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Decoding the B — Kvv excess at Belle II: Kinematics, operators, and masses
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An excess in the branching fraction for Bt — K*vv recently measured at Belle Il may be a hint of new
physics. We perform thorough likelihood analyses for different new physics scenarios such as B — KX
with a new invisible particle X, or B — Kyy through a scalar, vector, or tensor current with y being a new
invisible particle or a neutrino. We find that vector-current three-body decay with my ~ 0.6 GeV—which
may be dark matter—is most favored, while two-body decay with my ~2 GeV is also competitive. The
best-fit branching fractions for the scalar and tensor cases are a few times larger than for the two-body and
vector cases. Past BABAR measurements provide further discrimination, although the best-fit parameters

stay similar.
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I. INTRODUCTION

The decay B — K'wv is a rare process in the Standard
Model (SM). It has long been a sought-after experimental
target [ 1-4] as itis one of the cleanest channels for the search
for new physics owing to well-controlled theoretical uncer-
tainties in the SM prediction for its branching fraction [5]
(also see [6]),

Bsw(BT = Ktw) = (5.58 £0.37) x 107%. (1)

The Belle II Collaboration recently reported [7] a measure-
ment of this branching fraction by employing the novel
inclusive tagging analysis (ITA) method [7-9],

B(B" — K*w) = (2.7 + 0.5(stat) & 0.5(syst)) x 107>,
(2)

which is obtained by scaling and fitting the normalization of
a SM-like event distribution. Reference [7] also combines
this with results from the well-established hadronic tagging
analysis (HTA) method and obtains B(B™ — K*w) =
(2.3 £ 0.5(stat) "7 (syst)) x 107>. This is higher than the
SM prediction by about 2.7, prompting a burst of
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theoretical activities to look for New Physics (NP) via this
mode [10-22].

Assuming the excess is due to NP, there are two simple
interpretations of the “v2”, which is undetected experi-
mentally. One (the “two-body scenario”) is that “vv” is a
single new particle, X, which is invisible or decays invisibly
experimentally [21,22]. Another (the “three-body sce-
nario”) is that it is a pair of particles y;y,, where each
y; may be either a new particle or a SM (anti-)neutrino
(e.g., [10,11,15,19]). The three-body scenario can be
further categorized into three subscenarios depending on
whether the b — s transition happens via a scalar, vector, or
tensor operator. The question, therefore, is which scenario
seems to be most favored by data on statistical grounds.

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 between
different scenarios, we find that the vector-current three-
body scenario with m, , ~0.6 GeV is most statistically
favored, but the two-body decay with my ~2 GeV is also
comparable. We also find that in the scalar- and tensor-
current three-body scenarios the best-fit branching fractions
are a few times larger than the aforementioned value by
Belle II. This is because the scalar and tensor event
distributions have a very different 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 (gZ.) that is only loosely related to
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q* = (pg — px)?, we carefully analyze distortions in the
reported signal shape compared to the true ¢ distributions
expected in the various scenarios. We will also find it
essential to take into account the effects of a very
nonuniform signal efficiency. We further combine the
results with past measurements to narrow down the
possibilities.

Since the four-momentum of the tagged B meson is
not reconstructed in ITA, the missing mass squared,

q* = (pp — px)*, is approximated by ¢r..,

qgec = E12'3 + m%( - 2EBEK
= ¢’ + (E} — my) — 2Pk (q°) - Ps. (3)

where Epy and ppy are the energies and momenta of
the observed B and K in the BB center-of-mass frame.
The resolution in Ex measurement is O(1)%, leading to
negligible smearing in ¢2.. Given the bin size of 1 GeV?
chosen in Ref. [7], the smearing in ¢2. almost entirely
stems from the absence of the px(q?)-Pps term in the
inference of gZ.. By numerical simulation, we find that
events with a given value of ¢* get distributed almost
uniformly in gZ. as follows:

! (A=A )V iFA_<gi.—g* <A
f;zc(qrzec) = { " " , (4)

0 otherwise

ao= B -mp) 2212 E@NE ©
where p(g?) is the momentum of the K in the rest frame of
the B meson, |pg| = 0.33 GeV, and Ez = 5.29 GeV. For
example, B — KX events with my =2 GeV would be
spread over 2.5 GeV? < gZ. < 5.5 GeV? 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*wv is extracted
from the top-right panel in Fig. 18 of Ref. [7] by subtracting
the BB and continuum backgrounds, which is shown as
black dots in Fig. 1.

The signal efficiency, €(g?), is another essential input to
process the various scenarios. Although two efficiencies are
reported in the latest Belle II analysis, they are not
applicable to the samples with the highest “BDT,” cut,
BDT, > 0.98, where the excess from the SM background
is visible. Therefore, we deduce the efficiencies to repro-
duce the shape of the reported B — Kvv distribution. We
tune the g’>-dependent efficiency such that the vector-
current mediated distribution with the best-fit normaliza-
tion of the ITA analysis, B = 2.7 x 107>, is multiplied by
g*-dependent efficiency and binned with the g2, smearing,
and then the resultant distribution is matched with the one
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K sof
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FIG. 1. Number of B™ — K*vv events at Belle II [7] (black

dots, with error bars shown) after background subtraction, as a
function g%, using inclusive tagging in the 7(BDT,) > 0.98
signal region. In blue is shown the SM distribution [5,6]. The red
line shows the predicted distribution of events for a three-body
decay B* — K yy by a vector current, with m, = 0.6 GeV and
B(BT = K*yy) = 3.2 x 107 in addition to the SM. The green
line shows B* — K*y,y via a scalar current for m, =0
and B(BT — Ktyy) =73 x107>. The yellow line shows
the distribution for the two-body decay BT — KTX with
B(B* — K*X) = 0.7 x 107> and my = 2 GeV.

reported in Fig. 18 of Ref. [7]. The resulting efficiency,
shown in Fig. 2 after interpolation in ¢?, is similar in shape
to the one with BDT, > 0.95 reported in the earlier Belle II
analysis [9].

For the statistical combination, we construct the binned
likelihood, L = [; fp(N9®; N¢*), using Poisson statistics
for the ith bin ¢7 < g%, < ¢? + 1 GeV?. The expectation
Ne* = NBG - NKwSM L MNP includes the background and
the SM B — Kvv with as well as the yield of new physics,

dBNp

a1

qz;+| ec
NNP = Ny / R / dg’fi (x)e(q?)
4

where Ng: = 3.99 x 10% at Belle II. We obtain the log-
likelihood, —21n L, which is denoted as y* for simplicity.
This method accounts for only the statistical uncertainty.
As a check, we obtain B = (2.6 4+ 0.4(stat)) x 10™> for

8 , , ,
X of ITA n(BDT,) > 0.98
Z
= 4F
L
£ 2f
5|

0 . !
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FIG. 2. Inferred efficiency in the #(BDT,) > 0.98 signal region

with the inclusive tagging at Belle II.
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FIG. 3. The upper panel shows 2D plots of y* — )(ﬁlin in the B-myp plane for different scenarios. For each plot in the upper panel, the
likelihoods profiling one variable (along the B direction and along the myp direction) are provided in the lower panel. The three columns
correspond to different NP scenarios: on the left panel is the two-body scenario Bt — KX, for which myp = my, the center panel is for
the three-body decay B* — K™ yy, myp = m, mediated by a vector current, while the right column corresponds to the three-body decay

Bt — K" yguy, myp = m,, where v; is a SM neutrino.

BT — K'w for ITA, which is reasonably consistent with
B = (2.7 +0.5(stat)) x 10~ reported by Belle II.

III. TESTING TWO-BODY SCENARIO

First, we calculate the log-likelihood x2, based on the
two-body decay B™ — KX scenario. We find the mini-
mum ;(fnin and obtain the preferred parameter space by
evaluating y> — y2. . Since there is a significant mass
preference, we perform the 2D fit in the myx-B space,
and the contours with 1, 2, and 3¢ are shown in the upper-
left pane in Fig. 3.

Although our method correctly accounts for the statis-
tical uncertainty, the systematic uncertainty can be com-
parable based on the Belle II report. We expect that
including systematic uncertainty lowers the y? by a factor
of 2, resulting in the allowed region being enlarged by
~40%, but the tendency of the preferred parameters would
not be affected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best y? for each mass by profiling 13,
which is shown in the bottom left panel. We find a narrow
range of mass, my = 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 = (0.7975-/%(stat)) x 107. This is in accordance with a
recent study of the two-body scenario [21], but it does not
agree with the other [22]. We wish to emphasize that the
expected number of events in the given gZ. binning is
calculated following Eq. (5) so that we appropriately fit the
signal with the data of the ITA.

IV. TESTING THREE-BODY SCENARIOS

The same method is applied to the three-body case BT —
K™ y,x» where we have multiple scenarios to consider. We
assume that y;, are fermionic in this work. However,
some operators that contribute to B — K decays also
contribute to B — K* decays. Belle-II has recently obtained
an upper limit on the branching fraction B(B? — K*wv) <
1.8 x 1073 [2], but a measurement of the branching fraction
has not been obtained yet. We consider operators that do
not have significant effects on B — K™:

(1) Scalar operator: the interaction is given by

E:)i (7)

bs)(y ,
A§ (bs)(71x2)
where Ag is a heavy scale. We strictly distinguish
this case from the pseudoscalar case with byss as
that would contribute only to B — K* and not to
B — K, while the scalar case contributes only to
B — K and notto B — K*. In our work, we consider
the case where y; = v;, which is massless for our
purpose, and y, 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+ — z"vv implies lepton number violation (LNV)
for SM-invariant operators, since such a current can
only be generated via AL = 2 odd mass-dimension
operators. We consider the possibility of y, being
the right-handed neutrino N, for which case there
exists non-LNV operators at dimension-6 which
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generate a scalar current, e.g., the operator Oy o, =
e,-jLiNQfd [24].
(2) Vector operator: the interaction is given by

£ (') (Braa), (8)
\%4

where Ay is a heavy scale. y; and y, may be a pair of
SM v, v, or that of new (massive) neutral fermions.
The quark part of this operator is a pure vector,
which is crucially different from a SM-like V — A
current. As shown in Fig. 2 of [15], an additional
V — A contribution that fits the B — K excess would
be severely excluded by the absence of a corre-
sponding 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

1 -
LD A_% (baws)()?lg/w)ﬁ)? (9)

where A7 is a heavy scale. As in the scalar case
above, we consider y; =v; and y, to be a new
neutral fermion.
In each of these three cases, we compute the g spectrum of
the decay rate dI'/dg?, 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 the
Appendix. In the ITA, the distributions are modified due to
the efficiency and smeared by ¢2. Two representative
cases are shown in Fig. 1.
We find the favored parameter space of the three-body
scenarios using the same likelihood analysis as we perform
for the two-body one, and the results for the cases of the

0.12+ , . ’
3-body scalar 3-body B — K+ xx/xvi
& 0.10} 3-body vector
T e 3-body vector my = 0.6 GeV
O 0.08+ 2
-~ 3-body tensor
<
T 006 ...
[ L L el T T
o o004f ...
= . .
: N
0.02F
0.00 N
0 5 10 15 20
¢* [GeV?)

FIG. 4. Normalized distributions for B" — K™y, y, via scalar,
vector, and tensor operators as functions of g for massless y »
(solid lines) as well as massive y;, (dotted line) with an equal
mass of 0.6 GeV. The distributions do not take experimental
efficiency into account.

vector and scalar operators are shown in Fig. 3. For the
vector case, the fit is best at m,, = 0.627043 GeV and B =
(3.5708(stat)) x 107> (see the middle panel), which is
close to the measurement made at Belle II. Since this
massive y be can be stable, it is a candidate of dark matter.

For the scalar operator, the best-fit mass is m, =0,
while the branching fraction is preferred to be high,
(7.97]S(stat) x 107) (see the right panel). This is due
to that the g?-spectrum peaking at high g*> ~ 20 GeV?, as
seen in Fig. 4, is multiplied by the efficiency which drops at
high ¢?; see Fig. 2. Therefore, most of the signal events are
discarded by the ITA, which statistically favors a higher
branching fraction to explain the excess.

For the tensor case, since the g¢> distribution is very
similar to the scalar case, as seen in Fig. 4, the fitted results
are also similar, and the preferred branching fraction is
B = (6.4 4+ 1.2(stat)) x 107>. We do not show the tensor
case in Fig. 3 for the sake of brevity, but we quote y2, for
the fit to the decay B — Kyv in Table L.

For the best-fit points in Fig. 3, we find Ay = 6.5 TeV
for the three-body vector current and Ag ~ 4.1 TeV for the
three-body scalar current. The two-body decay occurs at
tree-level, for which we find an effective coupling Ay ~
3x 107 for £ D —AybsX.

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 ¢ dependence.

Based on the values y2. of different scenarios, shown in
Table I, we can distinguish the preferred ones out of them.
Testing one hypothesis H; against the null hypothesis H
can be evaluated by [27]

max L(H) )
i Skl 2 —[y%. (H,)=y>. (H)]/2). 10
a maxL(HO) eXp( mm( 1) )(mm( 0)}/ ) ( )
Within the Belle II ITA, we find that the best scenario is the
three-body decay with vector-operator and m, = 0.62 GeV,

TABLE L. The likelihood minima y2. for two-body scenario
(2b), and several three-body scenarios: two vector cases with
m, =0 (V)and m, ~0.6 GeV (V"); the scalar (S) and tensor (T)
cases. The rows correspond to the choice of analyzed 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,
g* < 0.8m3%. The bold ones indicate the best-fit or competitive
scenarios with a(H, = V') > 10%. The y? values for the SM are
also shown. Only statistical uncertainties are considered.

22— 100 2b V.V S T SM
Belle 1I 68 152 47 151 119 446
+BABAR SR 276 304 221 31.8 298 610

+BABAR s <08 733 788 729 902 869 106.7
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FIG. 5. Number of B — Kvv events (black, error bars shown)

for 471 x 10° BB pairs at BABAR [4] with background sub-
tracted, as a function of g>. The colored lines show the same
benchmark scenarios as Fig. 1.

and the best two-body scenario is also competitive.
However, the scalar-current three-body scenario is disfa-
vored, and adding mass to y makes it even worse. A SM-
like shape, i.e., the vector-current three-body scenario with
massless y, is also disfavored. Even if unaccounted
uncertainties, such as the systematics, lower y2, say by a
factor of 2, the scalar and vector operators with massless y
would still have a < 10% against the best-fit scenario.

A. Combining with other measurements

Having considered the Belle I ITA, we now combine
the analysis with past BABAR measurements of B — huv
with 4 = K° 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 difference from the latest Belle II
ITA is that the analysis uses ¢> rather than g2, and the
resolution of ¢ is significantly better than the adopted bin
size. Therefore, we can ignore smearing effects.

For their signal region sz = ¢>/m% < 0.3, we calculate
the log-likelihood y? for this data, which we then combine
with the result of Belle IT ITA. The combined fits are shown
as magenta dashed lines in Fig. 3, and the values of y2. are
in Table 1. While the preferred parameter regions barely
change in all scenarios, the difference of y2. between
the two-body scenario and the best three-body scenario
increases from 2 to 5 because the signal of two-body decay
should be localized in the second bin where no excess
is seen.

Although sz > 0.3 (¢*> 2 8.4 GeV?) is outside the
signal region and requires more careful treatment of the

40r Belle TT HTA

6 = 3-body vector m, = 0.6 GeV
an] 30; = 3-body scalar m, =0 1
cls 2-body mx = 2 GeV
5 0F gy 1
2 1
£ 10p — ]
e I BT R S
m 0 v | i
* | + * +

—10F ]

0 5 10 15 20
¢*[ GeV?]

FIG. 6. Number of Bt — K*vv events at Belle II [7] (black
dots, with error bars shown) after background subtraction using
hadronic tagging, as a function of ¢*. The colored lines show the
same benchmark scenarios as in Fig. 1.

uncertainties, it is interesting to examine this region for
further discrimination. For some three-body scenarios with
the scalar and tensor operators, we expect an excess in high
g* because the efficiency in this BABAR study stays flat
until g> ~ 20 GeV? while the efficiency of the Belle IT ITA
is very small for g?> > 10 GeV% Thus, increasing the
branching fraction to fit the Belle II ITA would be in
tension with Bt — K*wv result at BABAR, as seen in
Fig. 5. For this reason, the ;{fnin values of these scenarios are
significantly worsened; see Table I. The best scenario is still
the three-body decay with massive y via the vector operator,
but the two-body one is comparable.

Other datasets that may be relevant for us but are not

included, are the following:

(1) In[7], Belle I also reported the ¢ result in the HTA;
see Fig. 6. Since the data have a small overlap with the
ITA dataset, we are unable to combine them. How-
ever, we see the trend that the third bin seems to have a
tension with the two-body scenario with my =2 GeV.

(2) Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins of
Excr, which is the residual energy deposited in the
electromagnetic calorimeter (ECL). Since Egcy is
not related to g%, 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 |pg/|, the magnitude of the
momentum of the K™ in the center-of-mass frame.
While |pg| has a one-to-one correspondence to gz,
the final results are reported as an average of 20
different 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
different NP scenarios mainly based on the recent Belle 11
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ITA data on the decay B — K*wv. The NP scenarios we
consider are (a) the two-body scenario B — KX, and (b) the
three-body scenario B — Kyy,. 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 11
ITA data is binned not in the momentum transfer ¢> but in
g2, and for the nonuniform efficiency. 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 three-
body decay of the B via a vector current into K™ and a yy
pair, where m, ~ 0.6 GeV. This y can be stable and hence a
possible dark matter candidate. Table I also tells us that the
two-body scenario is not much worse, and so it still remains
competitive.

The right panel of Fig. 3, shows the preferred parameter
region in the scalar-current three-body scenario. Massless y
fits best, for a branching fraction of B(B™ — Kygv;) ~
8 x 107>, 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 nonuniform signal efficiency
in inferring the branching fraction of NP from the reported
excess at Belle II.
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APPENDIX: HADRONIC MATRIX ELEMENTS
AND FORM FACTORS FOR B — K

The hadronic matrix elements of some of the operators
relevant to B — K decays are given below [25,26],

)
(K[bs|B) = F K fo(a?), (A1)

(K|by*s|B) = f(q*)(pg + k)"
2

+ [folg?) —1:(&1%% (A2)

= .fT(Clz)
K|bos|B) = i—9 hg
(K|bo*"s|B) lmB+mK[<PB+PK)CI

— (P + Pk)* 4", (A3)

where ¢# = ph — p and the form factors fy, [, and f7
can be given approximate analytical expressions via lattice
methods. Here, we quote the results obtained in Ref. [26],

_ o+
folg?) = =g (A4)
" ry
f+<q2)_1—q2/M% (1-q*/M3)*’ (83)
A :
fT(qz)_l—qz/M% (1-q*/M3)> (A6)

where rf =0.162, r§ =0.173, r =0.161, rI =0.198,
Mp =5.41 GeV, and m%, = 37.46 GeV? are fit parameters
in the lattice.

Note that using isospin symmetry, we claim that the form
factors for the charged B — K modes are essentially
identical. Using these relations, we can find expressions
for the branching fraction for NP contributions to
Bt — K* + invisible. For example, the branching fraction
for an additional vector current contribution to B* — K v
is given by

(@)* o dr
BNP(B+—>K+I/I/)XF%)£:/ ! dqz/ dt 2V . (A7)
0 1~ dq dt

where (¢>)* = (pg+ — px+)? and

= (m%# - m%ﬁ)z

4q2
1
- W (ﬂl/z(qz, m129+, m%) F qz)z’ (A8)
where A(a, b, ¢) is the Killén function, given by
Mx,y,z)=x+y*+ 22 = 2xy—2yz—2xz.  (A9)
Furthermore, we have
ary, 1 1 (1Y
dg?dr  (27)332m3. \A}
x |(K|by*s|B) (vploy,v|0)?,  (A10)

where 't ~4.0 x 10713 GeV is the total width of the B*.
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