
Belle

Search for B+ → K+νν̄ at Belle II

[arxiv:2104.12624]

Slavomira Stefkova

LHCb FSP meeting, 08.10.2021

https://arxiv.org/abs/2104.12624


SuperKEKB

SuperKEKB is an energy asymmetric e+e− collider @
√

s = 10.58
GeV:

.
√
s = 10.58 GeV↔Υ(4S) resonance→

Υ(4S) → BB̄ + nothing else with B > 96%
→ clean B sample (on-resonance)

. @ 60 MeV belowΥ(4S) resonance
→ control sample to constrain continuumbackgrounds (e+e− → qq̄)

(off-resonance)

SuperKEKB is not only B-factory:

. τ and c pairs have similar cross-sections @
√
s = 10.58 GeV

With nanobeam scheme and upgraded rings SuperKEKB aims to reach

30 × higherLinst than KEKB at cost ofO(15) higher backgrounds:

. x 1.5 currents

. x 1/20 β∗
y

!3

SuperKEKB is an asymmetric-energy e+e-  collider in 
Tsukuba, Japan:

@Υ(4S) resonance (√s = 10.58 GeV): on-resonance 
data

@ 60 MeV below Υ(4S): off-resonance data
@ Υ(5S) resonance: Bs physics (future) 

With nano-beam scheme and upgraded rings plan to achieve  
30 x higher inst. lumi than KEKB:

x 1.5 higher currents

x 20 smaller β∗y

In Belle II expect O(~15) higher backgrounds than Belle

SuperKEKB Accelerator  
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Chapter 1. Introduction 2

PEP-II is run at the Υ (4S) resonance most of the time, but it is important
to occasionally run ‘off-peak’. Typically just over 10% of the time, PEP-II is
run around 40 MeV below the resonance peak. This is achieved by lowering the
energy of the electron beam, which reduces the boost by less than one percent.

Figure 1.2: The spectrum of hadron production near PEP-II’s operational CM
energy. The curve shows the cross-section for inclusive production
of hadrons (vertical axis) as a function of CM energy. The peak at
the Υ (4S) resonance is clearly visible. The plot is originally from
Upsilon Spectroscopy by Besson and Skwarnicki [1].

Continuum is the name used to describe all non-BB events produced in
the detector. The continuum contains many types of events, by far the most
common of which is e+e− → e+e− (Bhabha events) which have a cross-section
close to 40 nb. For each type of quark q (apart from t), events of the type
e+e− → qq have a cross-section of order 1 nb. The other leptons (µ+µ− or
τ+τ−) are produced with cross-sections also close to 1 nb.

These cross-sections all scale in a known way when PEP-II runs at the de-
creased off-peak energy, while Υ (4S) (and hence BB) production is ‘switched
off’. The off-peak data can then be used to understand on-peak backgrounds
and when scaled in the correct way can be used to count B events in on-peak
data. Any B physics analysis at BABAR will make use of the off-peak data, and
it is an integral part of B Counting.

Υ(4S) → B+ B−, B0B̄0 with ℬ > 96 %

 

on-resonance 
data

 

off-resonance 
data
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LHC vs SuperKEKB

Very nice talk by by Diego Tonelli for many more details!

LHC SuperKEKB

pp-collisions e+e− energy asymmetric collisions

b-quarks produced by gluon fusion BB̄ produced from Y(4S)
all b-hadrons species (Bd, Bs, Bc, b-baryon) exclusive BB̄ production

highly boosted topology asymmetric beam energy→ boost

σbb = 100 µb σbb = 1.1 nb
different backgrounds (N/S = 1000) B-backgrounds, continuum backgrounds + QED (N/S=4)

1 fb−1 1 ab−1
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Belle II Detector
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KL  and muon ID detectors
Resistive plate chambers 

 Scintillators

7 GeV electron

Charged PID detectors
Time of propagation counter (TOP) (barrel) 

Aerogel Cerenkov detector (ARICH) (forward)

Central Drift Chamber (CDC)
14336 sense wires in He-C2H6 

Smaller cells + longer lever 
arm + faster electronics

Vertex detectors 
 2 pixel layers     (.    
I     (PXD) 
4 layers of silicon 
microstrip layers (SVD)

EM Calorimeter (ECAL)
CsI(TI) crystals  

Updated electronics with 
waveform sampling

Magnet
1.5 TeV

4 GeV positron

. Belle II detector was designed

to give similar or better perfor-

mance than Belle even under

O(15) higher backgrounds
. DAQ and trigger systems were

also upgraded!
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LHCb vs Belle II

LHCb Belle II

single-arm detector hermetic detector

longitudinal momentum of B not known known initial state kinematics

pro @ neutral object reconstruction (photon, KL)

. B+ → K+νν̄ is a golden channel @ Belle II: clean environment and well defined initial state but still

challenging as two neutrinos in the final state leave no signature
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Theory Introduction

SM Theory:

. Flavour-changing neutral current transition (FCNC) occurring at

loop level only→ highly suppressed

. Clean SM computation→ does not suffer from charm-loop contri-

butions

. B(B+ → K+νν̄) = (4.6± 0.5)× 10−6 [arxiv:1606.00916]

. Leading uncertainty: B+ → K+ form factor

. SM q2(νν̄) distribution [arXiv:1409.4557]

BSM Interest:

. Complementary channel to b → sll transitionswhere tensionswith

the SM have been observed

. NP scenarios:

Leptoquarks [PRD 98, 055003 (2018)],

Axions [PRD 102, 015023 (2020)],

and Dark Matter candidates [PRD 101, 095006 (2020)]

b s

ν

ν

u, c, t

Z

W−

b s

ν ν

u, c, t

`−

W− W+

0 5 10 15 20

q2 [GeV2/c4]

0

1000

2000

3000

4000

E
nt

ri
es

Belle II
simulation

Phase space
SM form factor

DESYª | S. Stefkova | LHCb FSP meeting, 08.10.2021 Page 6

https://arxiv.org/abs/1606.00916v2
https://arxiv.org/abs/1409.4557
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.055003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
Slavomira Stefkova


Slavomira Stefkova




Previous Measurements

. Traditionally searched for with explicit Btag reconstruction

. 1. Reconstruct Btag using MVA algorithm either in semileptonic

or hadronic channels

. 2. Reconstruct Bsig

. Advantage: Flavour constraint (B
−
tag→B

+
sig), kinematically con-

strained system, high purity

. Disadvantage: Low efficiency = εBtag × εBsig
hadronic: ∼ 0.04 %, semileptonic: ∼ 0.2 %

. Summary of upper limits from previous B-factories:

B+
sigB-

tag Y(4S)

K+

ν

ν1. 2.

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 %

Filippo Dattola |  at  Belle IIb → sνν̄

e−→ Υ(4S) ← e+

5
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Dataset

This measurement of B(B+ → K+νν̄) is based on
Moriond 2021 dataset:

. 63 fb−1 on-resonance data

. 9 fb−1 off-resonance data

. Background samples corresponding to 600 fb−1

(mixed B, charged B, cc̄, uū, s̄s, dd̄, τ+τ−)

. Signal sample corresponding to 1 million events

10×smaller L wrt previous measurements → new

approach of inclusive tagging
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The Inclusive Tag

. Inclusive tag approach exploits very distinct signal

kinematics!

. 1. Reconstruct Bsig: select the highest-pT clean track in

the event with at least 1 PXD hit as the K+ candidate

( 78% true candidate)

. 2. Basic reconstruction of the rest-of-the-event (ROE)

object : remaining tracks and clusters

. Higher signal efficiency but also higher background

contamination

. Background contamination suppressed with several

cuts and BDTs (see next slides)

B+
sigB-

tag Y(4S)

K+

ν

ν1.2.
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BDT parameters I

To suppress the backgrounds list of potential features (>100) such as:

. variables related to event-shape,

BB qqB(→Kνν)BBB qqB(→Kνν)B BB qqB(→Kνν)B

R1: Momentum 
imbalance 
higher for signal 
because of 
neutrinos
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BDT parameters II

To suppress the backgrounds list of potential features (>100) such as:

. variables related to event-shape, ROE-related variables, variables related to the distance wrt to beam spot and

tag-vertex, variables related to 2/3-track vertex fits, missing mass ...

51 most discriminating variables w/o loss of performace are chosen as an input to BDTs

D candidate
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Two-stage BDT

Two consecutive BDTs (BDT1 and BDT2) have been trained on simulated subsamples to suppress the backgrounds:

. BDT1 trained on the chosen 51 variables on∼ 106 events for all types of backgrounds and signal

. BDT2 is trained with the same set of variables but only on events with BDT1 > 0.9 (∼ 28% εsig)

. Boosting of statistics in signal region→ improvement of signal purity of 35% @ 4% εsig

. No overtraining is observed
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Validation I: B+ → J/ψ(→ µ+µ−)K+

BDT1 and BDT2 validated with data/MC comparison using B
+ → J/ψ(→ µ+µ−)K+

. Used because of high BF and clean signature

. Validation for both signal and B-backgrounds !

. Excellent agreement→ for BDT2 > 0.95, data/MC = 1.06± 0.10

Signal-like B+ → J/ψ(→ µ+µ−)K+

. 0. Reconstruct B+ → J/ψ(→ µ+µ−)K+

. 1. Ignore dimuon from J/ψ to mimic miss-
ing energy

. 2. Replace four-momenta of K+ by that of

the signal to mimic 3-body kinematics

Signal

Signal proxy
1. remove dimuon
2. mimic 3-body 

kinematics

Background proxy
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Fit Region Definition

. Signal region: maximum sensitivity→ BDT2 > 0.95→ 4.3% εsig

. In SR, kaon PID > 0.9→ keep 62% kaons, remove 97% pions

. 24 bins in pT × BDT2 space

(12 bins on-resonance + 12 bins off-resonance)

. Bin boundaries determined from 2D grid optimisation

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)

DESYª | S. Stefkova | 38th B2GM, 10.02.2021 Page 2
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Validation II: Continuum

Data/MC comparison between off-resonance data and continuum simulation in pT × BDT2 bins

. Very good agreement in shape

. Discrepancy in scale: Data/MC factor = 1.40±0.12

. Introduction of normalisation uncertainty of 50% to all the backgrounds (conservative)

12

Investigation of the Data-MC agreement between simulated continuum 
and off-resonance data in CR2-CR3.

Validation using off-resonance data

Filippo Dattola |  at  Belle IIb → sνν̄

1D projection of 2D CR2-CR3 Regions = {SR, CR1, CR2, CR3}
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Statistical Model

. Likelihood implemented within pyhf package

. Cross-check with sghf: simplified Gaussian model

. Inclusion of systematics in the model via nuisance parameters:

background normalisation uncertainty, tracking inefficiency, neu-

tral energy miscalibration for photons, neutral energy miscalibra-

tion for unmatched photons, uncertainty on PID correction due to

limited statistics, uncertainty on branching fractions of leading bkg

processes, uncertainty on SM form factor

. All 7 background samples considered separately: mixed B, charged

B, cc̄, uū, s̄s, dd̄, τ+τ−

. Total number of fit parameters: 175 nuisance parameters (~φ) and
1 parameter of interest ( signal strength=µ )

. 1 µ = SM BF = (4.6± 0.5)× 10−6

13

Fit procedure

∏
r∈regions

∏
b∈bins

Pois(n rb |νrb(η, χ)) ∏
χ

cχ(aχ | χ)f (n , a |η, χ) =

Simultaneous measurements of 
multiple regions

Constraintsparameter of interest
nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:

• 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

Filippo Dattola |  at  Belle IIb → sνν̄

Regions = {SR, CR1, CR2, CR3}

13

Fit procedure

∏
r∈regions

∏
b∈bins

Pois(n rb |νrb(η, χ)) ∏
χ

cχ(aχ | χ)f (n , a |η, χ) =

Simultaneous measurements of 
multiple regions

Constraintsparameter of interest
nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:

Filippo Dattola |  at  Belle IIb → sνν̄

Regions = {SR, CR1, CR2, CR3}
off-resonanceon-resonance
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Fit To Data

. Binned simultaneous ML fit to data to extract signal strength µ

. Result: µ = 4.2+2.9
−2.8(stat)

+1.8
−1.6(syst) = 4.2+3.4

−3.2

. Continuum bkgs pulled up by up to 40%, B-bkgs stay the same

1.0 0.5 0.0 0.5 1.0
Normalisation shift

dd̄

uū

ss̄
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B +

B0

ττ̄

B
ac

kg
ro
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d 
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sghf

Belle II

Ldt = (63 +9) fb−1
∫

μ = 4.2+ 2.9
−2.8(stat)+ 1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%
Off-resonance data
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Limit Setting

. As no significant signal is observed→ limit setting

. Use both pyhf and sghfto compute a limit→ consistent results

. Result: B(B+ → K+νν̄) < 4.1 × 10−5 @ 90 CL

. Leading systematic: background normalisation

0 2 4 6 8
B+→K+νν̄ branching fraction

0.0

0.2

0.4

0.6

0.8

1.0

C
L

s
v
al

u
e

×10−5

90% CL
Expected: 2.3×10−5

Observed: 4.1×10−5

Belle II

Ldt = (63 +9) fb−1
∫ Expected

Expected±1σ

Expected±2σ

Observed

st
at

 +
 m

cS
ta

t

pr
ev

io
us

 +
 b

kg
 n

or
m

.

pr
ev

io
us

 +
 tr

ac
k.

 e
ff

.

pr
ev

io
us

 +
 n

eu
tr

. g
am

m
a 

pr
ev

io
us

 +
 n

eu
tr

. u
nm

at
ch

ed

pr
ev

io
us

 +
 P

ID

pr
ev

io
us

 +
 B

R

pr
ev

io
us

 +
 F

F 
(a

ll)  

Errors

1.5

2.0

2.5

3.0

3.5

E
x
p
ec

te
d

li
m

it
B(

B
+
→

K
+
νν̄

)
 @

 9
0 

%
 C

L

×10 5

1.
31
×1

0
−5

2.
28
×1

0
−5

2.
29
×1

0
−5

2.
29
×1

0
−5

2.
31
×1

0
−5

2.
31
×1

0
−5

2.
33
×1

0
−5

2.
34
×1

0
−5

Belle II
simulation

pyhf

DESYª | S. Stefkova | LHCb FSP meeting, 08.10.2021 Page 18

https://scikit-hep.org/pyhf/intro.html
Slavomira Stefkova


Slavomira Stefkova




Reinterpretation

. Publish εsig as a function of q
2(νν̄)

. Reminder: default signal model→ PHSP model with SM form factor reweighting [arXiv:1409.4557]

. At low q2 maximum signal efficiency of∼ 13%, but no sensitivity for q2 > 16 GeV2/c2
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Comparison with Other Measurements

. Competitive limit

. Comparison with other experiments via σBR assuming

same luminosity→ the performance of inclusive tag:

. 3.5 better than hadronic tag

. 20% better than semileptonic tag

. 10% better than combined hadronic and semilep-

tonic tag
0 2 4 6 8 10

105×Br(B+→K + νν̄)

Average
1.1±0.4

Babar (429 fb−1, Had+SL)
0.8± 0.7   PRD87, 112005

Belle (711 fb−1, Had)
3.0± 1.6   PRD87, 111103

Belle (711 fb−1, SL)
1.0± 0.6   PRD96, 091101

Belle II (63 fb−1, Inclusive)
1.9+1.6

−1.5   This work

SM
0.46± 0.05

17

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)

Filippo Dattola |  at  Belle IIb → sνν̄

• 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
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Conclusion and Prospects

. Paper got recently accepted by PRL :) Paper link: arxiv:2104.12624

. Bigger dataset (+ possible combination with Belle dataset)

. Attacking biggest systematic (background normalisations, e.g continuum modelling)

. More channels (K∗, K0
s , K

∗+...)

. Possible improvement in background suppression (use of NN architecture, discriminating vars)

. Combined analysis of inclusive and exclusive tagged events

…and future perspectives

Filippo Dattola |  at  Belle IIb → sνν̄

• 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
Sνν̄ 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
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BPAC 2020 0629 42020/6/29

• Updated plan
• Proposed in Roadmap 2020

SuperKEKB Roadmap2020

• Peak luminosity ~6E35 cm-2s-1 in ~2028
• Integrated luminosity 50 ab-1 in ~2030 

(40 ab-1 in ~2029)
• PXD exchange in 2021~2022
• Partial RF-power upgrade (2 stations) 

in 2026
• IR (QCS and its beam pipes etc.) 

upgrade in 2026
• by

*=0.3 mm in 2026 after IR upgrade, 
and ~0.5 mm before that

• Max. beam currents: LER 2.8 A, HER 
2.0 A (1761 bunches) in 2027

• Basically, 8 months operation per year.
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[Investment in equipment]
• IR (QCS and its beam pipes etc.)
• Partial RF-power upgrade (2 stations)
• Beam collimator upgrade
• Linac upgrade
• Belle II upgrade

Int. lum
inosity [ab

-1]

*QCS:
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Slavomira Stefkova
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Basic Event Selection

. Track cleanup: pT > 0.1GeV/c, θ ∈ CDC, |dr| < 0.5cm, |dz| < 3.0cm, E< 5.5 GeV

. Photon cleanup: E> 0.1 GeV, ∈ CDC, E< 5.5 GeV

. Other loose preselection to reject low-multiplicity background:

. 4 ≤ nTracksCleaned ≤ 10

. 0.3 < θ(pmiss) < 2.8 rad

. Visible E in CMS frame> 4GeV
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Continuum Modelling Improvement

Additional BDTc is trained on events with BDT1 > 0.9 in order to correct mismodeling of continuum simulation:

. Signal = off-resonance data , background = continuum simulation

. Continuum simulation events are reweighted with p

1−p
, where p = BDTc output

. Method taken from here: J. Phys.: Conf. Ser. 368 012028

0.0 0.2 0.4 0.6 0.8 1.0
BDTc

0

1

2

3

4

5

E
nt

ri
es

 (n
or

m
al

is
ed

)

Belle II

Ldt =9 fb−1
∫

Data (train)
Simulation (train)
Simulation (test)

Before reweighting After reweighting

DESYª | S. Stefkova | LHCb FSP meeting, 08.10.2021 Page 24

https://iopscience.iop.org/article/10.1088/1742-6596/368/1/012028


Overtraining
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Fit Validation

. Test with injected signal→ check pulls =
µfit−µinj

σµ
for 1, 5, 20× signal

. Test the fit quality→ high p-value, good agreement with χ2 distribution
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pyhf versus sghf

. Check correlation between pyhf and sghf fitted µ for 1, 5, 20× signal→ very good correlation
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Profile Likelihood Scan

. Assymetric uncertainty on signal strength µ estimated by fitting of parabola of the points from profile likelihood

scan
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Background Composition in the Fit Region

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
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