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• New result from Belle II presented in August 2023 

• Is it compatible with previously studied models and other measured modes?

New Belle II result for B+ → K+νν̄

23

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 ⌘(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+ ! ⇡+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.

Motivation

● The B→K+ νν process is known with high accuracy in the SM:

             B(B→K+ νν) = (5.6 ± 0.4) x 10-6   (arXiv:2207.13371)

● Extensions beyond SM may lead to significant rate increase
● Very challenging experimentally, not yet observed

○ Low branching fraction, high background contributions
○ 3-body kinematics, no good kinematic variable to fit

● Unique for Belle II 12EPS presentation

SM very well known
NP?
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Observable SM prediction ( /E = νν̄) 90% C.L. upper bound 2 New physics bound BUL

B(B+ → K+ /E) (4.4± 0.6)× 10−6 1.6× 10−5 [23] 1.3× 10−5

B(B0 → K0 /E) (4.1± 0.6)× 10−6 2.6× 10−5 [24] 2.3× 10−5

B(B+ → K∗+ /E) (1.0± 0.1)× 10−5 4.0× 10−5 [25] 3.1× 10−5

B(B0 → K∗0 /E) (9.5± 1.0)× 10−6 1.8× 10−5 [24] 1.0× 10−5

B(B+ → π+ /E) (2.39+0.30
−0.28)× 10−7 [26] 1.4× 10−5 [24] 1.4× 10−5

B(B0 → π0 /E) (1.2+0.15
−0.14)× 10−7 [26] 9.0× 10−6 [24] 8.9× 10−6

B(B+ → ρ+ /E) (4.5± 1.0)× 10−7 3.0× 10−5 [24] 3.0× 10−5

B(B0 → ρ0 /E) (2.0± 0.4)× 10−7 4.0× 10−5 [24] 4.0× 10−5

B(K+ → π+ /E) (8.1± 0.4)× 10−11 [23] (1.14+0.40
−0.33)× 10−10 [23] 1.1× 10−10

B(KL → π0 /E) (2.8± 0.2)× 10−11 [23] 4.9× 10−9 [23] 4.9× 10−9

Table 2. Summary on the status of FCNC B → (K,K∗,π, ρ)/E and K → π /E decays with
missing energy.

The new physics we discuss, will always add incoherently to the SM di-neutrino
background in B(K)→M /E processes (with M representing the final state mesons shown
in table 2). In view of this we define the “room for new physics” in these modes as the
difference between the experimental upper bound and the standard model prediction. We
adopt the simple prescription of subtracting from the 90% experimental upper bound the
lower limit of the 90% C.L. SM range and show this number in the last column. The
constraints can be easily adapted for more sophisticated subtractions if desired. The mode
K+ → π+ν̄ν has been measured by both BNL787/949 [29, 30] and NA62 [31, 32], so in
this case we use the upper limit of the 90% range quoted by PDG [23] as the experimental
upper limit.

The paper is organized as follows. In section 2 we classify all the relevant effective
interactions in the framework of low energy effective field theory. In section 3 we consider
the FCNC B meson decay B → (K,K∗,π, ρ)+DM+DM with a pair of scalar or vector DM,
and use the current experimental bounds to constrain the relevant effective new physics
scale involving (bs) and (bd) quark flavors. In section 4, we use chiral perturbation theory to
analyze the FCNC kaon decay K → π+DM+DM to constrain the effective scale involving
(ds) quark flavors. In all cases we will refer to the invisible light particles as “DM” regardless
of their origin. In section 5, we draw our conclusions. Supplementary material presented in
the appendix includes: the phase space integration in A; the reduction of operators with
vector DM fields in B; operators for lepton-DM interactions in C; a collection of form factors
involving B meson decays in D, and specific renormalizable model realizations for some
scalar and vector DM operators as an illustration in appendix E.

2 Quark-DM interaction in LEFT

In this section we list the most general local quark-DM interactions in the framework of low
energy effective field theory, with the FCNC interactions being a subset of these operators
with appropriate flavor indices. In LEFT, only the unbroken SU(3)c ×U(1)em symmetry of

2Except for K+ → π+ /E channel, for which the 1σ measured value quoted by PDG [23] is used.
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• first consider an effective theory and find the parameter 
region of interest

• look for simple models with heavy mediators and consider 
additional constraints

Outline

s̄

b

νi

ν̄iLEFT
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first we quantify the “excess”

• To constrain neutrino couplings we use

• As constraints on new invisible particles, we use instead

– combined with limits obtained from 90% c.l upper limits
–

– , 

Rνν
K = ℬ(B+ → K+νν̄)

ℬ(B+ → K+νν̄)𝚂𝙼
= 5.3 ± 1.7 using new result

= 3. ± 1. or using average

Rνν
K* = ℬ(B → K*νν̄)

ℬ(B → K*νν̄)𝚂𝙼
≤ 2.7 Belle combined

≤ 1.9 best for neutral mode

ℬ(B+ → K+ + invisible)𝙽𝙿 ≡ ℬ(B+ → K+νν̄)𝚎𝚡𝚙 − ℬ(B+ → K+νν̄)𝚂𝙼 = (1.9 ± 0.7) × 10−5

ℬ(B+ → K+ + invisible)𝙽𝙿 ≡ ℬ(B+ → K+νν̄)𝚊𝚟𝚎 − ℬ(B+ → K+νν̄)𝚂𝙼 = (1.0 ± 0.4) × 10−5

ℬ(B0 → K0 + invisible)𝙽𝙿 ≤ 2.3 × 10−5

ℬ(B+ → K*+ + invisible)𝙽𝙿 ≤ 3.1 × 10−5 ℬ(B0 → K*0 + invisible)𝙽𝙿 ≤ 1.0 × 10−5



LEFT with  final statesν
• start from an effective interaction at the B scale 

• charged leptons are related in SMEFT or specific models
• at the weak scale we have in mind leptoquarks and/or   

mediators 
– no scalar or tensor operators
–  processes also constrain both cases
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R = (s̄RγμbR)(ν̄iγμ(1 − γ5)νj),
𝒪′ ij

L = (s̄LγμbL)(ν̄iγμ(1 + γ5)νj), 𝒪′ ij
R = (s̄RγμbR)(ν̄iγμ(1 + γ5)νj)
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10(′ ) = (s̄L(R), γμbL(R))(ℓ̄iγμγ5ℓj)
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b → sℓ+ℓ−



Rνν
K , Rνν

K*
• Approximate numerical results

• No isospin breaking so rates for neutral and charged modes are the 
same

• Primed coefficients do not interfere with SM or with unprimed ones

• Several special cases result in , for example, if there are 
only  terms

• Not so with only  terms due to SM contribution

Rνν
K = Rνν

K*
CL

CR

FIG. 1: The correlation between R⌫⌫
K and R⌫⌫

K⇤ scanning the 12 parameters Cij
L , Cij

R is shown in the left
panel. The figure highlights in green those points that fall within 3� of the SM. The points highlighted
in blue or red fall within the new 1� range of R⌫⌫

K (also marked by the horizontal dashed black lines).
Additionally, the blue (red) points satisfy R⌫⌫

K⇤  2.7 (1.9) respectively (values marked by the vertical
dashed red lines). The right panel shows the equivalent scan for the 12 parameters C 0 ij

L , C 0 ij
R .

making the contributions to the rate from Oij
L and Oij

R (or from O0 ij
L and O0 ij

R ) the same. In

B ! K⇤⌫⌫̄ both the vector and axial-vector currents enter the hadronic matrix element resulting

in di↵erent contributions from Oij
L and Oij

R as well as from O0 ij
L and O0 ij

R . The di↵erent neutrino

chirality eliminates interference between the contributions from primed and un-primed operators

for massless neutrinos. The corresponding ratios have been evaluated numerically in [18] using

flavio [19], and found to be approximately
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We begin by examining the correlations between R⌫⌫
K and R⌫⌫

K⇤ implied by Eq. (9) in light of the

new 1 � range. These are illustrated in Fig. 1 for a scan of the 12 parameter space C ij
L , C

ij
R in the

left panel, and for the 12 parameter space C 0 ij
L , C 0 ij

R in the right panel. The primed operators do

not interfere with the SM as can be seen in the right panel, where all the points satisfy R⌫⌫
K(⇤) � 1

unlike the ones in the left panel. Since there is no interference between the primed and unprimed

coe�cients (we ignore neutrino masses) it will su�ce to look at them separately. We focus on two

groups that reproduce the new 1 � range of R⌫⌫
K , 3.8  R⌫⌫

K  7. For one group, the blue points,

R⌫⌫
K⇤  2.7 and for the second group, the red points, R⌫⌫

K⇤  1.9. For comparison, we also show in

green, points that fall within 3 � of the corresponding SM predictions.2 Whereas it is relatively

easy to reproduce the new 1� range of R⌫⌫
K , it is harder to simultaneously obtain a low value of

R⌫⌫
K⇤ , closer to its SM value, this being more noticeable for the primed coe�cients. Below, we

2 Note that we have deliberately under-sampled the region not corresponding to the highlighted groups, which are

shown as grey points.
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t-channel mediators: leptoquarks

• scalar or vector leptoquarks with couplings to SM neutrinos

• result in

•  also modifies  via the induced operator S0 R(*)
D c̄bτ̄νi

ℒS = λLS0
q̄c

Liτ2ℓLS0
† + λLS̃1/2

d̄RℓLS̃†
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Liτ2 ⃗τ ⋅ ⃗S†

1ℓL + h . c .

ℒV = λLV1/2
d̄c

RγμℓLV†μ
1/2 + λLV1

q̄Lγμ ⃗τ ⋅ ⃗V †μ
1 ℓL + h . c .
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Scanning over  shows solutions in generalCij
L − Cij

R

• One LQ at a time

•  generate only  terms: 

•  with only off-diagonal terms also:  

S0, S1, V1 CL Rνν
K = Rνν

K*
S1/2, V1/2 Rνν

K = Rνν
K*
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correlations with the B anomalies with CL

•  predicts 

• If we take  then   about 1  away

• Central value of  with  would lead to 

S0 Rνν
K = Rνν

K*
Rνν

K = Rνν
K* ∼ 3.5 rD(*) ≲ 1.06 σ

rD(*) S0 Rνν
K = Rνν

K* ≳ 14

rD(*) = RD(*)

RD(*) SM

rD = 1.15 ± 0.09
rD* = 1.13 ± 0.05

• for the case of  there is a correlation with S0 rD(*)

rD = rD* = ( α
2π )

2
|(C3,1

L |2 + |C3,2
L |2 ) + |1 − α

2π
C3,3

L |2



correlations with the B anomalies with CL

• Recent global fits to  suggest values  
with  somewhat smaller (for both muons and electrons) 

• for  this means minimal effect on :

   

b → sℓ+ℓ− Cμμ
9 ∼ Cee

9 ≲ − 1
C10

S1, V1 Rνν
K = Rνν

K*
S1 ⟹ Cμμ

9 = − Cμμ
10 = 2Cμμ

L ⟹ Rνν
K = Rνν

K* ≲ 1.1

V1 ⟹ Cμμ
9 = − Cμμ

10 = 1
2 Cμμ

L ⟹ Rνν
K(*) ≲ 1.5

0 5 10 15
]4c/2 [GeV2q

0

0.2

0.4

0.6

0.8

1LF

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

0.5−

0

0.5FBA

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

0.5−

0

0.5

5S

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from ASZB

0 5 10 15
]4c/2 [GeV2q

1−

0.5−

0

0.5

15'P

(1
S)

ψ/J

(2
S)

ψ

LHCb Run 1 + 2016
SM from DHMV

Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7

LHCb unbinned 2024 
https://arxiv.org/abs/

2405.17347

C9 = − 0.71 ± 0.33
C10 = 0.29 ± 0.24

 below av (new)2(3)σ



 with both diagonal and off-diagonal 
terms

S1/2, V1/2

• These two LQs can reproduce the solution region

• Find the parameters and see if the models are viable

•  recall that  affecting 

• at least one of the diagonal terms is large (around 10)
• cannot be  from  global fits to 
• the only possibility is then to have a large 

Cij
R = 1

2 Cij
9′ = − 1

2 Cij
10′ b → sℓ+ℓ−

Cee,μμ
R b → sℓ+ℓ−

Cττ
R
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check animation here

https://arxiv.org/src/2309.12741v4/anc/parameters.mov


• Scan of  with  showing solutions in this case and 
map of solutions to the allowed region of  and 

Cij
R i ≠ j or i = j = 3

Cττ
R Cμτ

R = Cτμ
R

Only non-zero diagonal term Cττ
R
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B(Bs → τ+τ−) ≤ 6.8 × 10−3

B(Bs → τ+μ−) ≤ 42 × 10−6

B(B+ → K+τ+τ−) ≤ 2.25 × 10−3

B(B+ → K+τ+μ−) ≤ 28 × 10−6

Current experimental limits

Lead to enhanced modes
with taus, both LFC and LFV



CLFV and  B → K(*)νν̄

• allowing only off-diagonal terms, each LQ 
produces only  or only  resulting in 

 
• The current upper bound from CLFV processes 

is less restrictive than the bound from  except 
for  flavours

• This bound for the case of  is comparable to 
that from  but less restrictive than the one 
from 

CL CR
Rνν

K = Rνν
K*

Rνν
K

μe
S1

Rνν
K

Rνν
K*

<latexit sha1_base64="o6qryZEqZQER72UwbByaFEtexi0="></latexit>

LQ upper bound on Cij
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All of these leptoquarks contribute to R
⌫

K(⇤) but their contributions are correlated with di↵erent

modes [30–33]. We begin with the lepton flavour number violating case which adds incoherently to

the SM values for R⌫

K(⇤) . There are several CLFV modes with existing experimental upper bounds

and we list them in Table 3. The corresponding predictions using Eq. (20) are
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±
µ
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The best current experimental bounds on these modes as given in [20] are listed in Table 3 along

with the constraints they impose on the Wilson coe�cients taken one non-zero at a time. The

Mode 90% c.l one |C``
0

i
| 6= 0 C

``
0

90 = �C
``

0
100 or

at a time C
``

0
9 = �C

``
0

10
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±
µ
⌥) 5.4⇥ 10�9 7.4 7.4
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Table 3: Current experimental upper bounds on lepton flavour changing modes and the limits they

imply for the coe�cients C``
0

i
of Eq. (21) taken one non-zero at a time for the corresponding lepton

flavour indices. The last column shows the upper bound on |C``
0

i
| assuming that Cij

90 = �C
ij

100 6= 0,

C
ij

9 = �C
ij

10 = 0 or Cij

90 = �C
ij

100 = 0, Cij

9 = �C
ij

10 6= 0 as per Eq. (20).

minimal set of Wilson coe�cients consistent with the leptoquark origin of Eq. (20) implies more

than one non-zero Wilson coe�cient at a time, either C
ij

90 = �C
ij

100 6= 0, C
ij

9 = �C
ij

10 = 0 or

C
ij

90 = �C
ij

100 = 0, Cij

9 = �C
ij

10 6= 0. Both situations result in the same bound due to the symmetry

between primed and unprimed coe�cients in Eq. (21). Without additional assumptions on the
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Scanning over C′ ij
L − C′ ij

R

• in general, this scenario can also reproduce the new result but it is harder 
to reconcile a high  with a low  

• in a  model  mixing limits the allowed parameter space to the blue 
region, resulting in  and at most 2
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New light invisible particles

• mass window to invisible light particles:  
• we assume they are pair-produced (3 body decay)

• we consider spins  

• Mediators are assumed at the weak scale and integrated out 
to produce a LEFT of the form 

• we look for an enhancement in  as 
suggested by Belle data

• Propose a UV completion where scalars are dark matter

m < mB − mK

0, 1
2 , 1

ϕ ℒ = ∑ Ci Oi

3 ≤ q2 ≤ 7 GeV2



scalars up to dim 6 that contribute to 
B+ → K+ + invisible

Allowed by Belle II

Allowed by new ave.
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•

• use  i.e. 

• they both arise at dim 6 in SMEFT (blue vanishes for real scalar fields), 

𝒪S,sb
qϕ = (sb)(ϕ†ϕ), 𝒪V,sb

qϕ = (sγμb)(ϕ†i∂μϕ)

CS,sb
qϕ ≡ Λ−1

eff , CV,sb
qϕ ≡ Λ−2

eff ℒ = 1
Λeff

𝒪S,sb
qϕ + 1

Λ2
eff

𝒪V,sb
qϕ

ϕ
1

Λeff
𝒪S,sb

qϕ ∈ v
Λ2

eff
(q̄2LbRH )(ϕ†ϕ)

He, Ma, GV JHEP 03 (2023) 037



fermions: six operators at dim 6
𝒪S,sb

qχ1 = (sb)(χχ), 𝒪S,sb
qχ2 = (sb)(χ iγ5 χ),

𝒪V,sb
qχ1 = (sγμb)(χγμ χ), 𝒪V,sb

qχ2 = (sγμb)(χγμγ5 χ),

𝒪T,sb
qχ1 = (sσμνb)(χσμν χ), 𝒪T,sb

qχ2 = (sσμνb)(χσμνγ5 χ),
Cj

i ≡ Λ−2
eff

He, Ma, GV JHEP 03 (2023) 037

• blue vanishes for Majorana fermions

• green preferred by spectrum
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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. (17). The gray region is excluded by other B
meson decay modes that are indicated in the plots by coloured lines.

C. Vector DM case

Finally, we consider the vector DM. There are two parametrizations that can be used in this

case as discussed in [38]. Here we adopt the one with a four-vector field Xµ for simplicity. The

operators have been classified by us in [38], and the ones relevant for B+ ! K+XX transitions

are,

OS,sb
qX = (sb)(X†

µX
µ), (18a)

OT,sb
qX1 =

i

2
(s�µ⌫b)(X†

µX⌫ �X†
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qX2 =

1

2
(s�µ⌫�5b)(X

†
µX⌫ �X†

⌫Xµ), (⇥) (18c)

OV,sb
qX2 = (s�µb)@⌫(X

µ†X⌫ +X⌫†Xµ), (18d)

OV,sb
qX3 = (s�µb)(X

†
⇢

 !
@⌫ X�)✏

µ⌫⇢�, (18e)

OV,sb
qX4 = (s�µb)(X†

⌫i
 !
@µX

⌫), (⇥) (18f)

OV,sb
qX5 = (s�µb)i@⌫(X

µ†X⌫ �X⌫†Xµ), (⇥) (18g)

OV,sb
qX6 = (s�µb)i@⌫(X

†
⇢X�)✏

µ⌫⇢�. (⇥) (18h)

The symbol “(⇥)” indicates that the corresponding operator vanishes for real vector fields. To

address the well-known singularity problem that a↵ects vector fields in the limit of vanishing mass,

for our numerical analysis, we scale the Wilson coe�cients of these operators in the following

12



vectors up to dim 6

• vector field formulation

• operators in blue vanish for real fields
• these operators produce amplitudes that diverge in the massless 

limit

• this known problem is addressed by assuming that  is a gauge 
boson, and gauge invariance forbids its direct appearance

• these operators are thus assumed to inherit a coefficient that 
vanishes for massless 

X

X

𝒪S,sb
qX = (sb)(X†

μXμ),

𝒪T,sb
qX1 = i

2 (sσμνb)(X†
μXν − X†

ν Xμ),

𝒪T,sb
qX2 = 1

2 (sσμνγ5b)(X†
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ν Xμ),

𝒪V,sb
qX2 = (sγμb)∂ν(Xμ†Xν + Xν†Xμ)

𝒪V,sb
qX3 = (sγμb)(X†

ρ ∂νXσ)ϵμνρσ,

𝒪V,sb
qX4 = (sγμb)(X†

ν i∂μXν),

𝒪V,sb
qX5 = (sγμb)i∂ν(Xμ†Xν − Xν†Xμ),

𝒪V,sb
qX6 = (sγμb)i∂ν(X†

ρ Xσ)ϵμνρσ



results with vector operators

• scaling including mass factors to address 
divergence 

• Two of the operators, , are mostly 
ruled out by other modes

• Appear disfavoured by shape of spectrum
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FIG. 6: The pink [purple] region shows the parameter space that could explain the recent Belle II excess
[new average] with vector DM for the operators in Eq. (18). The grey region is excluded by other B
meson decay modes that are indicated in the plots by coloured lines.

manner,

CS
qX ⌘ m2

⇤3
e↵

, CT
qX1,2 ⌘

m2

⇤3
e↵

, CV
qX2,4,5 ⌘

m2

⇤4
e↵

, CV
qX3,6 ⌘

m

⇤3
e↵

. (19)

In Fig. 6, we show the parameter space resulting in a branching ratio in agreement with Eq. (15).

It can be seen, that except for the two operators with tensor quark currents OT,sb
qX1,2, the remaining

operators contain a large acceptable parameter region.

D. The q2 distribution

The excess of events observed by Belle II appears to occur mainly for q2 values between 3 �
7GeV2 [1].7 It is thus interesting to compare the q2 distributions that follow from the di↵erent

DM cases. Because the new particles would add incoherently to the SM rate, we combine the two

to obtain a normalized q2 distribution as,

d�̃

q2
⌘

d�SM

dq2 + d�NP

dq2

�SM + �NP

=
d�̃SM

dq2 + (RK
⌫⌫ � 1)d�̃NP

dq2

RK
⌫⌫

, (20)

where d�̃SM,NP/dq2 ⌘ (d�SM,NP/dq2)/�SM,NP.

In Fig. 7, we show representative cases from the insertion of all the DM operators discussed

above for selected DM mass value m� = 300, 700MeV (left panel), m� = 700MeV (centre panel)

and mV = 700MeV (right panel). For comparison, the SM distribution is also shown (black line).

7 We thank Eldar Ganiev for confirming this observation.
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POST-FIT  DISTRIBUTIONS q2
rec 20

FIG. 18. Distributions of ⌘(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+⌫⌫̄
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 ⌘(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.

19

FIG. 17. Distributions of ⌘(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+⌫⌫̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the full signal
region, with ⌘(BDT2) > 0.92, are shown. Data and simulation are normalized to an integrated luminosity of 362 fb�1. The
pull distributions are shown in the bottom panels.



experimental efficiency

• affects constraints on NP because BR limits assume the SM spectrum

FIG. 7: The q2 distribution of normalized di↵erential decay widths from all three cases: scalar DM (left
panel), fermion DM (middle panel), vector DM (right panel) for selected masses.
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FIG. 8: The q2 distribution of normalized di↵erential decay widths after taking into account the experi-
mental e�ciency. The left panel for scalar DM and right panel for fermion DM.

The figures indicate that the cases of OV,sb
q� with m� ⇠ 300MeV and OV,sb

q�1,2 with m� ⇠ 700MeV

would more closely match the preliminary q2 distribution of the excess. This can be seen more

clearly when the experimental detection e�ciency is taken into account. Fig. 8 shows how the

inclusion of the Belle II signal-selection e�ciency for inclusive tagging analysis (ITA) a↵ects the

distribution for scalar and fermion DM case. The study of the shape of this distribution will help

narrow down possible explanations if the excess is confirmed.

IV. SUMMARY AND CONCLUSIONS

The recent measurement of the branching ratio B(B+ ! K+⌫⌫̄) by the Belle II collaboration is

larger than the SM prediction at the 2.8 � level and has attracted some attention. Although this

measurement is consistent within errors with previous ones and the resulting average is consistent

with the SM within errors, it invites speculation on the possibility of accommodating a rate

that exceeds the SM. In particular we studied whether models that can enhance R⌫⌫
K can remain

consistent with a lower R⌫⌫
K⇤ .

Since the neutrinos in the final state are not identified, it is possible to enhance R⌫⌫
K with models

that contain other invisible particles, such as light dark matter. It is also possible to do so with

additional neutrinos or by introducing lepton flavour violating neutrino couplings as in models

previously discussed in the literature.

14

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/ simulation by

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

2 of the known
J/ 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
+
⌫⌫̄ event by ignoring the muons from the J/ 

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

+ ! K
+
⌫⌫̄ 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
+
⌫⌫̄ decay match the four-

momentum and decay vertex of the corresponding B
+

from the B
+ ! K

+
J/ 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/ 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/ ) and after

(B+ ! K
+��J/ ) 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/ ) and after (B+ ! K+��J/ )
the muon removal and replacement of the kaon momentum of
selected B+ ! K+J/ events in simulation and data. As a
reference, the classifier outputs directly obtained from simu-
lated B+ ! K+⌫⌫̄ signal events are overlaid. The simulation
histograms are scaled to the total number of B+ ! K+J/ 
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 ! X`⌫ 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 ⌘(BDTh) selection, a 16% sys-
tematic uncertainty on the signal-selection e�ciency is
derived.

23

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 ⌘(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+ ! ⇡+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.

• For scalars, for example,

 with  or

 with 

would be slightly preferred by the 
spectrum

𝒪V,sb
qϕ mϕ ∼ 300 MeV

𝒪S,sb
qϕ mϕ ∼ 700 MeV



• new constraints from mediators:

•

• s-channel mediator, hard to explain  mixing
• look for t-channel mediator instead

𝒪S,sb
qϕ = (sb)(ϕ†ϕ)

Bs

mediators and dark matter

BS − B̄S mixing



specific t-channel model

• introduce two heavy vector-like quarks  (write 
…)

• and a light scalar field 

• All new fields are odd under a  symmetry to stabilise dark matter particle 

Q ∼ (3, 2,1/6), D ∼ (3, 1, − 1/3)
QR ≡ PRQ

ϕ ∼ (1, 1,0)
ℤ2 ϕ

J
H
E
P
0
7
(
2
0
2
4
)
1
6
8

dR
DL DR QL QR

qL

Hφ φ

dR
DL dR

qL

φ φ H

dR
qL QR

qL

φφH

dR
DL QR

qL

Hφ φ

Figure 1. Feynman diagrams contributing to the matching to the φSMEFT-like operator OqdHφ2 via
t-channel exchange of the vector-like fermions Q and D. The magenta crosses represent mass insertions.

where group theory indices are suppressed and the SM quark generations are denoted by
indices p, r. The choice of a minus sign with Yukawa couplings y1,2 is for later matching
convenience. H ∼ (1,2, 1/2) denotes the electroweak Higgs doublet. Using the freedom to
rephase the two heavy vector-like quark fields, we choose y1 and one of the Yukawa couplings
ypq to be real without loss of generality. All other Yukawa couplings generally are complex.

The DM particle φ couples to the SM Higgs doublet via the Higgs portal interaction
φ2H†H, in addition to its coupling to SM quarks via the Yukawa interactions. The former
is constrained by invisible Higgs decay with the branching ratio BR(h → inv) < 0.107 at
95% CL [35] (see also [36, 37]), which leads to κ ! 0.01 for light φ with mass below tens of
GeV. In the following phenomenological study, we neglect the Higgs portal interaction and
consequently also its contribution to the DM mass. Taking it small compared to the bare
mass term implies κ ≪ 2m2

φ/v
2 ≈ 3 × 10−5(mφ/GeV)2 which is consistent with radiative

corrections from fermion loops.

3 B → K(∗) + inv

At energies below the masses mQ ≃ mD of the heavy vector-like quarks D and Q, the
interactions of the scalar field φ with SM quarks are described to leading order by the
following φSMEFT Lagrangian,

LSMEFT
φφqq = Cpr

qdHφ2Opr
qdHφ2 + Cpr

quHφ2Opr
quHφ2 + h.c. , (3.1)

with the first effective operator given in eq. (1.3) and the second, Opr
quHφ2 = (q̄LpuRrH̃)φ2

with H̃ = ϵH∗.
The WCs CqdHφ2 and CquHφ2 can be determined by integrating out the heavy vector-like

quarks Q and D at tree level as shown in figure 1. With the aid of the Matchete code [38],
we obtain the matching results,2

Cpr
qdHφ2 =

ypqy
r
dy1

mQmD
+

ypqy
x∗
q (Yd)xr
2m2

Q

+ (Yd)pxyx∗
d yrd

2m2
D

, (3.2a)

Cpr
quHφ2 =

ypqy
x∗
q (Yu)xr
2m2

Q

, (3.2b)

where Yu and Yd denote the SM up-quark and down-quark Yukawa couplings, q̄LYuuRH̃ +
q̄LYddRH, respectively. The first three Feynman diagrams in figure 1 correspond to the

2The matching proceeds through an intermediate step that uses the two redundant operators, (q̄Lpi /DqLr)φ2

and (d̄Rpi /DdRr)φ2. These are related to the operators in eq. (3.1) via the equations of motion of the SM
quark fields qL and dR.
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whereH is the SM Higgs doublet. The focus of this paper is to establish a viable renormalizable
ultraviolet (UV) completion of this operator, which simultaneously explains the observed
DM relic density through the thermal freeze-out mechanism.

To explain the excess with new decay modes involving a light DM pair, we refer to the
difference between the measurement and the SM value as the “NP window”. Using the new
Belle II measurement together with the SM prediction the NP window is

B(B+ → K+ + inv)NP = (1.86± 0.67)× 10−5, (1.4)
assuming three-body decay kinematics with massless neutrinos, which becomes (0.86±0.40)×
10−5 if the new average experimental value is used. Usually, the interaction mediating
B+ → K+ + inv also leads to the transitions B0 → K0 + inv and B → K∗ + inv, which may
pose strong constraints on the scenarios. Currently, the strongest experimental constraints
on these modes are [4, 5]

B(B0 → K0νν̄) ≤ 2.6× 10−5 (90% c.l.), (1.5a)
B(B+ → K+∗νν̄) ≤ 4.0× 10−5 (90% c.l.), (1.5b)
B(B0 → K0∗νν̄) ≤ 1.8× 10−5 (90% c.l.), (1.5c)

assuming three-body decay kinematics with massless neutrinos, as predicted by the SM.
Subtracting their SM predictions, these lead to the corresponding NP bounds for the relevant
modes with invisible particles to be [31]: 2.3× 10−5, 3.1× 10−5 and 1.0× 10−5, respectively.

The paper is organized as follows. In section 2 we introduce the renormalizable UV
model which generates the operator in eq. (1.3). Its implications for the B meson decays
B → K(∗)+inv are discussed in section 3 and dark matter in section 4. We discuss constraints
and the available parameter space explaining both the excess in B+ → K+ + inv and the
DM relic abundance in section 5 and conclude in section 6.

2 The model
In order to realize the UV completion of the operator in eq. (1.3), we introduce two heavy
vector-like quarks Q ∼ (3,2, 1/6) and D ∼ (3,1,−1/3) with masses mQ and mD, respectively,
in addition to the light scalar field φ ∼ (1,1, 0) to generate the Yukawa interactions q̄LiQRφ

and d̄RiDLφ with QR ≡ PRQ,DL ≡ PLD. Here we use lower case letters qL, dR, uR to
represent the SM left-handed quark doublet, right-handed down-type quark and up-type
quark singlets, respectively. The three numbers in parentheses indicate how they transform
with respect to the SM gauge group SU(3)c × SU(2)L ×U(1)Y. All exotic fields — φ, QL,R

and DL,R — are required to be odd under an imposed Z2 symmetry that stabilises the DM
particle φ. Taking mQ,D > mφ +mq, the vector-like quarks Q and D are unstable and decay
into φ and a SM quark of mass mq. Because of the Z2 symmetry, the vector-like quarks do not
mix with SM quarks, but they mix among themselves after electroweak symmetry breaking.
The full new physics parts of the Lagrangian (kinetic, Yukawa and Higgs potential) are

LNP
kinetic = Q̄i /DQ−mQQ̄Q+ D̄i /DD −mDD̄D + 1

2∂µφ∂µφ− 1
2m

2
φφ2, (2.1a)

LNP
Yukawa = ypq q̄LpQRφ + ypdD̄LdRpφ− y1Q̄LDRH − y2Q̄RDLH + h.c. , (2.1b)

V NP
potential =

1
4λφφ4 + 1

2κ φ2H†H , (2.1c)
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• at low energy, this leads to

• excess can be explained, 
i.e. with 

 for CS,sb
dϕ ∼ (3 − 8)/(105 TeV)

mϕ = 1 GeV

B → K(*) + invisible

Allowed by Belle II

Belle II with E.E.

Allowed by new ave.
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CS,ij
dϕ =

(yi
qy j

d y1 + y j*
q yi*

d y*1 )v
2mQmD

+ (
yi

qy j*
q

2m2
Q

+
yi*

d y j
d

2m2
D )(mdi + mdj), iCP,ij

dϕ =
(yi

qy j
d y1 − y j*

q yi*
d y*1 )v

2mQmD
− (

yi
qy j*

q

2m2
Q

−
yi*

d y j
d

2m2
D )(mdi − mdj),

CS,ij
uϕ =

ỹi
q ỹ j*

q

2m2
Q

(mui + muj), iCP,ij
uϕ = −

ỹi
q ỹ j*

q

2m2
Q

(mui − muj) ,

ℒ𝙻𝙴𝙵𝚃
ϕϕqq = 1

2 CS,ij
dϕ (d̄idj)ϕ2 + 1

2 CP,ij
dϕ (d̄iiγ5dj)ϕ2 + 1

2 CS,ij
uϕ (ūiuj)ϕ2 + 1

2 CP,ij
uϕ (ūiiγ5uj)ϕ2,
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 as dark matterϕ
• dark matter relic density

– with a leading order chiral realisation, we can calculate the possible 
annihilation cross-sections into pions, kaons and etas

– to produce the correct relic density 

 need 

– but we also need to avoid direct detection constraints, in particular, 
those using the Migdal effect for sub-GeV dark matter

– this requires an interplay between different parameters, i.e,  
introducing 

Ωℏ2 = 0.12,

⟨σv⟩ ≃ 2.4 × 10−26 cm3s−1

(ℏc)2c
= 2.2 × 10−9 GeV−2 CS,ss

dϕ ∼ (0.1)/(TeV)

CS,dd
dϕ

Dolan, Kahlhoefer, McCabe Phys. Rev. Lett. 121, 101801 (2018)

Steigman, Dasgupta, Beacom, 10.1103/PhysRevD.86.023506



 as dark matterϕ
• to produce the correct relic density , and a 

compatible excess in  we only need  
and  but this scenario is ruled out by Panda X4T (left figure)

• viable models require an interplay between different parameters, 
one example is shown below (right figure) with  
implying 

Ωℏ2 = 0.12
B → K(*) + invisible CS,sb

dϕ
CS,ss

dϕ

|yd
q,d | ∼ 0.2 |ys

q,d |
|CS,dd

dϕ | ∼ 0.2 |CS,ds
dϕ | ∼ 0.04 |CS,ss

dϕ |

XENON1T (Migdal effect)

PandaX4T (Migdal effect)
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• thermal average cross-sections

•  a function that takes values between  in the 
relevant parameter range and 

• direct detection via Migdal effect ( )

ℒϕP ∋ B
2 ϕ2 {CS,dd

dϕ (π+π− + 1
2 π0π0) + CS,ss

dϕ K+K− + (CS,dd
dϕ + CS,ss

dϕ )K0K̄0 + (CS,dd
dϕ + 4CS,ss

dϕ ) 1
6 η2 + ⋯}

⟨σv(ϕϕ → K+K−, K0K̄0)⟩ =
B2 |CS,ss

dϕ |2 η(x, zK)
64πm2

ϕ
⟨σv(ϕϕ → ηη)⟩ =

B2 |CS,ss
dϕ |2 η(x, zη)
72πm2

ϕ

η(x, z) 0.5 − 1.7
x ≡ mϕ/T, zK,η = m2

K,η/m2
ϕ

Rd/s ≡ CS,dd
dϕ /CS,ss

dϕ

σϕN =
μ2

ϕN

4πm2
ϕ

mN

ms
f (N)
Ts

CS,ss
dϕ

2

1 + ms

md

f (p)
Td

f (p)
Ts

Rd/s
Z
A

+ (1 + ms

md

f (n)
Td

f (n)
Ts

Rd/s) A − Z
A

2

,

≈
μ2

ϕN

4πm2
ϕ

mN

ms
f (N)
Ts

CS,ss
dϕ

2

(1 + 16.84Rd/s) Z
A

+ (1 + 24.82Rd/s) A − Z
A

2

,

ms = 93.4 MeV, ms/md ≈ 19.5,
f (N )
Ts

= 0.044, f (p)
Td

= 0.038, f (n)
Td

= 0.056
ms = 93.4 MeV, ms/md ≈ 19.5,
f (N )
Ts

= 0.044, f (p)
Td

= 0.038, f (n)
Td

= 0.056

E. Del Nobile,  arXiv:2104.12785



other constraints

•  

–

– with Yukawas of order one and VLQ masses around 3 TeV 

•

–

– For  we find  
four times larger than expected Belle II sensitivity for 5 ab-1

gg → H, H → γγ

Δℒh→gg = −
Re[y1y*2 ]v2

mDmQ [ αs

12π
h
v

GA
μνGAμν] − αs

4π
Im[y1y*2 ]v

2mDmQ
hGA

μνG̃Aμν

v2/(mQmD) ∼ 0.007

Bs → ϕϕ

ℬ(Bs → ϕϕ) =
|CP,sb

dϕ |2 τBs
mBs

f 2
Bs

32π (
mBs

mb + ms )
2

1 − 4m2
ϕ /m2

Bs

|CS,ss
dϕ | ∼ 0.13/TeV ℬ(Bs → ϕϕ) ∼ 4 × 10−5
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additional flavour constraints

• Can check that with this benchmark parameters the 
model satisfies constraints from

–
• model induces  with  the same order as 

• global fits allow  and for  we 
need 

•  mixing 

• they appear at dim 8, B mixing is fine, K mixing requires a small 

– ,  also satisfied by our benchmark 
parameters

B → Xsγ
Oij

dγ = d̄iσμνPRdjFμν C̃sb
dγ CS,sb

dϕ

C̃sb
dγ ≲ 260/(105 TeV) B → K(*) + invisible

CS,sb
dϕ ∼ (3 − 8)/(105 TeV)

Bs − B̄s, Bd − B̄d, K − K̄
CS,ds

dϕ

D → πϕϕ D → ϕϕ



conclusions

motivated by the recent Belle II result, we explored the NP physics 
window that could enhance the mode  
over the SM 

• at the same time we require consistency with existing 90% c.l upper 
bounds on the related modes  and 

• we also consider correlations with charged lepton modes
neutrino LFV couplings with only LH neutrinos can reproduce the 
rates for these modes

• when induced by a single LQ exchange,  can reproduce 
the rates provided at least one LF diagonal coupling is 

• the  global fits rule out this possibility for 
 modes

• This solution results in enhanced modes with taus that can be 
probed experimentally.

B+ → K+ + 𝚒𝚗𝚟𝚒𝚜𝚒𝚋𝚕𝚎
B+ → K+νν̄

B → K(*)νν̄ B0 → K0νν̄

S1/2, V1/2
∼ 10

b → sℓ+ℓ−

e+e−, μ+μ−



conclusions continued

pairs of new invisible scalars, vectors or fermions
– we constructed the lowest dimension LEFT for these three 

cases and selected the operators relevant to these modes
– there are viable regions of parameter space to explain the 

desired pattern in  rates for all three cases

– matching the  spectrum from Belle II narrows the list of 
possibilities

a t-channel mediator model with two VLQ was used to 
illustrate that a pair of light scalars enhancing 

 is viable
– the scalar also satisfies annihilation constraints to produce the 

correct relic density
– there is viable parameter space to simultaneousl avoid direct 

detection constraints including via Mignal effect

ϕ

B → K(*)νν̄
q2

B+ → K+ + invisible


