an
underlying global U(1) symmetry, i, j = 1, 2, 3 are flavour indices, and the dimensionless cou-
plings are such that (CV,A

fifj
)→ = C

V,A
fjfi

for i ↔= j, while the vector-current interactions (CV
fifj

) are
unphysical for i = j.

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

LG = C
eff
ϑ

ς

4φ

a

fa
FµϖF̃

µϖ + C
eff
G

ςs

4φ

a

fa
G

a
µϖG̃

µϖ, a
, (4)

where we use the convention X̃
µϖ

↗
1
2↼

µϖϱς
Xϱς with ↼

0123 = 1. As mentioned, these effective
couplings are in general given by a model-dependent UV coupling plus the contribution of SM

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

• 2502.04900
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• Dark photon portal (B->K+DPへ崩壊)

‣ Z-DP mixing too suppressed 
‣ ｍX=2GeVでB->K +invを出すのは厳しい

‣ DMもAbundanceは非常にややこしい 

‣ B->K*に予言がある→ほぼ棄却（正直！）
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couplings are equal [102]. Neglecting light quarks we find the dark photon effective coupling to b

and s is approximately given by

g
X
bs →

g
3
ωZV

→
tsVtb

64ε2cW

xt

1↑ xt

(
6↑ 7xt + x

2
t + (2 + 3xt) ln xt

)
, (44)

in terms of the weak gauge coupling g, the CKM matrix elements Vtq, and the mass ratio
xt = m

2
t/m

2
W . The full expressions in Ref. [102] evaluate to |g

X
bs| → 1.0 ↓ 10↑8(ωZ/2.3 ↓ 10↑5)

in good agreement with the above approximate expression. For the analysis in Section III C, we
use the full numerical expressions. In terms of the above effective coupling, the decay rates take
the form

!(B ↔ KX) =
|g

X
bs|

2
mB

64ε

ϑ
3/2(1, yK , yX)

yX
|f+(m

2
X)|

2
, (45)

!(B ↔ K
→
X) =

|g
X
bs|

2
mB

64ε
ϑ
1/2(1, yK→ , yX)

∑

h=0,±

|H̃h|
2
, (46)

where yK(→) ↗ m
2
K(→)/m

2
B and yX ↗ m

2
X/m

2
B and the rescaled helicity amplitudes are

H̃0 = ↑(1 + y
1/2
K→ )A1(m

2
X)xK→X +

2y1/2K→ y
1/2
X

1 + y
1/2
K→

A2(m
2
X)(x

2
K→X ↑ 1) , (47)

H̃± = (1 + y
1/2
K→ )A1(m

2
X) +

2y1/2K→ y
1/2
X

1 + y
1/2
K→

V (m2
X)

√
x
2
K→X ↑ 1 (48)

with xK→X ↗ (m2
B ↑m

2
K→ ↑m

2
X)/(2mK→mX). The relevant form factors f+, A1,2 and V can be

obtained from Refs. [85, 86]. As the decay rates B ↔ KX and B ↔ K
→
X depend on the same

effective coupling, the two decay rates are related to each other with

!(B ↔ K
→
X) ↘ 1.9 !(B ↔ KX) (49)

for mX = 2 GeV. Before presenting the available parameter space in Section III C, we discuss the
production of DM in the early universe.

B. Dark Matter freeze-out production

In the early universe DM is kept in equilibrium with the thermal plasma through interactions
mediated by the dark photon. Its abundance is then set by the thermal freeze-out mechanism. The
relevant process is the DM annihilation into dark Higgs bosons, ϖϖ ↔ ϱϱ, which subsequently
decay to SM particles. Following from Eq. (37), the Majorana DM candidate ϖ couples to the
dark Higgs boson ϱ via a Yukawa interaction of strength yR =

≃
2mDM/vω and the annihilation

proceeds through a t-channel diagram. The annihilation process is p-wave suppressed and, hence,
the thermally averaged cross section is to leading order in x

↑1 = T/mDM given by

⇐ςvMøl⇒ →
64εφ2

Xm
2
DM

m
4
X x

(9↑ 8y + 2y2)
≃
1↑ y

(2↑ y)4
, (50)
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FIG. 4. Dark photon parameter space for mDM = 0.1 GeV (left) and mDM = 0.8 GeV (right). The
yellow and gray regions are excluded by searches for B+

→ K+µµ̄ [58, 102] and B0
→ K→0 + inv [115],

respectively. The kinetic mixing has been fixed at the maximum allowed value of ω = 8.3 ↑ 10↑4 [105].
Smaller values weaken the LHCb constraint. The Belle II B+

→ K+ + inv excess is accounted for at the
1ε and 2ε level in the red regions. The blue bands show the region of parameter space where the DM relic
abundance is explained by the Majorana singlet ϑ. The solid blue line corresponds to a dark Higgs with
mass mω = 4 MeV and the blue shaded region displays the range mω ↓ [4MeV, 0.99mDM].

for mX = 300 MeV and a relative DM velocity of 3000 km/s [113]. This is far below the galaxy
cluster bound of ω/mDM ↭ 1.25 cm2

/g [114].

The results are summarized in Fig. 4. As discussed above, the decay rate of B → K
(→) + inv

is governed by εZ which is induced by Z ↔ X mass mixing, while the visible decay B → Kµµ̄

depends on both ε and εZ through the leptonic decay width of X . In the figure, the kinetic mixing
has been fixed at the maximum allowed value ε = 8.3 ↑ 10↑5 [105]. Smaller values suppress the
branching ratio of B+

→ K
+
µµ̄ and therefore weaken the constraint obtained by LHCb [58, 102].

For mX = 2 GeV, the dark photon can explain the excess in B
+
→ K

+ + inv at 1ω (2ω) in the
region shown in (light) red, which was obtained using [0.5, 0.9] ↑ 10↑5 ([0.4, 1.1] ↑ 10↑5) for
the new physics contribution [50]. The gray and yellow regions are excluded by searches for
B → K

→ + inv that place the upper limit BR(B0
→ K

→0 + inv) < 1.8 ↑ 10↑5 [115] and by
the LHCb search for B+

→ K
+
µµ̄ [58] respectively. Combining the latter results with the SM

predictions quoted in Tab. 1 of Ref. [102], we impose the upper limit of BR(B+
→ K

+
X(→

µµ̄)) ↗ 3.6 ↑ 10↑9 for mX = 2 GeV. As we can see, our dark-photon scenario is unable to
explain the Belle II excess at 1ω because of the tight constraint from B → K

→ + inv, but it is
consistent with the observation at 2ω.

Finally, let us note that the observed cosmic DM abundance is governed by the dark fine
structure constant ϑX and the DM mass mDM. For ϑX ↭ 10↑4, the DM abundance overcloses
the universe, because the dark Higgs VEV is much larger than the DM mass. The correct DM

‣ Belle  
‣ Dark sector coupling小さいとき 
→LHCbのB->Kμμ探査も関連
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for the B ! D⇡ sample with and without the veto ap-
plied. We obtain a value of 4% in both cases for charged
and neutral channels alike. We evaluate the influence
of the requirement on the number of raw tracks via the
same sample by setting it to two and zero, respectively.
We subsequently average the contributions and obtain a
value of 1%. The uncertainty on the calibration (9.6%)
includes the uncertainty on the correction of NBB (1.4%)
and the uncertainty on B (B ! D⇡). Based on studies
using dedicated control samples, we assign 2.0%, 4.0%,
and 2.2% for the uncertainties on PID e�ciency, ⇡0 ef-
ficiency and K0

S e�ciency, respectively. The systematic
uncertainty is included by convolving the likelihood func-
tion with a Gaussian with zero mean and a width equal to
the square root of the quadratic sum of the additive and
multiplicative error. The additive uncertainty is defined
as the uncertainty on the signal yield, and contributions
are summarized in Table II. A comparison of our results
with previous ones is presented in Fig. 3.

FIG. 3: Observed limits for all channels in comparison
to previous results for the BaBar measurement with
semileptonic [9] and hadronic tag [8], as well as the

Belle measurement utilizing hadronic tagging [7]. The
theoretical predictions are taken from Ref. [2].

The systematic uncertainties are evaluated using in-
dependent samples of MC and data control samples for
charged and neutral modes. They can therefore be con-
sidered uncorrelated. Thus, we combine charged and
neutral modes by adding the negative log likelihoods. We
scale the branching fraction of the neutral modes by a
factor of ⌧B+/⌧B0 since the lifetime di↵erence is the only
factor distinguishing charged from neutral B ! h⌫⌫̄ de-
cays in the SM. We subsequently repeat the calculation

of the limit and obtain the following values at 90% C.L.:

B(B ! K⌫⌫) < 1.6 ⇥ 10�5,

B(B ! K⇤⌫⌫) < 2.7 ⇥ 10�5,

B(B ! ⇡⌫⌫) < 0.8 ⇥ 10�5,

B(B ! ⇢⌫⌫) < 2.8 ⇥ 10�5.

Based on the values and theoretical uncertainties from
Ref. [2], we also give a limit on the ratios between the
measured branching fractions of B ! K⌫⌫ and of B !
K⇤⌫⌫ and the respective SM prediction RK⇤ . We obtain
values of RK < 3.9 and RK⇤ < 2.7, respectively, where
we included the theoretical uncertainty. Both values are
quoted at 90% C.L.
In summary, we report the results of a search for eight

di↵erent B decay channels with a pair of neutrinos in
the final state, where the second B is reconstructed in
one of 108 semileptonic decay channels. No significant
signal is observed and limits are set on the respective
branching fractions at a confidence level of 90%. The
limits on the branching fraction for the B0 ! K0

S ⌫⌫̄ ,
B0 ! K⇤0⌫⌫̄, B+ ! ⇡+⌫⌫̄, B0 ! ⇡0⌫⌫̄, B+ ! ⇢+⌫⌫̄,
and B0 ! ⇢0⌫⌫̄ channels are the most stringent to
date. Although our analysis yields important improve-
ments, none of these limits excludes SM predictions
and all of them leave room for contributions from new
physics.
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• Belle IIのB⁺→K⁺νν̄ 超過をBRではなく分布のレベルで解釈 

• ２体崩壊はデータをよく再現。３体崩壊の場合VectorのほうがScalar/Tensor
より好まれる。（Efficiencyを正しく考慮しないと間違う） 

• BaBar(semilep)やBelle II(HTA)も見ても、２体崩壊or３体Vectorが良さそう 

• B→K*νν̄ は現実的なシナリオでは出るので、精度向上と解析が重要。 
Belleでq2の結果がないが、これからのBelle IIに期待 

• ２GeV ALP+Dark matterのようなシナリオもある。 

๏２体崩壊の公式見解？ B→Kνν̄の更なるアップデート 

๏他の測定との関連(Bs→Invis),Flavor model・MFV経由でb→sττ、K⁺→π⁺νν̄ ？


