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The standard model of particle physics

Standard Model of Elementary Particles

Standard Model (SM) of particle physics: S S I ——
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/xs_all_summary.pdf

The standard model of particle physics P =]

Standard Model of Elementary Particles

Standard Model (SM) of particle physics:

s of matter interactions / force carriers
(bosons)

)

e Mathematical framework v (e v |@ | H
up charm top. gluon || higgs
e Describes elementary particles and their interactions o Fe o |f
e Predicts interaction probabilities e
(cross-section, branching fraction/ratio, . . .) "Ij @ | ¢ “ZbZ/
e Successful in its predictions ‘e e e |Fe
siocten || i || nettine | (W boson)
electron g factor
Ye
Numerical value -2.002 319 304 360 92
Standard uncertainty ©0.000 000 000 000 36
Relative standard uncertainty 1.8 x 10713
Concise form —-2.002 319 304 360 92(36)
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https://physics.nist.gov/cgi-bin/cuu/Value?gem

Beyond the standard model of particle physics

SM cannot explain e.g.:
e Matter/anti-matter asymmetry of the universe
e Dark matter/energy
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b — svv transitions

Start

Sensitive to:

o High energy new phySiCS contributions [Becirevi¢, Piazza, Sumensari, 2023]
o Light new particles [Bolton, Fajfer, Kamenik, Novoa-Brunet, 2025]

b — s transition = Flavour changing neutral current

Rare decay (suppressed by Glashow-Iliopoulos—-Maiani mechanism):
Branching ratio < O (107°)

Well described by the Standard Model (SM)

14
A v
wt
u,c,t
b > > >
Analysis context Toolbox
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Analysis strategy

_ New invisible particles?
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- New ~
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https://arxiv.org/abs/2301.06990
https://arxiv.org/abs/2503.19025

The B — K®vi decays

Many possible b — sv decays:
e B - K*vp
e B - KJvi
o B* — K*vi
o B - KOy

— Focus on the B* — K*v¥ decay channel
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The B —» KWy decays - Standard Model

Decay SM Prediction [x107°]
B* —» K*vv 4.44 + 0.30

B® — KQvv 2.05+0.14

B — K*vyp 9.8+1.4

B® — K*Ovi 9.05 + 1.37

BTt

b

u

e For K modes: 7% precision, mainly due to CKM matrix elements uncertainties
e For K* modes: 14% precision, mainly due to form factor uncertainties

Start

Analysis context

Toolbox Analysis strategy

Results and discussion

Summary and prospects |

8/60



The B — K®v# decays - New phy

Heavy new particles contributions[Becirevi¢, Pi- g \\
azza, Sumensari, 2023]: 0] S oo ) \\\\ i\\
e Z' mediator Balle I
e Leptoquark mediator o . _/

0
L5650 0 5 10 15 20 2 30 3 40

K*vp) x 10/

B

Light new particles contributions[Bolton, Fajfer, Ka-

menik, Novoa-Brunet, 2025]: [q
e Axion like particles T
e Scalar 2
Sl

o ... 5

*
0
0 2 1 6
10° % B(B" = K" Fyis)
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https://arxiv.org/abs/2301.06990
https://arxiv.org/abs/2301.06990
https://arxiv.org/abs/2503.19025
https://arxiv.org/abs/2503.19025

The B —» KWy decays - State of the art

Start

SM Predictions vs Experimental Results for B —» K™vv Decays
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Previous B — K*v¥ analyses

Three possible strategies: hadronic (HTA), semileptonic (STA), inclusive (ITA)

SM Average
H | —e— Belle IT (362 fb'!, combined)
: ! 23207 This analysis, preliminar 15.0
id o Belle 11 (362 fb!, hadronic) Belle I1 preliminary M
: i o i 125F [ £dt = (362+42) ! — HTA
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: —_ atio
i S D — Belle I1 (63 b, inclusiv £ 100F
: 1 ! ~
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: ! 29416 PRDST, 111103 = 50k
: 1 . ~N O
—i— ! BaBar (418 fb!, semileptonic) |
H f 02508 PRDS2, 112002
: L
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: 1 L5413 PRDST, 112005
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Figure: u = % [PhysRevD11.112006]

Goal: Carry an independent measurement using semileptonic tagging strategy
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https://arxiv.org/abs/2311.14647

Why semileptonic tagging strategy?

Start

Higher efficiency than hadronic method
Higher purity than inclusive method

Complementary to the other two Belle II

analyses

Complementary to the Belle and BaBar

analyses

Analysis context

Toolbox

Analysis strategy

Analysis Uncertainty naively
scaled to 487.72 fb~" (x106)
BaBar HTA 12
BaBar STA 7
Belle HTA 19
Belle STA 7
Belle IT ITA
Belle IT HTA 10
Belle I HTA + ITA 6

Results and discussion
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3 Toolbox
The Belle II experiment
Missing energy at Belle II
CP-violation at Belle II
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Experimental constraints

e Two neutrinos in a 3-body decay = Cannot simply reconstruct the signal
[] Lack of kinematic constraints => Complete angular acceptance
[J Only signature is a K = Clean environment
[J Rare decay = High statistics
Only experiment capable of measuring the branching ratio of this decay: Belle II
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Outline

3 Toolbox
The Belle II experiment
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Why Belle II? M [=] E3

e International collaboration

Taking data on the SuperKEKB accelerator, in Japan, since 2019

e*e” — Y (4S) — BB (B-factory) — Clean environment v

Detector covering a = 4 solid angle — Almost complete angular acceptance i

Integrated luminosity at the ab™' level — High statistics il

" Eaeeal
n'  eefem €— _ _coen
P =i :

oo i SuperKEKB
Jabslows [ 2

& bollows

)
Stan Analysis context Toolbox Analysis strategy Results and discussion | Summary and prospects | 16/60




The Belle II detector

M =] E3

Composed of layered sub-detectors, designed for specific tasks

e Tracking:
o Vertex detector
o Central Drift Chamber

e Particle Identification (PID):

o Time Of Propagation
o Aerogel Ring-Imaging Cherenkov

e Clustering:
o Electromagnetic Calorimeter (ECL)

e K} and u detector

KL and muon detector
Rasistive Plate Countor (barrel outer layers)
Scintlator + WLSF + MPPC.

(end-caps , inner 2 barrel layers)

EM Calorimeter
Gs(T), waveform sampling electronics

Particle Identification
ime-of-Propagation counter (bar
Prox. focusing Aerogel RICH (forward)

electrons (7 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

“ay

Central Drift Chamber

Smaller cell size, long lever arm

Results and discussion Summary and prospects |
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Events geometry

e ete” collision = Y(4S) — BB OR q§
e How to discriminate?
= Geometry of the decay

Continuum BB pair
q
B B
— _—
4
pq) = 5GeV/c p(B) = 0.3GeV/c
ete” = qq (g€ {u.d,s,c}) ete” = YT(4S) —» BB
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Outline

&a Toolbox

Missing energy at Belle II
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Handling invisible particles

e Only two particles are produced: signal Bs;; and partner Biag
= Infer information about Bsig from Bi,g
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Selecting the signal - Tagging strategies M [=] E3

Hadronic Tagged Analysis (HTA) Semileptonic Tagged Analysis (STA) Inclusive Tagged Analysis (ITA)

Tagging efficiency .

0 (0.1%) O (10%)

) Tagging purity

'80% — 20% O (1%)
Bsun|  avayss conien oot T Resuls and dcussion | L ]




Full Event Interpretation (FEI) 0

e Tagging algorithm: reconstruct the tag Tracks Displaced Vertices | | Neutral Clusters
side <
e Based on Boosted Decision Trees (BDT)

Can be hadronic or semileptonic

For the semileptonic, we consider the fol-
lowing Btag decays:
o B — Dev
B — Duv
B — D'ev
B — D 'uv

O O O
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Outline

&a Toolbox

CP-violation at Belle IT
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CP-violation studies

e Need to know the flavour of the B meson at the time of its decay (B8° or B°)
= Flavour identification algorithm
e Role of the GFlaT, a graph neural network

Input features, Charge multiplier Global pooling Last MLP layers
Nx
multiplication 8 _— —
2 E % ANIEIP
8|1 3 =
qr outpu
5 3 N 8 SIS !
@ = =| o
, o o E>-@3 A= O
Input coordinates, w w Charges, = = @ || o = © =]
0 i 8 = a||l+=| ||
NxCp Nx1 = =
= = 5 5
o o 2 £
£ = 3
£
= Ny Sy S N g S
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Parameters N [m]

e GFlaT characterised by its identification 5000 BENe I simulation
efficiency: ___ pgo
y 8000 F E , GFlaT -
i : 1 —— B GFlaT
N1d + Nld O 7000 |
BO BO S 000 BY, category-based
E= ——=— = 3 _
Ngo + N3 o BY, category-based
BO BO % 5000 B gory
.. L . @
e Misidentification quantified by the — &40
o . o g . . o
misidentification fraction, w: 5 3000 |
¢ § 2000 [
ag _ .
NBO =& ((1 - W) NBO + WNBO) 1000 |
ta, T . . | L L n
Ngog = & (WNgo + (1 —w) Ngo) D100 —075 —0.50 ~025 0.00 025 050 075 L.00

qr
o Work with the effective identification efficiency cer (€, W)
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Calibration and optimisation

Goal:
e Implement a calibration strategy for the GFlaT in a time-integrated way

e Automatise and optimise the calibration process

Belle II preliminary [ £dt =362 b

My work: g
=

e Parallelised the fits necessary for the cali- = ‘

. = 10
bration =

e Transformed the independent fits into a si- Zw
multaneous fit &

10

-1
5

of |
b
—0.10 —0.05 0.00 0.05 0.10 0.15 020 0.25
AE [GeV]

e Reduced the continuum background
e Automatised the workflow using B2LuiGI

Data — Pred.

Results:
e Effective identification efficiency on data: ¢ = 37.3 £ 1.0%

Starl Analysis context Toolbox Analysis strategy | Results and discussion Summary and prospects | 26/60




Outline

&8 Analysis strategy
Reconstruction and preselection
Data/simulation discrepancy corrections
Selection
Backgrounds studies
Statistical model and uncertainties

Starl Analysis context Toolbox | Analysis strategy Results and discussion Summary and prospects | 27/60




Analysis overview

¢ Analysis is blinded: not looking at signal in data sample — Monte-Carlo (MC) simulation

e Dataset: 488fb~" at the Y(4S) resonance

e Simulated samples:

o BBand gg: 4x dataset luminosity each

o B* = K*vi, B® — KJvi, B* — K**v7,
B° — K*%v¥ channels: 10 x 108 events

= Need to control data/simulation discrepancies (control samples)

each

Total integrated Weekly luminosity [fb~1]

Belle Il Online luminosity

= [ Lrecorseadt = 0.914 [ab

Integrated luminosity .
Recorded Weekly Total: 808/fb @ Y (4S)

1
488/fb @ Y(4S) _

Run 1: 365/fb @ Y4S

¢
-

T

©

35
>

e Important variable: g2, squared invariant mass of the v system

Start

Analysis context

Toolbox

Cl2 = (Ev + Eﬁ)z - (51/ +,517)2

Analysis strategy

Results and discussion

Exp: 7-42 - All runs
10

08

° o
S Y

Total integrated luminosity [ab

o
N

0.0

Summary and prospects |
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Analysis flow overview

1. Reconstruction
and preselection:

2. Data/simula-
tion corrections:

3000

3. Background
suppression:

Belle IT simulation

= B

-2 In \(BFg

4. Signal extrac-
tion:

—— 9% CL

0
0.4 0.5 0.6 0.7 0.8 0.9 1.0
BDT output

BFx *10

Start

Analysis context

Focus on B* — K*vv

Toolbox |

Analysis strategy

Results and discussion

Summary and prospects |
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Outline

&8 Analysis strategy
Reconstruction and preselection
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Reconstruction and preselection

Overview:
1. Reconstruct the Btag using FEI
2. Reconstruct the signal-side K
3. Combine the corresponding tracks
4. Remove events with extra "good" tracks or remaining 7%, A, K. g
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Control samples - backgrounds

Yas) Ys)

on-resonance

"Here be B"
e For qg: off-resonance sample

o 60 MeV below the Y(4S) resonance
o 59 fb~! of data, 4x for simulation

off-resonance
Y(2S) "B free zone"

ofe+e- —» Hadrons) [nb]

Y(@3S)

continuum background
0 « « («
9.44 9.46 10.00 10.02 1034 1037 7 10.54 10.58 10.62

ee” Center-of-Mass Energy [GeV]

e For BB: wrong charge and extra tracks samples

o Wrong charge: the two B mesons must have the same charge
o Extra tracks: at least one extra "acceptable" track in the rest of event
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Control samples - signal

e For signal: embedding
1. Choose a channel with good kinematics knowledge and a K
eg. BY > K*J/Y(— £107)
Reconstruct in simulation and data
Remove the signal-side (B* — K*J/1) from reconstructed samples
4. Replace with our simulated signal B* — K*vv

CORID
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Outline

&8 Analysis strategy

Data/simulation discrepancy corrections
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Corrections overview 0

Simulation used for:
e Training of the BDT for background suppression
o Create the template for signal extraction

= Corrections of the simulation are necessary

Corrections Method Applied to
PID Syscorr framework All samples
FEI Calibration from B — D*¢v Signal and BB
Signal Form Factors Correct from latest theory paper Signal
Backgrounds Correct branching fractions to PDG value BB
Specific backgrounds Correct g2 distribution (B — KK?K? and B — Knh) BB
gq normalisation Correct ‘Xj—’g from off-resonance sideband qq
Badly-tagged BB normalisation Correct 7;—'5’ from extra-tracks sideband BB
Backgrounds shape corrections | Train BDTs to separate data and MC in sidebands BB and q§
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https://syscorrfw.readthedocs.io/en/latest/
https://arxiv.org/abs/2301.06990

Special backgrounds - B* — K*nn and B* - K*K°k? M=l E3
p ) A

e Some modes can easily mimic our signal, e.g. B* — K*nf and B* — K*K'K}
= Need proper g* description —> correct g distribution
e No measurement for B* — K*nf and B* — K*K K}

= Use isospin partners

Starl Analysis context Toolbox | Analysis strategy Results and discussion Summary and prospects | 36/60




Special backgrounds - B* — K*nn and B* — K*K LOK LO I =]

e B% — K%p: measured by BaBar

Start

B* — K*nn

[PhysRevD76.092004]
e Model: A (x — xyn)" e

1501

yield

504

B® - K°pp threshold fit

Function: A(x — xe)"e

Xin=1.98
A=49177.19,n = 0.15
A=251

fit
¢ data

2.0 25

Analysis context

3.0 35 4.0
M(pp) [GeV/c?]

Toolbox

4.5

B* — K*KK?
e B* — K*K2KQ: measured by BaBar
[PhysRevD85.112010]

e Reweight to obtain a similar binned ¢? dis-
tribution as BaBar

~ T T T T
N r y
2 1001 B »K*K&KET
s L ]
O 804 t Data -
a1 ]
S 60 -
g 4o E
5 r ]
> r 4
B 20 =
£ R .
ofF ¥ vay+ i
1

M KK [Gev/e?
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https://arxiv.org/abs/0707.1648
https://arxiv.org/abs/1201.5897

Backgrounds shape corrections P [m]

e Goal: correct the shape of the variables which will be used for the background suppression
= Issue: 18 variables = 18 weights

o Idea: use a multi-variate algorithm (18 inputs — 1 output)

e Method: train a BDT to separate data and simulation

o BDT output = P (data) = probability to be a data event
o 1 — P(data) = P (simulation) = probability to be a simulation event

o Weight:
P (data)

w, = —
BbTs> = P (simulation)

e Train two BDTs: one on off-resonance (for qg) sample and one on extra tracks sample (for BB)

offres
10!

B (irain
4 S
4 By

Arbitrary units

0t 06 08 0 00 02 04 06
BDT output BDT output

00 10
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Other corrections

PID and FEI: calibration factors from the collaboration

Signal form factors: reweight g distribution
e Backgrounds: compute weight to update branching ratio to state of the art
e gq normalisation: compute weight from off-resonance sample to unity

Baddly-tagged BB normalisation: compute weight from baddly-tagged extra-tracks sample
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Corrections validation

Before corrections After corrections

ET Belle 11 preliminary [ £dt = 187.72f» ET Belle II preliminary [ £dt = 457.721b-!
1.0 fEm BB = 5B

== (=]

=N 6000 | = oz

o 7
Model stat. unc

bobua

i

Model stat. wune

1000 F 'y

Data

& 2000

5 10 15 20 25

5 10 15 20 25
@@ [GeV?) q? [GeV?
Belle T prelminary [ £t — 48772101 ET Belle T preliminary [ £t — 48772001
3000F | R——" . pr—
= s'p 2000 =
> = = =
) 55,77 E 1500 B 5, 2,55,
20007, el stat. unc £ fodel stat. une
+ 1000 .
=500
2 e |
0 1 . . I n

- Data/MC ratio normalisation: 1.00e+00

o |
0.5 1.0 1.5 2.0 25 3.0 ;H‘ 0.5 1.0 1.5 2.0
Neutral Egi* [GeV] Neutral Egi* [GeV]
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Outline

&8 Analysis strategy

Selection

Starl Analysis context Toolbox | Analysis strategy Results and discussion Summary and prospects | 40/60




Selection

Belle II simulation

150 [ (] B(]EO
E [0 B™B~
e Input: 18 variables 125 F K
5 . [ wuu,dd,ss, 7
e Chosen using Shapley values for feature im- 10k 3 B* S K'w

portance
e Signal region:

o BDT output > 0.4 50 '

o Signal efficiency: 0.7% 25 |

o Purity: 6% ? %
0F

0.4 0.5 0.6 0.7 0.8 0.9 1.0
BDT output

Candidates
o
T
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https://shap.readthedocs.io/en/latest/index.html

BDT input variables

BACKGROUND SIGNAL
High
Neutral EZ* [GeV] —w
¢ [GeVv?] ———p
COS Qpy  wmw— L.
Number of extra tracks —
e The color gradient indicates the value of the e b P GV +
HY
feature i >
o The x-axis is the Shapley value _{
. p-value(D?)
o Shapley value > 0 = contributes to the value(D ) <4
"signal" prediction cos(0, ) -
o Shapley value < 0 = contributes to the Pmass [Ge

"background" prediction

1 1
4 2 0 2 4

Low

SHAP value (impact on model output)
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Start

offres

Sideband  data/MC signal region  Valid? (< 20)
offres 1.25 + 0.35 (18 data evts) v
we 1.18 £ 0.24 (39 data evts) v
extra 1.32 + 0.20 (78 data evts) v
Belle I preliminary | £dt = 59.43 ET Belle IT preliminary [ £dt = 487.72b"!
p—— 40 JEE——
s 1 B'B
) ua,dd, 55,77 ’
/77 MC stat une. = 30F e
}  offres data 12 1 i, dd, 55, 77
5 7777 MC stat unc
= Data
= 20 F ta
Hoo0f

Pred.

!

Analysis context

0.5

0.6 0.7 0.8 0.9 1.0

BDT output

Toolbox

! ! !

! !

Analysis strategy

0.5 0.6 0.7

0.8 0.9 1.0

BDT output

Results and discussion |

Summary and prospects |
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Outline

&8 Analysis strategy

Backgrounds studies
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Backgrounds

Analysis context

Background Fractions in signal region
w8 Bad tags proportion

) Dtv +Dtv
Others D#v 4+ DHadrons

Dnr +Dfv

8.9% 40%, <0 /
B 7
7.3% ////

7.8% 4

\\\\\\\\\\

D +cc

Dtv + Hadrons

59.3%

Dév + Dtv

Toolbox | Analysis strategy Results and discussion Summary and prospects |

45/60



B — D{¢v studies =] E4

Distribution of lepton theta values in D | nu background events

e Most important decay: B — D{v
o For 488fb~" ~ 20 x 10 events
(= 1171 for B* — K*vv)
o How does it mimic our signal

Number of events

Bf —» K*vi? w©
o Can we reduce its contribution?
e Full decay is: B* — D"O(— K*XF){*v *

= X~ and {¢ are lost/not reconstructed

4 2 50 75 100 125
Theta (degrees)

— It is deemed as irreducible
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Outline

&8 Analysis strategy

Statistical model and uncertainties
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Statistical model - context

e Goal: Extract the branching fraction 8 (B* — K*v¥)
= We work with the signal strength u
_ B(B* = K*vD)
=3 (B = K*vi)gy

e Contributions:
o Signal: B* — K*v¥
o Generic backgrounds: B*B~, B°B?, light-qg (ui, dd, s5, T7), ¢&
o Crossfeeds: B® — KQvv, B* — K**vi, B® — K0y

e 8 contributions
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Statistical model - framework and strategy

e Create histograms in signal region (BDT > 0.4) with b = 6 bins

e Run a maximum likelihood fit

Definition (HistFactory framework)
1 .
L (u,0n) = > |b| Poisson (np|vp (4, 0)) 1 (0)

with:
o 0 € RN is a vector of N nuisance parameters
o np is the number of events in bin b, v, the expected number of events in bin b
o Z anormalisation constant
o T is a prior acting as a constraint on the nuisance parameters

e Compute the profile likelihood ratio with the signal strength p as the parameter of interest
o Get the expected uncertainty on branching fraction and expected upper limits
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Statistical model - systematic uncertainties

Start

Source Contribution(s) Treatment ) Number of
nuisance parameters

PID All samples Bin-correlated 22

Signal Form Factors Signal Bin-correlated <
Continuum qq Bin-correlated 1

Backgrounds BB Bin-correlated 77
Specific backgrounds BB Bin-correlated 5
Sgn eff (incl. FEI) Signal Normalisation 1
gq normalisation qq Normalisation 2
BB normalisation BB Normalisation 2
Crossfeed normalisation BB Normalisation 3
B meson counting Signal, BB and crossfeed | Contribution-correlated 1

MC statistical All samples Uncorrelated 8Xx6

Analysis context |

Toolbox |

Analysis strategy

Results and discussion

Summary and prospects |
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Statistical model - uncertainties contributions

e Based on [Pinto,Wu,2023]
e For statistical uncertainty:
o For each bin, vary the content n, by ++/np
Repeat the fit leaving everything free — get a new p

Compute Ay = pyar — tnom
Sum in quadrature to get the full statistical uncertainty

O O O

e For systematic uncertainty:
o For nuisance parameter, vary the value a; by +o;
Repeat the fit leaving everything free — get a new (i,

Compute Ay = Lyar — Lnom
Sum in quadrature to get the full systematic uncertainty

O O O
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https://arxiv.org/abs/2307.04007

Outline

{3 Results and discussion
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Asimov fit - results

Asimov dataset Belle II preliminary [ £dt =487.72fb !

27 BT K
Gz BB
150 I BYB-
. > EE cc
e Asimov dataset: observed data = expected ‘g -
data D 77/, Model stat. unc.
s 100 ,{,/ 4  Asimov data
e Allows us to =]
o]
o Get an estimate of the correlations S
o Get an estimate of the uncertainties
o \ —
PR S N SR | - {

0 e — :
0.4 0.5 0.6 0.7 0.8 0.9 1.0
BDT output
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Asimov fit - uncertainties decomposition

Systematic Category Absolute contribution

on branching fraction (x107°)

MC statistics 2.2

K? 1.0

Data/MC off-resonance sideband 0.8

o StatIStlcally domlnated Background normalization 0.6
e Most important systematics: Signal efficiency from embedding 0.5
.. d . 1 . L. Backgrounds branching fractions 0.4

o Limite snr@ at10?1 statistics B* - K*KOK? e

— More simulation Neg 0.2

o K} reconstruction efficiency Data/MC ET sideband 01

o C i h ti Form factors 0.1
ontinuum shape correction PID o

— Could improve with a better opti- D — K? 0.0
misation of the BDT KX(— i) 0.0

B* —» K*nn 0.0

Total systematic 2.7

Total statistical 4.3

Total 5.1
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Discussions - closure test

Number of toy erated = 2000.00
10 *-’- ! /0’/
2} 8 [ /’/,/,
e Test different signal injections to see how S
the model behaves e e
e For each signal injection: g af
3 ol
o Generate 2000 toys datasets L
o Perform a fit o
o Compare the median to the injected e
: 0 ‘ ‘ ‘ ‘ ‘
signal 0 2 4 6 8 10
. . g
e Testatvarioussignalstrength: [1,3,5,7,10] ¢ 3
F 00f---------mmm- { --------- + -------- -+ --------------------
E
B 02k . . . .
=1 0 2 4 6 8 10

p value injected
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Discussions - sensitivity at u = 4.6

Start

Goal: Compare sensitivity to previous Belle
II analysis if same observation

Test:  Injection of signal p =
(B(B* - K*v7) =2.3x1079)
Uncertainty from previous analysis: 7.0 X
107°
Uncertainty from this analysis: ogr = 7.0X
107°

o On par with previous analysis

4.6

Analysis context Toolbox

Systematic Category

Absolute contribution

on branching fraction (x107°)

Signal efficiency from embedding 2.3
MC statistics 2.1
Background normalization 1.7
K? 1.4
Data/MC off-resonance sideband 0.9
Ngs 0.6
Backgrounds branching fractions 0.5
Form factors 0.4
B* - K*KPK} 0.3
Data/MC ET sideband 0.2
PID 0.2
D— K 0.0
KX(— nn) 0.0
B* — K*nh 0.0
Total systematic 4.0
Total statistical 5.7
Total 7.0

Analysis strategy

| Results and discussion

Summary and prospects
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& Summary and prospects
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Summary i [w]

e The strategy is working and gives encouraging results

o Current sensitivity is on par with state of the art and better than previous occurence of
semileptonic tagged analyses

Analysis Absolute uncertainty (x10°) | Naively scaled to 487.72 fb~' (x10°)
BaBar HTA 13 12

BaBar STA 8 7

Belle HTA 16 19

Belle STA

Belle IT ITA 7

Belle Il HTA 12 10

Belle I HTA + ITA

This analysis
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Prospects

e Short-term prospects:
o Add other B* — Xy, v¥ and B® — Xgqv¥ as crossfeeds
o Unblinding = results on real data
o Combined fit with B — K*%v# channel

e Long-term prospects:

o Combination with other analyses on the same channels (inclusive and hadronic tagging)
o Improvement expected thanks to higher statistics for future analyses
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Analysis context
Toolbox
B* — K*v¥ analysis strategy
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Effective field theory

Effective field theory:
e Approximation of the theory at lower energy scale
e Two ingredients:

o Operators O (encode lower energy scale)
o Wilson coefficients C (encode higher energy scale)

e Hamiltonian of the system, energy u:

N
Herr =, Ci (1) O ()
i=1
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B — K®v in the SM

e Important: choice of |V,b Vt*s|

41.4+0.8, (B — X.t7)
|VipVi| x 10% = $139.3+ 1.0, (B — DIv)
37.8+0.7, (B — D7)

e Choose B — D{v as in the paper [Becirevi¢, Piazza, Sumensari, 2023]

e Using the inclusive value gives branching fraction predictions 1.5¢ greater
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B — K®v# in new physics

Proposed new physics explanations

He+ [2309.12741]

Chens [2309.12904]

Marzocea [2404.06555) | leptoguarks ey theon (2308.13420)

Allwichers [2410.21444] | mediator g | Cabrielli [240205901]
Marzocca+ [2404.06533]

Ovchynnikov+ [2306.09508]

Abdughani+ [2309.03706] e

Berezhnoy+ [2309.17191] ’
Datta [2310.15136] o [“4’;]’: e i -
McKeen+ [2312.00982] —— product'n bino in Wangs+ [2309.03727]
Ho- [2401.10112] Her [2502.09603] 3-body decay RPV SUSY
Boltons [2403.13887] UV model
Boltons [2503.19025]
Altmannshofer+ [2311.14629)
neutrino Chen+ [2403.02897]

07.10801]

Berezhnoy+ 251
Fridell+ [2312.12507]
mass Dev-+ [2407.04670]

Altmannshofer+ [2311.14629] Y ... (ononco)
Altmannshofer+ [2411.06592]
Hu [2412.19084]
- + 4
Calibbi= [2502.04900] BY = KT +inv
Ding+ [2504.00383)
Gabrielli+ [2402.05901]
Bolton+ (2403.13887)
Hu [2412.19084]
Calibbi+ [2502.04900] Bause+ (2309.00075)
Aliev+ [2503.22347) 3-body decay SMEFT | Allwichers [2309.02246]
Bolton+ [2503.19025 EFT
Di Luzio+ [2505.11499]
Berezhnoy+ (2507.10801]
Hes [2209.05223]
He+ [2309.12741] darkSMEFT VSMEFT
This is an incomplete list. Hou [2402.19208] Fellds (211104327]
Let me know if any paper is missing. ol sl Felki+ [2309.02040]
Bolton+ [2503.19025] P
p

Michal Schmidt - BSM for B — K + invisible
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Reconstruction - tracks and clusters

Tracks:
e Charged particles leave hits in the VXD and CDC
e Bundle hits together via pattern recognition algorithms
e Extrapolate VXD and CDC tracks together

e Obtain trajectory, momentum and charged via a Kalman filter

Clusters:
o Neutral particles leave energy deposits in the ECL
e Bundle deposits together via nearest neighbour algorithm
e Extrapolate CDC tracks to the reconstructed cluster

LI 1= ]
Bz =] SR
EE L IET ]

LB 1B EIE] ]
CE] I I
L= IREIE

ENEEEN W
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Reconstruction - particle identification

Tested on Real Data D Sample

Belle Il work in progress [ Lt =404 i

Charged particles identification:
e Each subdetector gives a likelihood for each parti-
cle hypotheses
e Likelihoods and momenta are used as inputs for a
neural networks
e Gives a probability for each charged particle hy-
potheses: K, 7, e, u,p,d |-

7 mis-ID Rate

K Efficiency

Neutral particles identification:
e Look at shower shapes and use pulse shape discrimination

_—

T e (Tl) + PMT —V
E~1MeV — Gamma

g 3 g O g g 7

Time (us)
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Full Event Interpretation

Branching fraction B

Semileptonic
decays in tag

Hadronic
decays in tag

Semileptonic
decays not in tag

Hadronic decays not in tag

Start Supplementary Material
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CP-asymmetry 0

e Want to measure the CP-asymmetry:

CP _ NBO - NBO
NBO + NBO

—> Need to know the flavour of the B meson at the time of its decay (B° or B?)

e Self-tagged decays: one of the final state particles gives away the flavour of the B meson

U
7T+
W+ CZ
b < < C
BO D~
d > d

o What if the signal is not self-tagged ?
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Tagging (again)

e Can rely on self-tagging Bag decays
e 13 signature categories were define:

e Categories — Classification — Classifier — Machine Learning

= Introducing the FLavOUR TAGGER

Starl Supplementary Material

Categories

Targets

Electron
Intermediate Electron
Muon

Intermediate Muon
Kinetic Lepton
Intermediate Kinetic Lepton
Kaon

Kaon-Pion

Slow Pion

Fast Hadron
Maximum p
Fast-Slow-Correlated
Lambda

e

et

Total = 13
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Parameters

e FLAVOUR TAGGER characterized by its tagging efficiency:
Definition (Tagging efficiency)
t t
. Ngo + N
B Ngo + Njo
e Mistagging quantified by the wrong tag fraction, w:
Definition (Wrong tag fraction)

N = ((1 = w) Ngo + wNpo)

8 = & (WNgo + (1 — W) Ngo)

Starl Supplementary Material
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Observed vs True CP-asymmetry

e Observed CP-asymmetry written as

tag  , tag

CcP _ NB° NBO
obs T | tag tag

Ngo' +Ng,
=(1-2w)a’"

Definition (Dilution factor)

r=|1-2w|€|0,1]

Interpretation:

- If w = }, thenr = 0 and it gives us no information
- Ifw=0o0rw =1, thenr = 1 and it gives us the full information
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Fravour Tacger algorithm: GFLAT

e Based on a Graph Neural Network [arXiv:2402.17260]

e Procedure:

1. Reconstructs and classifies the tracks among the 13 categories with a probability
2. Takes into consideration all the probabilities and computes gr, where g € {—1, 1} is the

flavour of the particle

Input features,
Nx

Input coordinates,
NXC,

i

Starl Supplementary Material

CW-EdgeConv

CW-EdgeConv

Charge

multiplier

muiltiplieation
®
1
-1

Charges,
Nx1

1
1
1
i

Global pooling

N-min

N-max, W

concatenate

Last MLP layers

Linear transformation
RelLU
Dropout
Linear transformation

Sigmoid

qr output,
1

O
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Calibration strategy: ersatz

Goal:
e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way
e Automatize and optimise the calibration process

Strategy:
e Want to measure the tagging efficiency and the 2000 BENlE 11 _simulation
wrong tag fraction 4000 —— BO GFlaT
A B°, GFlaT
5000 B, category-based
; B°, category-based
" 5000
% 4000
K=}
5 3000
c
@ 2000
(9]
1000

0 L L L L L T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

qr
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Calibration strategy: ersatz 0

Goal:

e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way
e Automatize and optimise the calibration process

Strategy:
e Want to measure the tagging efficiency and the 2000 BENlE 11 _simulation
wrong tag fraction 4000 —— BO GFlaT
. . 0 — B° GFlaT
1. Work with events with self-tagged decays for the Bj;g 2 ;zzz B9, category-based
g B°, category-based
" 5000
% 4000
% 3000
c
© 2000
(9]

0 L L L L L T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

qr
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Calibration strategy: ersatz

Goal:

e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way

Automatize and optimise the calibration process

Strategy:

Start

Want to measure the tagging efficiency and the
wrong tag fraction

Work with events with self-tagged decays for the Bgig
Use the FLavour TacGer on those events to get qr

Supplementary Material

M =] E3

Belle Il simulation

P 0
5000 B°, GFlaT
n B°, GFlaT
S 7000
o B, category-based
— 6000 _
2 BY, category-based
5000
wn
L 4000
©
S
g 3000
c
© 2000
o
1000

qr

0 L L L L L T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
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Calibration strategy: ersatz

Goal:

e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way

Automatize and optimise the calibration process

Strategy:

Start

Want to measure the tagging efficiency and the
wrong tag fraction

Work with events with self-tagged decays for the Bgig
Use the FLavour TacGer on those events to get qr
Create 7 bins of |gr|

Supplementary Material

M =] E3

Belle Il simulation

P 0
5000 B°, GFlaT
n —— B9 GFlaT
S 7000
o B, category-based
— 6000 _
2 BY, category-based
5000
wn
L 4000
©
S
g 3000
c
© 2000
o
1000

qr

0 L L L L L T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
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Calibration strategy: ersatz 0

Goal:
e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way
e Automatize and optimise the calibration process

Strategy:
e Want to measure the tagging efficiency and the 2000 BENlE 11 _simulation
wrong tag fraction 4000 —— BO GFlaT
. . AU —— BY GFlaT
1. Work with events with self-tagged decays for the Bj;g s B9, category-based
2. Use the FLavour Taccer on those events to get gr & so00f BY, category-based
”
. []
3. Create 7 bins of |gr]| & F
. 5 3000
4. Fit the overall AE PDF € 000
(9]
1000
—01,00 -0.75 —0‘.50 —0‘25 0.60 0,‘25 0‘50 O.‘75 1.00
qr
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Calibration strategy: ersatz 0

Goal:
e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way
e Automatize and optimise the calibration process

Strategy:
e Want to measure the tagging efficiency and the 2000 BENlE 11 _simulation
wrong tag fraction 4000 — B9 GFlaT
1. Work with events with self-tagged decays for the Bj;g g ;zzz o ZZ: S;Z;ory_based
2. Use the FLavour TaGGEr on those events to get gr ;15000 i B, category-based
3. Create 7 bins of |gr]| ié 4000
4. Fit the overall AE PDF 2
5. Extract the N8 for B° and B° ~ oo
D100 -075 ~0.50 —025 0.00 025 050 075 1.00
ar
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Calibration strategy: ersatz 0

Goal:
e Implement a calibration strategy for the FLavour TAGGER in a time-integrated way
e Automatize and optimise the calibration process

Strategy:

e Want to measure the tagging efficiency and the 2000 BEllE 11 _simulation
wrong tag fraction 4000 — B9 GFlaT

1. Work with events with self-tagged decays for the Bj;g g ;zzz o ZZ: S;Z;ory_based

2. Use the FLavour TaGGEr on those events to get gr ;15000 i B, category-based

3. Create 7 bins of |gr]| ié 4000

4. Fit the overall AE PDF 2

5. Extract the N8 for B° and B° ~ 1o

6. Compute the wrong tag fraction and the tagging ef- 000 00 0z °C'7‘°r° R
ficiency
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Calibration strategy: signal 0

e Need self-tagged decays:
B - D n*
B® - D (— DK ) )n™
B® - D" (— DK n n®)n)m*

B® - D" (— D°(K*n n nH)n)m*

e Also consider B — D®)~K* equivalents, called "BDK"s

u u
T K+
wt d wt s
b c b é
B D~ |B° D~
d > d d > d

Starl Supplementary Material
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Calibration strategy: extracting the yields

Start

Important kinematic variable for signal selection: AE = Eg — Epeam
Fit the AE distributions on MC for the signals BDn and BDK, as well as the BB and qg

backgrounds
Sum all the shapes and fit the overall AE PDF
Extract the yield
Belle II preliminary [ £dt =362fb!

o W0'F Model

> AR 4 Dua

g 108 ¢ kY

S \

g 102 o '\,*

~ L\

2 10f m‘ww }

% 100 w

O 1 I I I

E 5

= 0

A j(].l() —0.05 0.00 0.05 010 0.15 020 0.25

AE [GeV]
Supplementary Material

Candidates / (0.002 GeV)

Data — Pred.
GDhata

10%

10!

100

Belle IT preliminary [ £dt =362fb~!

-5
—0.10 —0.05 0.00 0.05 0.10 0.15 020 0.25

AE [GeV]
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Calibration strategy: wrong tag fraction

e Need to discriminate between:

- Same or Opposite Flavours (SF or OF)
- Flavour of the Btag (+ or -)

e Define 7 bins of |qr|
e Compute the wrong tag fractions w;" for each bin i € [0, 6]

N 1-1*R
wm=———
i =+
(1-R)(1+£)
with
=y Xd
fr= O g , X =0.1860 + 0.0011
Ngp ; 1= Xd

and deduce

1 _ _
W;ZE(W;'+W,-),AW,'=W,-+—WI-
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Calibration strategy: tagging efficiency

e Define a tagging efficiency for each bini € [0, 6]
. N6, + Nog

& = Ntag Ntag
BO + BO

and compute the effective tagging efficiency

Definition (Effective tagging efficiency)

6
€= Ze;(1 —2w;)?

i=0
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Calibration workflow

Parameters estimation €

Starl Supplementary Material 80/60



Calibration optimisation: parallelisation and automation [l [m]

Start

Before this work:

o Fits of the various shapes (signal, BDK, BB, q§) were done sequentially
o Fits were independent on the the bins and the categories

Idea:

o Parallelize the fits of the shapes
o Simultaneously fit the 7 bins and the 4 categories

Automatize the processes using 2ruicr
Pros: Parallelize processes and easy to use
Whole workflow automated:

o Reconstruction of the events, management of the dataset and pre-processing
o Calibration strategy and visualization

Supplementary Material
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https://b2luigi.readthedocs.io/en/stable/

Calibration optimisation: backgrounds studie

¢ qQ: reduced continuum background

- Via a cut on a geometric variable v
- Via a BDT (worked on MC but not on data)

Belle II preliminary [ £dt = 362fb~! Belle IT preliminary [ £dt =362fb~!
GRS o 100
g —_— B DK g —_— B DK
< <
S St
~ ~
% 5
Té 100 ? 10
= g
© ©
& 0 “—“ é 0
| - | | | | | | ] - | | | | | |
= 0.10 —0.05 0.00 0.05 0.0 0.15 020 0.25 = 0.10 —0.05 0.00 0.05 010 0.15 020 0.25
AE [GeV] AE [GeV]
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Calibration optimisation: summary

e Parallelised the fits of the shapes
e Transformed the independent fits into a simultaneous fit
e Reduced the continnum background
e Automatised the workflow using s2LuiG
Results:
e Effective tagging efficiency on data: ¢ = 37.3 +1.0%
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Calibration optimisation: summary

Start

Supplementary Material

Quantity MC [%] Data [%]

W1+ 47.06 £0.78 | 46.96 + 1.51
wy 47.98 £0.78 | 48.87 +£1.47
W2+ 41.70 £0.68 | 39.36 +1.29
wy 41.99 +£0.68 | 43.80 +1.32
Wg' 32.54 £0.63 | 32.57 £1.20
wy 33.07+£0.63 | 35.52+1.14
WI 22.59£0.72 | 22.27 +1.34
w, 23.93+£0.73 | 28.99 +1.40
W;r 15.77£0.76 | 14.12+1.46
wg 17.19+0.78 | 19.16 + 1.44
Wg 11.71+£0.64 | 11.38+1.19
W 8.72 £ 0.61 12.62+1.16
W;r 3.39 + 0.41 1.83+0.78
ws 3.24 + 0.40 4.50 +0.81

<
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B* — K*v¥ analysis strategy
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Preselection

"Good Track":
e p:>0.2GeV/c

Start

E <5.5GeV
thetaInCDCAcceptace
dr <2cm

|dz| < 4 cm

Supplementary Material

M =] E3

K*:
e "Good Track"
e dr <05cm

e |dz| <2cm
e KaonID > 0.97

1% :(pi0eff30_May2020)
e InvM €]0.120,0.145] GeV /c?
o daughterDiffOfPhi €] — 1.5, 1.5 rad
e daughterAngle < 1.4 rad

*will switch to Neural Network PIDs when ready
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Preselection N [m]

ROE Mask: for signal and tag
e "Good Track"

e clusterReg==1 and E > 0.08 GeV FEI cuts:

or clusterReg==2 and E > 0.03 GeV e cos(Opy) €] - 4,3[

or clusterReg==3 and E > 0.06 GeV e cosTBTO < 0.9

e clusterNHits > 1.5 e SignalProbability > 0.004

. clusterTiming| < 200 ns
e 0.2967 < clusterTheta < 2.6180 rad
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Rest Of Event

ROE Cluster Cuts: (for EExtra)
e "Good Track"
e clusterReg == 1 and clusterE > 0.100 GeV
or clusterReg == 2 and clusterE > 0.060 GeV
or clusterReg == 3 and clusterE > 0.150 GeV
e 0.2967 < clusterTheta < 2.6180

Two masks studied for now:
e minC2TDist>50 cm

e beamBackgroundSuppression > 0.5 and fakePhotonSuppression > 0.5

Ask for:
e No extra good track in the event
e No extra Ks, A or 70 in the event

Starl Supplementary Material 88/60



Extra tracks control sample

Start

1. Transverse plane view (x-y) 2. z-axis view
y (cm)
3. Summary of track quality tiers
Lo -4em  -2em 0 42em  +4em
Good track 2cm Requirement  Good track Acceptable
Acceptable ac -
y Accepta H
i
eSS, d, <05em  <2cm
]p‘\\ x (cm) P z(cm)
) |dz| <2em <4cm
dy<2cm
- d Good track v/ Acceptable
A ik n\ track v Pr >0.2GeV/c >0.1GeV/c
™A Rejected x coc
yes yes
acceptance
pr requirement il Sideband
definition
Rejected Acceptable track only Good track
(‘) i 0 pr (GeV/c)
A A

Acceptable track threshold
(pr =0.1GeV/c

Supplementary Material

Good track threshold
0.2 GeV/c
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FEI and PID corrections

e PID and FEI corrections based on recommendations from collaboration

e PID calibrated with D** — D% (— K~n*)n*

e FEI calibrated with B* — D*0¢*vy,

K ratio table for cut "kaonID > 0.9"

05,
-12
0.70£0.03 0.99£0.01 0.98+0.01 0.98+0.01 0.98+0.01 0.97+0.02 0.97%0.02
1.0
0.99+0.01 0.99+0.01 0.97+0.01 0.95+0.01 0.97+0.01 0.98+0.01 1.15+0.01 1.0
15
1.03£0.01 0.980.00 0.950.00 0.95£0.00 | 1.00£0.01 1.24+0.01 038
[XSELENN 1.06:0.01 0.96+0.01 0.96£0.01 1.070.01 06
[XIELEUN 1.08:+0.02 | 0.92+0.01 0.95£0.01 1.05+0.01
0.4
1.03£0.03 0.94£0.01 1.06+0.01
35- 0.2
0.940.08 1.06+0.01
454 ! ! ! i ! i | | 0.0
-0.866 -0.682 04226 -0.1045 0.225 05 0.766 0.8829 0.9563

cosTheta bins

Starl Supplementary Material

Mode

Calibration factor

Uncertainty

Dev

1.14

0.11

Duv

1.10

0.11

Drev

0.87

0.10

D*uv

0.850

0.098
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Branching fractions corrections

e Branching fractions used for simulation are not always up-to-date
BFppg

BFsimuiation

= Compute weight wgr =
e Exceptions:
o B— Xsvi, B* — K*KPK? special backgrounds
o PYTHIA modes and modes not present in the PDG wgr = 1
o Bf -» K*frttn™,B* — KEKTKO wge = 1
¢ Global correction for not corrected decays:

PDG
1- Ziecorrected BFI

Welobal BF = i i
globa simulation
Zienot corrected BFi

o For B"B™: Wglobal BF = 1.07
o For B°BO: Wiglobal BE = 1.00

Starl Supplementary Material 91/60



Shapley values - Explanation

e Method to attribute the prediction of a model to its features
e Originates from cooperative game theory:

- Imagine a set N (of n players) and a gain function v that assigns a value to each coalition S
- Question: How to fairly distribute the total gain among the players?
- Answer: Shapley values

-1
o=1 ¥ [1g)) wsuimn-vs)

SCN\{i}
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Shapley values - Example

import xgboost as xgb
import shap as sh

# XGBoost Classifier #
bdt = xgb.XGBClassifier (**param)
bdt.fit(X_train, y_train, sample_weight=weights_train)

# Shapley Values #
explainer_xgb = sh.TreeExplainer (bdt)
explanation = explainer_xgb(X_test)

# ------ SHAP Interpreter Plot ------ #
sh.plots.beeswarm(explanation,max_display=len(branches))

Start

Listing: Example Python Code
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Efficiency vs g°
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