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● Occur through a b→sνν Flavour 
Changing Neutral Current (FCNC) 
transition not allowed at tree level

● SM branching ratio:   

BR(B+→K+vv) = (4.43 ± 0.42) ✕ 10-6

[Bečirević et. al. ‘23]

● FCNC = good tests of the SM

The B→K(*)νν decays in the Standard Model (SM)
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Rare:
Suppressed in the SM by the GIM 
mechanism

Challenging identification:
Neutrinos  do not interact with our 
detectors →final state mostly invisible

Decays not observed to this day

https://link.springer.com/article/10.1140/epjc/s10052-023-11388-z
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● b→s FCNC searches motivated by 
previous b→sℓ+ℓ- measurements 
showing tensions with SM 
expectations

From LHCb

[PRL 125, 011802]RK(*) =
BR(B→K(*)μ+μ-)

BR(B→K(*)e+e-)

https://link.springer.com/article/10.1140/epjc/s10052-023-11388-z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
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● Occurs through a b→sνν Flavour 
Changing Neutral Current (FCNC) 
transition not allowed at tree level

● SM branching ratio:   

BR(B+→K+vv) = (4.43 ± 0.42) ✕ 10-6

[Bečirević et. al. ‘23]

The B→K(*)νν decays in the Standard Model (SM)
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Recent updates see these 
tensions vanish

● b→s FCNC searches motivated by 
previous b→sℓ+ℓ- measurements 
showing tensions with SM 
expectations

● FCNC = good tests of the SM

[PRD 108, 032002]

[PRL 125, 011802]

https://link.springer.com/article/10.1140/epjc/s10052-023-11388-z
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
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● Several models of Beyond Standard 
Model (BSM) physics predict 
significant changes to BR(B→K(*)vv)

● Modifications may be caused by:
○ Z’ boson
○ Leptoquarks
○ Axion-Like Particles

The B→K(*)νν decays beyond the Standard Model (SM)
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● Added value w.r.t. b→sℓ+ℓ-:
○ Theoretically “cleaner”
○ Probe 3rd generation lepton couplings
○ Actually study B→K(*)+ invisible
○ Allows to constrain the CL and CR Wilson 

coefficients

Overall “cast a wider net”

RK
ν

BR
/B

R SM
(K

*ν
ν)

[Cornella et. al. '21]

[He, Valencia '22]BR/BRSM(Kνν)

https://arxiv.org/pdf/2103.16558.pdf
https://arxiv.org/pdf/2108.05033.pdf
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● No observation as of yet, several 
searches by Belle, BaBar and Belle II

● World leading limit by BaBar [PRD87, 112005]:

● First analysis by Belle II using a new 
inclusive tagging method [PRL127, 181802]

● No significant signal observed

Experimental status

7

BR(B+→K+vv) < 1.6 x 10-5 @90% CL

Belle II is the only current experiment that 
can hope to measure these decays !

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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The Belle II experiment at SuperKEKB
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● Asymmetric e+e- collisions at √s ~ 10.58 GeV = mass of Y(4S)
● World record instantaneous luminosity (4.7 x 1034 cm-2s-1)
● Goal to reach 50 ab-1 of int. luminosity (This work based on 362 fb-1)

Main target = discovery of BSM physics
Especially in rare and/or partially invisible decays

“nano beam” scheme
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The Belle II experiment at SuperKEKB
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● Asymmetric e+e- collisions at √s ~ 10.58 GeV = mass of Y(4S)
● World record instantaneous luminosity (4.7 x 1034 cm-2s-1)
● Goal to reach 50 ab-1 of int. luminosity (This work based on 362 fb-1)

Main target = discovery of BSM physics
Especially in rare and/or partially invisible decays

“nano beam” scheme

Belle II e+e-

e+e-                   clean collisions 
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The Belle II detector
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The Belle II detector - Tracking
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The Belle II detector - Particle Identification
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The Belle II detector - Calorimetry
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The Belle II detector - Calorimetry

14

❖ High luminosity
❖ High performances
❖ Clean collisions
❖ Hermiticity of the 

detector

B+→K+vv
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II. Improvement of the Belle II Silicon Vertex Detector

III. Search for the B+ →K+νν decay
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● 4 concentric layers of detectors
● Double Sided Silicon strip Detectors 

(DSSD) → two sides (u/P and v/N)
● Readout with APV25 chips
● Goal: give 3D position, hit time and 

deposited charge from charged 
particles (for tracking, PID, etc..)

The Silicon Vertex Detector (SVD)
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Small Large Trapezoidal

pitch p (digital res.) 50(7) μm 75(11) μm 50-75(11) μm

pitch n (digital res.) 160(23) μm 240(35) μm 240(35) μm
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● Cluster  = estimator of crossing 
position of a particle

● For each strip, access to:
○ Collected charge
○ Noise
○ Gain

● Selection to discard noisy strips
● Set of retained strips = cluster
● For each cluster compute the charge 

Scl and position xcl:

Cluster reconstruction

17

.
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● Resolution of the detector 
estimated both in data and 
Monte Carlo (MC) simulation

●
● Satisfactory data/MC agreement
●
● But discrepancies observed
●
● Need to understand smaller 

effects
●
● Studies performed to identify the 

root of the discrepancies (timing, 
charge collection…)

Issues with spatial resolution

18
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● Tests performed: a signal is injected 
on a given strip while checking the 
response of the adjacent APV 
channel

● Small signal observed in the adjacent 
APV channel with a ~30 ns shift in 
time

● Expected effect on measured strip 
charge: 

Electronic channel couplings

19

chargemeas(a) = chargereal(a) + 0.06 x charge(b)
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● Tests performed: a signal is injected 
on a given strip while checking the 
response of the adjacent APV 
channel

● Small signal observed in the adjacent 
APV channel with a ~30 ns shift in 
time

● Expected effect on measured strip 
charge: 

Electronic channel couplings

20

chargemeas(a) = chargereal(a) + 0.06 x charge(b)

Charge used to compute xcl

Bias in charge = bias in position
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The Cluster Unfolding

21

The observed charge (biased) follows:

ai = (1-2c)Ai + c(Ai-1 + Ai+1)

From the checks on electronics we expect c ~ 0.06
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The Cluster Unfolding
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The observed charge (biased) follows:

ai = (1-2c)Ai + c(Ai-1 + Ai+1)

From the checks on electronics we expect c ~ 0.06
M is an n x n matrix, with n the size of the cluster of interest

M
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● Resolution is computed for 
each type of sensor for 
different c values

● No improvement seen on 
V-side sensors

● U-side sensors benefit from 
the method, optimal gain for    
c = 0.1 across the board

The Cluster Unfolding - estimation of the correction factor

23

L3U L3V

L456U L456V
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● We see an improvement on U-side sensors with the method, which allows to gain ~5 - 15% 
on the position resolution

● This in turn allows to bridge part of the gap between data and MC
● The method has thus been implemented in the Belle II analysis software

The Cluster Unfolding - implementation

24
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II. Improvement of the Belle II Silicon Vertex Detector

III. Search for the B+ →K+νν decay
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● e+e- collisions at 10.58 GeV
● Signal events: e+e-→Y(4S)
● Y(4S) decays as B+B- or B0B0

A Belle II event at 10.58 GeV

26

● Well known event kinematics
● Signal info from the other B (B tag)                        

➡ tagging
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B-tagging at Belle II
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e+ e-

Btag

Bsig

K+

e+ e-

Btag

Bsig

K+

e+ e-

B

Bsig

K+

Hadronic B-tagging
Strong kinematic constraints
Low fraction of B decays

Semileptonic B-tagging
Less kinematic constraints (neutrinos 
on both sides)
High fraction of B decays

Inclusive B-tagging
Only reconstruct signal B
No constraints on other B
Less pure but higher efficiency

Efficiency

Purity

ε~ 0.1% - 0.5 % ε~ 10 %

 80% - 20 % O(1%)
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B-tagging at Belle II
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Conventional approaches Less standard approach

e+ e-

Btag

Bsig

K+

e+ e-

Btag

Bsig

K+

e+ e-

B

Bsig

K+

Hadronic B-tagging
Strong kinematic constraints
Low fraction of B decays

Semileptonic B-tagging
Less kinematic constraints (neutrinos 
on both sides)
High fraction of B decays

Inclusive B-tagging
Only reconstruct signal B
No constraints on other B
Less pure but higher purity

Efficiency

Purity

ε~ 0.1% - 0.5 % ε~ 10 %

HERE

Hadronic-tag analysis                       Inclusive-tag analysis 
             (HTA)                                                  (ITA)

           my thesis                                            
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● Here, use  hadronic tagging                             
→ Full Event Interpretation (FEI) algorithm

● Use final state particles to hierarchically 
reconstruct the most probable Btag

● Reconstruction done within a list of O(104) 
hadronic decay chains

The Full Event Interpretation algorithm

29
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Analysis strategy

30
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● The Btag is reconstructed in one of the 
hadronic decays known to the FEI [arXiv:1807.08680]

● Signal K+ selection:
○ At least one PXD hit
○ High probability to be a kaon (kaonID > 0.9)

● Event selection:
○ Btag and K+ opposite charge
○ Number of good quality tracks < 12
○ No clean tracks in ROE
○ No K0

S, π0 or Λ0 in ROE

Basic selection

31

● kaonID discards ~ 32% 
of real kaons

● π -> K misID ~ 1.2%

e+ e-

Btag

Bsig

K+

Rest of the event (ROE)
● Remaining tracks
● Calorimeter deposits

Not associated to Bsig NOR Btag

https://arxiv.org/pdf/1807.08680.pdf
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● Build a BDT based on XGBoost to 
distinguish between signal and background

● 12 features used in the training:
○ Extra calorimeter energy
○ Event topology
○ Signal K+ kinematics
○ D meson suppression variables
○ Missing quantities (E,p) in the event

● 3 background contributions:                      
e+e- →light-qq, cc and BB 

● Signal search region based on BDT output

Boosted Decision Tree based selection

32
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● Signal Region (SR) defined as BDT output ∊ [0.4, 1]
● SR divided into 6 bins
● Signal efficiency = 0.4%
● Low efficiency but high sample purity
● Higher q2 resolution w.r.t. other tagging methods

Signal search region and efficiency

33

BDT
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● Validate signal behavior by 
embedding signal MC into data 
events

● Use B+→ K+ J/ψ(μμ) events, replace B 
decays by simulated signal and match 
kinematics

● Done for both data and simulation
● Data/MC efficiency ratio = 0.67 ± 0.06

→ Use as calibration factor and 
propagate uncertainty 

Validation of signal efficiency

34
BDT
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● cc and light-qq background simulation 
studied in off-resonant data               
(collected 60 MeV below Y(4S) mass)

● Overall acceptable agreement, but some 
discrepancies are seen

● In normalization: data/MC ratio = 0.82 ± 0.01 
→ reweighting of the simulation

● In shape: devise a correction using an 
additional BDT to correct simulation and 
derive a systematic uncertainty

● After corrections, data/MC agreement greatly 
improves

Validation of background using off-resonance data

35
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Validation of BB background using signal sidebands

36

● On-resonance data: need to limit signal 
contamination

● Same selection as signal
● Some cuts inverted to avoid looking at the SR:

○ “Wrong charge”: the Btag and Bsig are required to 
be of same electrical charge

○ “kaonID” the reconstructed signal kaon is required 
to be compatible with the pion hypothesis

● Overall acceptable data-MC agreement
● data/MC ratios are computed:

    1.6 ± 0.6                       1.24 ± 0.27 

wrong charge                      kaonID

● Compatible with 1 but large stat uncertainty        
→ treated as systematic uncertainty

WC kaonID

BDT BDT
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Diving deeper in BB background - B → K+K0K0
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● Several decays show intrinsic signal 
likeness

● For example: B+→K+ K0 K0

● BaBar study shows complex structure 
of the B+→K+ K0

S K0
S decay  

[PhysRevD.85.112010] 

● Use this study to correct Belle II 
phasespace simulation

● In addition, use B+→K+ K0
S K0

S and 
B0→K0

S K+ K- data to model       
B+→K+ K0

S K0
L

● Do the same for B+→K+ n n

m(K0K0) (GeV/c2)
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● Estimate BR(B+ → K+ νν) from a 
1-dimensional likelihood fit to the SR 
distributions

● 4 contributions taken into account:
○ BB, cc, light-qq backgrounds
○ signal

● The fit takes into account 45 
nuisance parameters, as well as the 
parameter of interest: the signal 
strength μ = BR/BRSM

Signal extraction

38

BDT
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Systematics

39

Stat. unc. = 2.3
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● Finally, we measure in data:

● Giving:

● Significance with respect to background 
only hypothesis (μ = 0): 1.1σ

● With SM signal: 0.6σ

Results

40

This improves on previous hadronic tag results:
- 30% improvement in uncertainty w.r.t Belle hadronic tag 

measurement with a 2x smaller dataset
- 15% improvement in uncertainty w.r.t BaBar hadronic tag 

measurement with a 20% smaller dataset
However still statistically limited

BDT



Lucas Martel PhD defense, Sep 20 2023

● Analysis performed in tandem with another analysis using inclusive tagging
● Using this method we find:

● Significance with respect to background only hypothesis (μ = 0): 3.6σ
● With SM signal: 3.0σ

Results - that’s not all

41

or
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● A combination of both results is performed
● Correlations among common systematic uncertainties are taken into 

account 
● The combination improves the precision of the inclusive tag-only 

measurement by 10%

Results - Combination

42

3.6σ significance w.r.t
background-only hyp.
(2.8σ w.r.t SM) 

µ = 4.7 ± 1.0(stat) ± 0.9(syst)
BR(B+→K+vv) = [2.4 ± 0.5(stat)+0.5

-0.4(syst)] x 10-5

First evidence of the
B+→K++ inv. decay !
(and b → s + inv.)

New at EPS-HEP 2023
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New experimental state of the art

43
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New experimental state of the art
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New experimental state of the art
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New experimental state of the art
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New experimental state of the art
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Exciting result !
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Summary
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● First evidence of the B+ →K+ + inv. decay and improvement of Belle II Silicon Vertex Detector

● Development of a calibration method allowing to gain ~5 - 15% in SVD spatial resolution

● Two analyses aimed at observing B+ →K+ + inv. : hadronically and inclusively tagged

● Combination of the result allows for a first evidence of the decay (3.6σ away from null hypothesis) 
and shows a 2.8σ tension with SM expectations

● Really exciting result !  Additional work needed to get a clearer picture:

○ Complementary semileptonic tag analysis
○ other b→s + inv. modes
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Thank you !
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Backup
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Cluster position resolution
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Residuals

Residual  R = m - t
Track Residual εt = t- x
True Residual εm = m- x

Spatial Resolution σcl

σcl
2 = Var[εm] = E[(m - x)2] - E[(m - x)]2

Note: the true position x is only available in simulation !
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SVD anatomy

54



Lucas Martel PhD defense, Sep 20 2023

SVD anatomy
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APV25
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Eta correction
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Eta correction
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p = pitch

Correction:

xS0 = position of the central strip in the cluster
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Eta correction
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Eta correction

60
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Fudge factors
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MC res. altered by a random amount taken 
from a gaussian of mean 0 and sigma:
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Fudge factors
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MC res. altered by a random amount taken 
from a gaussian of mean 0 and sigma:
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Knunu expectations
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Expected sensitivities
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BDT features
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BDT features
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BDT features
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Detour on particle ID
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Detour on particle ID
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KL efficiency
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Neutral Extra energy
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KL charm decays
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Diving deeper in BB backgrounds
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Diving deeper in BB background - B -> K+K0K0
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Background composition
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Inclusive tag analysis
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From R. Volpe
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Inclusive tag analysis
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From R. Volpe
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Inclusive tag analysis
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From R. Volpe
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Inclusive tag analysis
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From R. Volpe
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Inclusive tag analysis
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From R. Volpe
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Inclusive tag analysis
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From R. Volpe
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FEI efficiency
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B+ B0
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FEI efficiency
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B+ B0
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Luminosity plan
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SM tension
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Prospects
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Prospects
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“no systs”: all errors fixed to zero, fit 
is performed. We take the best fit. 
What is left is not exactly the stat. 
unc.

stat unc.: Take all the yields from 
the data hist, make every yield vary 
according to a Poisson and then 
perform the fit (with cysts.) for each 
toy.

Correlation b/w stat and cyst.
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E + p miss

87


