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BR(B → K*νν̄)SM = (8.4 ± 1.5) × 10−6

https://www.sciencedirect.com/science/article/abs/pii/S0146641016300588?via=ihub
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BR(B → K*νν̄)SM = (8.4 ± 1.5) × 10−6

Optimal measurements to probe the SM:


not observed yet, possible enhancement 
from contributions beyond the SM.

https://www.sciencedirect.com/science/article/abs/pii/S0146641016300588?via=ihub
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Complementary to , where tensions with the SM 
have been observed, including the recent  
measurement by LHCb [arXiv:2103.11769].

b → sl+l−

RK

Optimal measurements to probe the SM:


not observed yet, possible enhancement 
from contributions beyond the SM.

In the Standard Model (SM): 

BR(B → K*νν̄)SM = (8.4 ± 1.5) × 10−6

https://www.sciencedirect.com/science/article/abs/pii/S0146641016300588?via=ihub
https://arxiv.org/pdf/2103.11769.pdf
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To constrain scenarios beyond the SM:

Optimal measurements to probe the SM:
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To constrain scenarios beyond the SM:

• Dark matter [PRD 98, 055003 (2018)];


• Leptoquarks [PRD 102, 015023 (2020)];


• Axions [PRD 101, 095006 (2020)].

Optimal measurements to probe the SM:


not observed yet, possible enhancement 
from contributions beyond the SM.

In the Standard Model (SM): 

 tension with the SM3.1σ

BR(B → K*νν̄)SM = (8.4 ± 1.5) × 10−6

Complementary to , where tensions with the SM 
have been observed, including the recent  
measurement by LHCb [arXiv:2103.11769].
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• decays with 2 neutrinos in the final state leaving no signature 
in the detector; 
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Challenging measurements: 

• decays with 2 neutrinos in the final state leaving no signature 
in the detector; 


• can be measured at B factories like Belle II because of the 
clean event environment and the well defined initial state.

 event

(Belle II simulation)

B+ → K+νν̄



Search for  decays 


using an inclusive tagging method at Belle II


[arXiv:2104.12624] — submitted to PRL 
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(Belle II simulation)

B+ → K+νν̄

https://arxiv.org/pdf/2104.12624.pdf
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explicit reconstruction of the     Btag
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Btag
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• hadronic tagging 

• semileptonic tagging 
ϵsig ⋅ ϵtag ∼ 0.04 %

ϵsig ⋅ ϵtag ∼ 0.2 %
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Previous searches for B+ → K+νν̄

Experiment Year
Observed limit on 


Approach Data  aa

BABAR 2013
[Phys.Rev.D87,112005]

SL + Had 
tagging

Belle 2013
[Phys.Rev.D87,111103(R)]

Had 
tagging

Belle 2017 [Phys.Rev.D96,091101(R)]
SL 

tagging


[fb−1]

< 1.6 × 10−5

< 1.9 × 10−5

< 5.5 × 10−5

429

711

711

BR(B+ → K+νν̄)

Hadronic 

reconstruction:


OR

Semileptonic 


reconstruction:


B±
tag → hadrons

B±
tag → D(*)lνl

The previous studies all adopted an                              
explicit reconstruction of the      
followed by the signal reconstruction.


Low reconstruction efficiency because of 
the low tag-reconstruction efficiency:

Btag

Upper limits on the branching ratios were set:

reconstruction

B±
sig

• hadronic tagging 

• semileptonic tagging 
ϵsig ⋅ ϵtag ∼ 0.04 %

ϵsig ⋅ ϵtag ∼ 0.2 %
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e− → Υ(4S) ← e+
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.111103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.091101
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Luminosity and data sample at Belle II
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• Data used in the analysis collected 
in 2019-2020(summer):


-  of data collected at 
 resonance  million  

pairs.


-  of (off-resonance) data 
collected 60 MeV below the  
resonance for background studies.


63 fb−1

s → Υ(4S) ∼ 68 BB̄

9 fb−1

Υ(4S)
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• Data used in the analysis collected 
in 2019-2020(summer):


-  of data collected at 
 resonance  million  

pairs.


-  of (off-resonance) data 
collected 60 MeV below the  
resonance for background studies.


•  of data collected before 
the summer 2021 shutdown.

63 fb−1

s → Υ(4S) ∼ 68 BB̄

9 fb−1

Υ(4S)

∼ 213 fb−1
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• Signal reconstructed as the highest  
track (correct match ) followed by 
inclusive reconstruction of the rest of 
the event (ROE). 

• Higher signal efficiency  but 
larger background contributions from 
generic B decays and continuum production 

.

pT
∼ 80 %

ϵsig ∼ 4 %

(uū, dd̄, cc̄, ss̄)
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e− → Υ(4S) ← e+

B±
sig

Highest 
pT track
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For  most  background  events  the 
ROE consists of a wrong/too large 
combination  of  charged  tracks/
photons,  while  for  the  signal 
some objects can be missing. 
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Signal identification exploiting topological features of .


•For example the event shape:

B+ → K+νν̄

Features of B+ → K+νν̄

8

BB qqB(→Kνν)B
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Signal identification exploiting topological features of .


•For example the event shape:

• But also:


B+ → K+νν̄

Features of B+ → K+νν̄

8

- other variables related to the event features; 

- variables related to the kinematics of the signal K candidate;

- variables related to the ROE;

- variables related to the  suppression.D0/D+

BB qqB(→Kνν)B
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• Variables related to 
the event topology.
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• Variables related to 
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the ROE.

• Variables related to 
the signal candidate.K+

ΔE = ∑
i

ECMS
i − Ebeam
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the event topology.
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Features of B+ → K+νν̄

• Variables related to 
the ROE.

• Variables related to 
 suppression.D0 /D+

ΔE = ∑
i

ECMS
i − Ebeam
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Multivariate classification 

51  well  separating  variables  are  used  to  train  2  consecutive  binary 
classifiers (FastBDT)  and .BDT1 BDT2
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https://link.springer.com/article/10.1007/s41781-017-0002-8#citeas


• train  on 1.6M signal events and      
1.6M  events:


BDT1
× (B+B−, B0B̄0, uū, dd̄, cc̄, ss̄, τ+τ−)

10

Multivariate classification 

51  well  separating  variables  are  used  to  train  2  consecutive  binary 
classifiers (FastBDT)  and .BDT1 BDT2

Filippo Dattola |  at  Belle IIb → sνν̄

https://link.springer.com/article/10.1007/s41781-017-0002-8#citeas


• train  on 1.6M signal events and      
1.6M  events:


BDT1
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Signal Region:

BDT1 > 0.9 , BDT2 > 0.95

https://link.springer.com/article/10.1007/s41781-017-0002-8#citeas
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default 

events 

B+ → K+J/ψ→μ+μ−

Excellent Data-MC agreement for the BDT’s.

 events:


•  ignored;

•  kinematics updated: 
2body —> 3body 

B+ → K+J/ψ→μ+μ−
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f (n, a |η, χ) =

parameter of interest

nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:
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Fit procedure

∏
r∈regions

∏
b∈bins

Pois(nrb |νrb(η, χ)) ∏
χ

cχ(aχ | χ)f (n, a |η, χ) =

Simultaneous measurements of 
multiple regions

Constraints
parameter of interest

nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:

• Templates for bkg’s and signal yields from 
simulation.


• Systematic uncertainties (normalisations of 
bkg’s yields, BR of the leading B-decays, 
PID correction, …) as (175) nuisance 
parameters: event count modifiers.

• 1 parameter of interest: signal strength μ: 
multiplicative factor with respect to the SM 
expectation. 

μ = 1 → SM BF = 4.6 × 10−6
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Regions = {SR, CR1, CR2, CR3}
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Fit to the Data
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μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst) = 4.2+3.4
−3.2

BR(B+ → K+νν̄) = 1.9+1.3
−1.3(stat)+0.8

−0.7(syst) × 10−5 = 1.9+1.6
−1.5 × 10−5
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CLs upper limit scan
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Fit to the Data
• Measured signal strength 

• Data vs post-fit predictions in CR1 + SR

μ







μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst) = 4.2+3.4
−3.2

BR(B+ → K+νν̄) = 1.9+1.3
−1.3(stat)+0.8

−0.7(syst) × 10−5 = 1.9+1.6
−1.5 × 10−5
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22% purity

6% signal purity in the SR



Fit to the Data
• Measured signal strength 

• Signal efficiency (in the signal region SR)

μ







μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst) = 4.2+3.4
−3.2

BR(B+ → K+νν̄) = 1.9+1.3
−1.3(stat)+0.8

−0.7(syst) × 10−5 = 1.9+1.6
−1.5 × 10−5
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q2 = (pν + pν̄)2

Integrated efficiency in 
the SM  spectrum = 4.3%q2
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Measurement summary…

• This measurement represents the first search for  performed with an 
inclusive tagging and the first measurement using Belle II in its nominal 
configuration. 

B+ → K+νν̄
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Measurement summary…

Experiment Year
Observed limit on 


Approach Data  aa

BABAR 2013
[Phys.Rev.D87,112005]

SL + Had 
tagging

Belle 2013
[Phys.Rev.D87,111103(R)]

Had 
tagging

Belle 2017 [Phys.Rev.D96,091101(R)]
SL 

tagging

Belle II 2021 Inclusive 
tagging

[fb−1]

429

711

711

63

< 1.6 × 10−5

< 5.5 × 10−5

< 1.9 × 10−5

< 4.1 × 10−5

BR(B+ → K+νν̄)
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• This measurement represents the first search for  performed with an 
inclusive tagging and the first measurement using Belle II in its nominal 
configuration. 


• No signal yet, but an observed upper limit on the branching ratio of  is 
set at the 90% CL.

B+ → K+νν̄

4.1 × 10−5

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.111103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.091101
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Measurement summary…

• This measurement represents the first search for  performed with an 
inclusive tagging and the first measurement using Belle II in its nominal 
configuration. 


• No signal yet, but an observed upper limit on the branching ratio of  is 
set at the 90% CL.

• When converted to the same luminosity, the Belle II inclusive tagging performs 
10-20% better than the semileptonic tagging and a factor 3.5 better than the 
hadronic tagging.

B+ → K+νν̄

4.1 × 10−5
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• More data: larger sample ready to be analysed.


• More input variables: e.g.  ID.


• More channels: extension of the technique to  and .


• Reduction of systematics: improvement of the continuum modelling.


• Improvement of the multivariate classification: possible mixed NN and BDT 
architecture. 

3 ×

KL

B0 → K0
S νν̄ B → K*νν̄
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• More data: larger sample ready to be analysed.


• More input variables: e.g.  ID.


• More channels: extension of the technique to  and .


• Reduction of systematics: improvement of the continuum modelling.


• Improvement of the multivariate classification: possible mixed NN and BDT 
architecture. 


3 ×

KL

B0 → K0
S νν̄ B → K*νν̄

(arXiv:2104.12624) (Summer 2021 — 
current lumi)

(Summer 2022 — 
expected)

(+ Belle I sample)

1.55 0.78 0.52 0.32

-
 0.68
 0.45
 0.28


σBR(K+)

σBR(K+ + K0
S)

63 fb−1 197 fb−1 450 fb−1 (450 + 700) fb−1

 uncertainty for next analyses, assuming 25% improvement + 40% 105 × σBR K0
S

19

Prel
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Supplemental material
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The  decayB+ → K+νν̄

21

Constraint on new-physics contributions: Wilson coefficients CLNP and 

CR  normalised to the SM value of CL (Belle II from expected 50 ab−1). 

Scenarios beyond the SM  possible contribution of right-handed operators 

      where   

2 combinations of 6 Wilson Coefficients:

→ Ql
R

ℋeff. = −
4GF

2
VtbV*ts ∑

l

(Cl
LQl

L + Cl
RQl

R) Ql
L(R) = (s̄L(R)γμbL(R)) (ν̄l

L(R)γ
μνl

L(R)) l = e, μ, τ

Filippo Dattola |  at  Belle IIb → sνν̄

Significant increase in the  decay BR can be accommodated in models 
describing CC and NC anomalies with leptoquarks. [arXiv:2107.01080v2]

B → K (*)νν̄

https://arxiv.org/pdf/2107.01080.pdf


• Asymmetric-energy  collider operating                                  
at  resonance.


• Second generation B factory                           
based on the nanobeam scheme:             
major upgrade of its predecessor KEKB.                          


• World highest instantaneous luminosity: 
. 

e+e−

s = 10.58 GeV → Υ(4S)

3.12 × 1034 cm−2 s−1

22

SuperKEKB
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• Peak luminosity projections: • Nano-beam scheme:

https://arxiv.org/abs/1011.0352
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The Belle II detector

(7 GeV) electrons e −

(4 GeV) positrons e +

1.5T Magnet

Particle ID:

Time-of-Propagation counter (barrel)

Aerogel RICH (fwd)

Vertex Detector     
(pixels detector PXD and 
silicon strips detector)

Electromagnetic Calorimeter ECL

(CsI(Tl) crystals) 

Central Drift Chamber

(cylindrical wire chamber 
with 14336 sense wires)

KL and muon detector

(resistive plates and 

scintillators)

New detector with respect to the predecessor Belle.
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Features of B+ → K+νν̄
•Number of reconstructed tracks in the event. 
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More on multivariate classification

•No overfitting observed neither for BDT1 nor for BDT2.

25

•Signal sensitivity of BDT1:
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Discrepancies between simulated continuum 
and off-resonance data. 


Data-driven correction by means of an 
additional fastBDT: .


• Select simulated continuum  with ;


• Select off-resonance data  with ;


• Train  with the set of 51 variables using data as 
signal and simulation as bkg;


• Being  the  score, apply the event weight   
                          

to correct the simulated continuum.

BDTc

(100 fb−1) BDT1 > 0.9

(9 fb−1) BDT1 > 0.9

BDTc

p BDTc
p/(1 − p) = P(Data − like)/P(MC − like)

Reweighting of continuum MC

wevent =
P(Data − like)
P(MC − like)

Before reweighting: no perfect 
overlap at 0.5  mismodelling.→

Protection against large 
weights: clipping at w = 10

Continuum MC yields scaled 
up to Data of 

normalisation ratio 1.22
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https://inspirehep.net/literature/1194213
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Definition of the fit region

Optimised bin boundaries set up in the  space:pT(K+) × BDT2

Bins 4,5,6,7,8,9,10,11,12:


- Signal Region (SR): fit of data at 
the  resonance;


- Control Region 2 (CR2): fit of off-
resonance data.


Υ(4S)

Bins 1,2,3:


- Control Region 1 (CR1): fit of data 
at the  resonance;


- Control Region 3 (CR3): fit of off-
resonance data.


Υ(4S)

Control Region 1-2-3 to constrain bkg’s 
yields.
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• 1 signal region + 3 control regions.


The fit region

Region 2D Bin Boundary Definition Physics Processes
p
s

Signal pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c signal + ⌥(4S)
Region (SR) BDT2 2 [0.95, 0.97, 0.99, 1.0] all backgrounds
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c signal + ⌥(4S)

Region 1 (CR1) BDT2 2 [0.93, 0.95] all backgrounds
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c continuum off-resonance

Region 2 (CR2) BDT2 2 [0.95, 0.97, 0.99, 1.0] backgrounds (�60MeV/c2)
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c continuum off-resonance

Region 3 (CR3) BDT2 2 [0.93, 0.95] backgrounds (�60MeV/c2)
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Bin boundaries in the SR specifically optimised by 
minimisation  of  the  expected  upper  limit  on  the 

.BR(B+ → K+νν̄)

CR 1-2-3 to constrain bkg yields.

SR(CR2)

CR1(CR3)
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Identification of  eventsB+ → K+J/ψ→μ+μ−

29

Mbc = E2
beam − ( ⃗P CMS

B )2 ΔE = ∑
i

ECMS
i − Ebeam

1720 data events from  + bkg suppressed to percent level.63 fb−1
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Results of the validation on B+ → K+J/ψ→μ+μ−
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Background composition in the fit region

•  signal side:B0B̄0 •  tag side:B0B̄0

•  signal side:B+B− •  tag side:B+B̄−

31Filippo Dattola |  at  Belle IIb → sνν̄



• Agreement between  on-resonance data and simulation in the sideband 
 and :

Υ(4S)
0.9 < BDT1 < 0.99 BDT2 < 0.7

Validation in the BDT sideband

•Only if the continuum background is 
scaled by a factor of 1.22 as obtained 
from the comparison with off-resonance 
data, the data/MC ratio is then 1.00 in 
the moderate BDT sideband. 
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SM form factor vs q2

•  spectrum from PHSP simulation compared to the SM form factor 
from [J. High Energ. Phys. 2015, 184 (2015)] as a function of .
q2

q2
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https://link.springer.com/article/10.1007/JHEP02(2015)184


Fit procedure

•pyhf modifiers and constraints:
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Fit validation

• Test with injected signal:

Check the pulls (μfit − μinj.)/σμ

No biases observed ✔

• Test the fit quality:

Check the p-value of the fit 
on observations

High p-value ✔
Good agreement with  ✔χ2
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Cross validation of PyHf with a simplified

Gaussian model
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37

Fit to the Data
• Profile likelihood scan for the signal strength :                                       μ

Asymmetric uncertainty on  estimated by fitting the scanned points with an 
asymmetric parabola  for  and  for .

μ
f (x) = (x /σ−)2 x < 0 f (x) = (x /σ+)2 x > 0
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Fit to the Data
• Post-fit shifts of the bkg’s normalisations.


•50% pre-fit uncertainty attached 
to each of the bkg's 
normalisations. 


•No post-fit shift wrt to 
expectations for  and  
that are the larger bkg’s.


•Post-fit shift of  wrt to 
the expectations for some 
continuum sources  
consistent with the observed 
Data-MC normalisation 
discrepancy. 

B+B− B0B̄0

∼ 1σ

(cc̄, ss̄)
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Fit to the Data
• Post-fit predictions for continuum vs off-resonance data.
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Fit to the Data
• Correlation of post-fit shifts of the bkg’s normalisations.
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Limit vs uncertainties
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