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The Standard Model

» Standard Model (SM) of Particle Physics: most successful theory of
fundamental particle interactions to date

» Interactions between fermions mediated by exchange of bosons
> Effective theory: valid up to an energy scale - (100 GeV)
» Some shortcomings:

* No description of gravity

* Why 3 families of quarks and leptons?
e Origin of neutrino masses?

e Dark matter composition?

* Matter-antimatter asymmetry?

Possible answers in physics Beyond the Standard Model (BSM)
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b — s y penguin transitions

» b — sy transitions are Flavor Changing Neutral Currents (FCNC)

highl in the SM -
= highly suppressed in the S s br Vi
» Photonin b — sy predominantly left-handed in the SM l »
= right-handed contribution suppressed by m2/mz ~ 0.0005 ~ _
SR by YR
» BSM processes may enhance the right-handed polarization —(p—=q
» Description in Effective Field Theory: W' or new heavy bosons

4Gg . /NP 7
%effz—ﬁvtsvtb[(cé““+C¥P)<07>+C7N"<07>] b g“FMﬂé s
Y

How can we probe the photon polarization? v%%
u,c,t
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CP symmetry and CP violation

®

> Chal‘ge-PaI'ity (CP) fundamental diSCI‘ete Symmetl‘y Of the SM positive charge

» Conditions by A. Sakharov in 1967 require CP violating processes @

to explain matter-antimatter asymmetry in our Universe
left handed

» CP violation (CPV) observed in weak interactions of quarks by
Belle and BaBar experiments

electron

» CPV can also manifest in BSM physics processes

Investigate decays with almost no expected CPV for
possible New Physics (NP) enhancements
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CP violation in radiative B decays

» Radiative B — X y decays proceed through b — s y transitions

B’ ) fpy

> Photon polarization in SM = no interference between B® - fpyr
and B° - f.py, = no CP violation at 15t order u
» BSM processes may contribute to opposite photon polarization
= non-zero CPV in radiative B meson decays EO
» Search for NP by measuring mixing-induced CPVin B — f-py _ _
processes [PRL 79, 185-188 (1997)] CP violation when:
» Indirect approach to discovering NP; look for discrepancies F(B 0 (—> B O) - f cp}’)
between theoretical predictions and precise measurements =+
RO 0
; F(B ("B )"fcp)’)
Where to find abundant source of B mesons?
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» International collaboration with experiment based in Japan
» Collecting physics data since 2019
> SuperKEKB: the world'’s “brightest” e*e™ collider:

2.1

«  World record instantaneous luminosity: 5.1 X 103% cm™%s

« Asymmetric e* e~ collisions at the Y (4S) resonance rest mass
(10.58 GeV)

« Total data collected in Run 1 + Run 2: 575 fb~1

e Goal: collect 50 ab~1 via >10 X collision rate achieved with
collider nano-beam scheme

> Run 1 data analyzed in this thesis: 365 fb~1 at the Y(4S) +
68 fb~1 slightly below the Y(45)
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Belle Il detector

» State-of-the-art barrel-shaped spectrometer with
excellent tracking efficiency (~95% for high-pt tracks)
and energy resolution (~1% for high energy photons)

Pixel Detector (PXD)

Silicon Vertex Detector (SVD)

Central Drift Chamber (CDC) . . . . . ] ]
» Particle identification via dE /dx, time-of-propagation

measurements and Cerenkov radiation

TOP counter (TOP)
Aerogel RICH counter (ARICH)

Electromagnetic Carolimeter (ECL)

K./ Muon Detector (KLM)

" © Rey.Hori/KEK
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Belle Il detector

» State-of-the-art barrel-shaped spectrometer with

Pixel Detector (PXD) excellent tracking efficiency (~95% for high-pr tracks)

and energy resolution (~1% for high energy photons)

Silicon Vertex Detector (SVD)

Central Drift Chamber (CDC) . . . . . ] ]
» Particle identification via dE /dx, time-of-propagation

measurements and Cerenkov radiation

TOP counter (TOP)

Aerogel RICH counter (ARICH)
» Particle decay position reconstruction using innermost

sub-detectors (vertexing)

Electromagnetic Carolimeter (ECL)

K./ Muon Detector (KLM)

" © Rey.Hori/KEK
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Time—dependent CP asymmetry

TAG-SIDE | Biag ' .~ I
tag . [(Brag=go(At) = fep) — [(Biag=go (AD) = fep)

Acp(At) =
cp(AD) F(Btag=30 (At) - fCP) T F(Btag=l§° (At) - fcp)

____________________ = § - sin(Am,At) — C - cos(Am,At)

7 v

1
; 3 << fCP Mixing-induced Direct CP violation
|

SIGNAL-SIDE Bsi . CP violation

» Time-dependent CP (TDCP) asymmetry sensitive to mixing-induced CP violation effects

» Y(4S) boosted in lab frame = determine At by measuring distance between B decay positions
» Determine Bg;, meson flavor (B° or B°) from decay of B,, meson = Flavor Tagging

» Precision on S and C driven by statistics + At resolution + Flavor Tagging

Petros Stavroulakis — PhD defense 20/11/2025 a
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Flavor Tagging at Belle 11

TAG-SIDE B v
e g Acp(At) = [(Btag=po(At) = fcp) — T(Brag=po(At) - fcp)
“r ['(Biag=po(At) = fcp) + T(Brag=50(AL) = fcp)

= —Aw + (1 — 2w)[S - sin(Am At) — C - cos(AmyAt)]

| |

1 |

' \4 f cpP ' Aw: asymmetry in wrongl :

SIGNAL-SIDE Bsi I ! . aSy y gy
1 [

|

tagging B® and BY

I
[
e e e e e - — -

» Flavor Tagging essential in (time-dependent) CP asymmetry measurements

» Flavor of tag-side B = signal-side B flavor at time of B,, decay

> Flavor-specific B decay modes, i.e. B > D~ u*v, and B » D*u~v,

Petros Stavroulakis — PhD defense 20/11/2025 G



Category—based Flavor Tagger

Kinematics, topology and particle identification information
— identify category of flavor-specific B decay — tag B flavor

Flavor Tagger output: q |r |=confidence of flavor prediction

Performance metric — effective tagging efficiency:

€tag = z g(1— ZWi)z
- —

l
r

Better tagging efficiency = higher statistical precision on
time-dependent CP asymmetry measurement

1
L/ €tag

Petros Stavroulakis — PhD defense
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https://arxiv.org/abs/2110.00790
https://arxiv.org/abs/2110.00790

Category—based Flavor Tagger

Kinematics, topology and particle identification information 2500
. . . i Eelle Il
— identify category of flavor-specific B decay — tag B flavor P e Data
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New GNN-based Flavor Tagger

==
i Chiean |
. - Charge multiplier / - \
3 .| ¢ e 2
- 5 |- & |- ~ I x ~ I - (3 ~ I | € 2 |-~
o g Particle charges concat. o Output,
\2 (S] qr
Particle \ E /
inputs
00 Belle Il simulation
New Flavor Tagger, GFlaT, based on graph-neural-networks 5000 F —— B, GFlaT _
0 oo —— BO% GFlaT
Accounts for relations between final-state particles S 000 BY, category-based
Q 000 BY, category-based
5
. . . 0
Better tagging of events not containing charged leptons £ 4000
— smaller bump at |[gr| = 0 and no bump at |gr| = 0.65 2 3000
§ 2000
Relative improvement of 20% in effective tagging efficiency 1000

(from simulation)
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Energy difference:

Calibration with data AE = E} —/5/2

Belle Il [cdt=362fb™!

. : . S
Calibrate Flavor Tagger and At Resolution Function 9 — Fullfie |
. Y I SN S TTTITD B -D®—n* +c.c.
parameters using flavor-specific B decays: g 10°t e BO s DO—K* 1 e
) f BB background
O BO - D_7T+ - K+ 7T_7T_7T+ - i ] Em gq background
[} : P
o B'>D"nt-sD’nnt>K'nnnt o - o
_ 5| ' o ;
o B°->D"n*->D°n"nt - K*n’n nnt S A S
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D i
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© [
S 500}
Relative improvement of 18% in effective tagging efficiency: o | )
IR S
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Petros Stavroulakis — PhD defense 20/11/2025 °


https://arxiv.org/abs/physics/0402083
https://arxiv.org/abs/physics/0402083

Energy difference:

Calibration with data AE = E} —/5/2

Belle Il [cdt=362fb!

: : . S
Calibrate Flavor Tagger and At Resolution Function 9 — Fulft
. Y I SN S TTTITD B -D®—n* +c.c.
parameters using flavor-specific B decays: g 10°t e BO s DO—K* 1 e
) BB background
BO - D_7T+ - K+ 7T_7T_7T+ - | i ] B g background
— 3 _ ; | Data
BO — D*_T[+ N DO TL'_T[+ - K+ 7.[—7.[—7.[+ g 103§— ._-“. .

O
O

BY 5 D*nt 5 i _
" w1 Published in PRD ooE> o ous 0 0
Extract yields from fij PhVS Rev D 110 0120 01 iffo : gzzz(f;go(sﬂ

At background from ¢

150U

=
o
o
o

Fit background-free At to obtain parameters of interest

Candidates /

500 |

Relative improvement of 18% in effective tagging efficiency:

O
T

Category-based: g, = (31.68 £ 0.45 (stat)) %
GFlaT: ey = (37 40 + 0.43 (stat) + 0.36 (syst)) %

N(OF) — N(SF)
N(OF) + N(SF)
o

|
=
T

-10.0 -5‘.0 O.‘O 5.‘0 10.0
At [ps]

Petros Stavroulakis — PhD defense 20/11/2025 Q


https://arxiv.org/abs/physics/0402083
https://arxiv.org/abs/physics/0402083
https://arxiv.org/abs/2402.17260

Contents

1. Phenomenological context

2. Experimental setup

3. Flavor Tagger calibration

4. Time-dependent CP asymmetry measurement

Petros Stavroulakis — PhD defense

20/11/2025 a



TDCP asymmetry measurement

* Motivation & status

* Reconstruction & selection
* Fit strategy

e Validation

* Systematic uncertainties

 Results
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TDCP asymmetry of B - Kdn*m~y decays

F(Btag=BO (At) = fepy) — F(Btag=§0 (At) > fepy)
l_‘(Btag=BO (At) - fCPy) + 1_‘(Btag=l§0 (At) - fCPV)

Acp(At) = = S - sin(Am At) — C - cos(Am At)
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TDCP asymmetry of B - Kdn*m~y decays

F(Btango (At) — f(;p)/) — F(Btag=§0 (At) - fCPV)

Acp(At) =
cp(A8) F(Btag=Bo (At) - fCPV) T F(Btag=50 (At) - fcp)/)

= S - sin(Am At) — C - cos(Am At)

A Ky o
> Goal: Measure S and C of the CP eigenstate: B°(B®) - K,..y - Kop®y - Kon*tn~y
N (Kdm)my 7

> Disentangle non-CP eigenstate contributions via amplitude analysis of B* —» K*n*n~y decays
assuming isospin symmetry — here only measure effective S or Sq¢¢

Petros Stavroulakis — PhD defense 20/11/2025 e



TDCP asymmetry of B - Kdn*m~y decays

F(Btango (At) — f(;p)/) — F(Btag=§0 (At) - fCPV)

Acp(At) =
cp(A8) F(Btag=Bo (At) - fCPV) T F(Btag=50 (At) - fcp)/)

= S - sin(Am At) — C - cos(Am At)

A Ky o
> Goal: Measure S and C of the CP eigenstate: B°(B®) - K,..y - Kop®y - Kon*tn~y
N (Kem)my 7
> Disentangle non-CP eigenstate contributions via amplitude analysis of B* —» K*n*n~y decays

assuming isospin symmetry — here only measure effective S or Sq¢¢

> Previous measurements of Se¢r in B® —» Kdntn~y:

* BaBarPRD93 (2015) : Sgo ptp-,, = 0.14 £ 0.25 £ 0.03 (using 424 fb™1)
+ Belle PRL101 (2008) : S ponmy = 0.09 & 0.27 # 0.07 (using 594 fb™")

> Combined measurement using entire Belle (711 fb~1) and current Belle I datasets (365 fb™1)
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Novel additional observables

» Phenomenological work proposes additional observables by Dalitz plane
dividing the dataset in the Dalitz plane e

1.2}
» New observables = complementary constraints to real and

imaginary parts of C;/C, in the complex plane s
NEI:‘ 0.8+

1.0t

Prospective constraints

0.6}

10ab~"/8fb~"

1.0f 0.4%

% 04 06 oﬁa2 10 12
> m_., .o
B® - Kdntm~y 05 5 K
0
(Belle IT) S y New observables:
E = + [
} BO — K*Oe+e— os g SKgn"l'T[_y — SI _|_ SI
) (o]
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( ) o | | | w SKO R SI _ SI
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Reconstruction & Selection

Event reconstruction:

- . y 1.
o :’ 2
S Ks

3.
T 4
CP-side

tag-side

V V V V VYV VY
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Fully reconstruct signal-side B decay

Fit B, vertex using only the two prompt 7+
Fit Bi,g vertex using all other tracks in event

Tag the flavor of By, based on its daughters at the
time of its decay

Selection criteria:

Veto photon candidates coming from mt°

=YY

Purify K§ candidates using a MVA classifier

™ invariant mass window corresponding to p® mass
Kmm invariant mass upper limit

Suppress continuum background using a MVA

20/11/2025 e
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Continuum Suppression

» Most dominant source of background due to
non-resonante*e” — qg events

> Jet-like topology vs. Y(4S) —» BB events that have
spherically symmetric topology

» Train BDT classifier (CSMVA) to suppress continuum

Belle II simulation

background using event-shape variables as inputs

» Optimise cut on CSMVA classifier by maximising the
signal significance S/vS + B

» Optimal cut:

Candidates / 0.05 / Total candidates
—
[y
|

 ~70% signal efficiency

[ Test Signal

[ Test Background
¥ Train Signal
t  Train Backeround

*  ~90% background rejection

Petros Stavroulakis — PhD defense

—0.5 0.0 0.5

CSMVA xgb
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} / Total candidates

Candidates / (0.02 GeV

0.150

0.125

0.100

0.075

0.050

0.025

0.000

B'— Klmtn—y

AE = Ef, —+\/5/2

Fit Strategy

My, = \/(\/5/2)2 —p’

» 3D unbinned maximum likelihood fit in AE, My, and At to extract S and C

> Simultaneous fit in two Dalitz half-planes to extract §*

> Four separate components: signal, self-crossfeed (SCF), continuum and BB background
= shapes fixed from simulation

Belle II simulation

1 Signal
[ Self-crossfeed

i BB background

_____

gq background

T S = -t
I e e

L
T -

| L L | L L -

—0.4

—0.2 0.0 0.2 0.4

AE [GeV]
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V/c?) / Total candidates

Candidates / (0.002 Ge

B'— Klmtn—y

Belle IT simulation

I — Signal

[ 1 Self-crossfeed
0.20 - BB background

gq background
0.15
0.10 F
0.05 F
0.00 =—— S .
5.20 5.22 5.24 5.26 5.28

M, [GeV /c?]

5.30

B — K{mtmy Belle IT simulation

1 Signal
[ Self-crossfeed

0.20

CZ771 BB backgronnd

gq background

0.15 |

0.10

Candidates / (0.4 ps) / Total candidates

10

At [ps]
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At Fit Model

» The full signal At PDF model is:

18t/ 50
P(At,g =1+1) =—{1 — gAw + qu(1 — 2w) +

4TBO

+ [q(1 —2w) + u(1 — qAW)][sin(AmdAt) — cos(AmyAt)]} Q@ Ryet

CP violation parameters
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At Fit Model

» The full signal At PDF model is:

P(At,q = 1) = ———{1 —[qAw + qu(1 — 2w)|+

+ [q(1 = 2w) + u(1 — qAw)][ S sinfAm At) — € cos(AmyAt)]} @ Rget

Petros Stavroulakis — PhD defense

Flavor Tagger parameters
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At Fit Model

» The full signal At PDF model is:

-1Atl/T o

P(At,g = +1) =—{1 — gAw + qu(1 — 2w) +

4TBO

+ [q(1 — 2w) + u(1 — gAw)][ S sin(Am At) — C cos(Am At)]} ®

where R 4e¢ is the At Resolution Function, which models smearing effects due to the finite resolution
of the detector in measuring the signal- and tag-side B vertex positions

Petros Stavroulakis — PhD defense 20/11/2025 °



At Fit Model

» The full signal At PDF model is:

-1Atl/T o

P(At,g = +1) =—{1 — gAw + qu(1 — 2w) +

4TBO

+ [q(1 — 2w) + u(1 — gAw)][ S sin(Am At) — C cos(Am At)]} ®

where R 4e¢ is the At Resolution Function, which models smearing effects due to the finite resolution
of the detector in measuring the signal- and tag-side B vertex positions

R(0At;0) = (1 — for)Reore(0AL; 0) + forLRoL(0AL: o)

Reore(0AL; 0) =(1 — fait) - G(OAL: fmain * T Smain * 0)
+ (1 = fexp) * ftail - G(OATL; fitail - T, Stail - 0)
+ Jftail * Jexp - G(OAL; figai - 0, Stail - 0)
® ((1— fr)exp_(0At/c-0) + frexp, (—0At/c- o))

> At Resolution Function parameter values obtained from calibration using B® - D™+ decays

Petros Stavroulakis — PhD defense 20/11/2025 Q
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Pull

3D fit example

Belle II simulation

200

100 f

Simulated Data
Full fit

Signal
Self-Crossfeed
g7 background
BB background

| 0.0 II
AE [GeV]

Candidates / (0.0025 GeV /c?)

Pull

400 |

— Full fit
| ——- Signal
300 L Self-Crossfeed
[ === g background
I BB background
200 |
100 |
0k
5r
0 g g
N S S B L !
5.20 5.22 5.24 5.26 5.28

Belle II simulation

t  Simulated Data

M, [GeV /c?]

5.30

Candidates / (0.5 ps)

Pull

Belle II simulation

1000 F
800 |

600

400 |

200 |

—— Full fit
-—-— Signal

$  Simulated Data

» 3D fit of data-like MC sample generated withS = 0and C =0

v' Fitted CP parameters: S = —0.08 + 0.14 and C = 0.09 + 0.09

Petros Stavroulakis — PhD defense

> Yields of signal+SCF, BB background and continuum free to float separately

10

ot
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= 006

Validation: Toys

» Test fit stability by fitting data-like toy MC samples generated from PDF model
» InputS: {-0.6,-0.4,-0.2,0.0,0.2,0.4, 0.6} and C: {-0.6,-0.4,-0.2, 0.0, 0.2, 0.4, 0.6}

S residual vs Input S

po -0.003821+ 0.001793
p1 0.01719 £ 0.004439

0.04

0.02

-0.02

-0.04

=
\II|II\|II|I\I|III|III

-0.06— [ N R I T I T I TR T

1 1 1 1
0.4 0.6
Input S

- 006

0.04

0.02

-0.02

-0.04

-0.06

C residual vs Input C

p0

p1

0.0002556 + 0.001262
0.01033 £ 0.003117

1 Il Il Il Il Il
0.4 0.6
Input C

» Each point corresponds to average of fitted parameter across 1000 toy samples

» No bias on S or C but slight trend observed = no glaring issues with PDF model

» Estimated uncertainties on S and C: o5 ~ 0.16 and o, ~ 0.11

Petros Stavroulakis — PhD defense
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S residual

Validation: Bootstrapping

» Same test using bootstrapped datasets sampled from simulation
» InputS: {-0.6,-0.4,-0.2,0.0,0.2,0.4, 0.6} and C=0

S residual vs Input S C residual vs Input S
p0 -0.03965 + 0.001669
p1 0.001683 + 0.004043

p0 -0.01883 £ 0.001208
p1 0.004575 + 0.002999

0.06 0.06

C residual

0.04 0.04

0.02 0.02

!
‘V

-0.02 -0.02

-0.04 -0.04

-0.06

=
I|IIIIII|III|III‘\II|II\|I
1
=
I|III‘III|III|III‘\II|II\|I

-0.06

1 L 1 Lo 1 1 Lo Lo R R [ N R I T | I T T | [ R
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 -06 -0.4 -0.2 0 0.2 04 0.6

Input S Input 8

» Small bias observed in S and C = possibly due to background mismodeling
or repetition of events during bootstrapping process

» Assign conservative systematic uncertainty
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Validation: Bootstrapping

» Same test using bootstrapped datasets sampled from simulation

> InputS: {-0.6,-0.4,-0.2, 0.0, 0.2, 0.4, 0.6} and C=0

o
2 140
3
o
g
5 120
g
100

80

60

0

Nsigscf Fit Estimate. Input S-value = 0.0

40

20

It

+#

L

FE RN T

+

BMS = 37.93 £ 0.87

Mean = 676.2 £ 1.2

%

s

|||||||||*6‘ui4|=

600

650

700 750 8OO

5
i 120

100

B0

60

Nbb Fit Estimate. Input S-value = 0.0

RMS = 73.4 £1.7

40

20

t

e

;I#IIII'IIII'HII‘IH

Mean = 547.8 £2.4

i
1

+

||||I||||Im|\|’|§fhi

350 400 450 500 550 600 650 70O 750

Ngq Fit Estimate. Input S-value = 0.0

BMS = 76.0 £ 1.7

1 H+
I

IR I

20:_ ++ ++
T A

2450 2500 2550 2600 2650 2700 2750 2800 2850 2900

» Fitted yields slightly biased = negligible effect on CP parameters
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Validation: Control mode

> Use isospin partner mode BT - K*n*m~y as control mode
» No mixing between B™ and B~ = S is expected to be 0

> Selection identical to signal mode except for K* & K2

* Reconstruct B, vertex using only two prompt pions

* Use Flavor Tagger in the same way as with signal mode

* Same BDT for continuum suppression

» Expect ~5 X signal events compared to signal mode
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Validation: Control mode

» Check data/MC agreement in off-resonance and on-resonance samples

Bt = Ktnta—y Belle II preliminary [ £dt=42{b~! Bt = K*tntay Belle II preliminary [ £dt =365{b~!

% ¢ ' B MCrd S‘: 1000 . r;-’rj’_]:»ackground
|} 1000 Y/ MC stat. unc. % [ BB background
bob ]
= }  Data I Self-Crossfeed
= ' 5 800 C_1 Signal
= 750 b g . U Sig
- UL e Phab,s bppytee thhy, 3 Sum MC
— —_ 600 LA ¢ }  Data
£ 500 wn
+— <]
< = 400
= 250 e
= = 200
< @
o 0 @)
0
1.5 X a ; ; +
8% LA A R N A ¢ T 125ty }
Sl2 I v b} ¢ ¢ ¢ b Eg 4 bhybyptiyy .|.++”+“ by |,|'.|.|'+H' |"|'+H'
= L et e T I = 1.00 f P .+ STTTTTTTyTT T
—0.2 —0.1 0.0 0.1 0.2 —0.2 —0.1 0.0 0.1 0.2
AE [GeV] AE [GeV]

» ~30% more continuum and ~30% less signal in data compared to MC
= no problem since signal and continuum yields float separately in the fit
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Candidates / (0.01 GeV)

Pull

Validation: Control mode

» Apply overall correction factor and check agreement between shapes

Bt = Ktrtay Belle II preliminary [ £dt =365fb~! Bt s K*trtnry Belle II preliminary [ £dt=365{b! Bt s Ktatay Belle IT preliminary [ £dt =365{b~!
'-:“: i . I g background
; I%-: [ BB background
8 o) I Self-Crossfeed
= 8 i Signal
3 = Sum MC
= 79] Data
=
L =
1]
< E
= i
= )
@]
5 5 r
- - - = 0 frmm--vnr- =z
0 i-.- -—l—--—. -l-.— .T_.-_' £ i Qi
S S S S S B S R E S S L
—0.2 —0.1 0.0 0.1 0.2 5.20 5.22 5.24 5.26 5.28 5.30
AE [GeV] M. [GeV/c?]

v AE, My, & At shapes consistent between data and MC
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Systematic uncertainties

» Estimate systematic uncertainties due to various sources

Source of uncertainty | C S ST S™
Fixed shape parameters 0.003 0.005 0.005 0.004
Flavor Tagger parameters 0.018 0.007 0.014 0.012
At Resolution Function parameters | 0.005 0.014 0.023 0.018
o & Am < 0.001  0.001 0.001 0.003

Fixed SCEF background fractions 0.006 0.004 0.008 0.011
CP violation in BB background 0.019 0.017 0.034 0.001

Yield bias 0.005 0.004 0.008 0.014
Bootstrapping bias 0.027 0.054 0.110 0.033
Detector misalignment 0.005 0.003 0.006 0.012
Tag-side interference 0.028 < 0.001 <0.001 <0.001
Total systematic uncertainty 0.048 0.059 0.119 0.045

Expected statistical uncertainty 0.110 0.160 0.310 0.300

» Most systematics evaluated on the real data sample
» Dominant systematic on S (bootstrapping bias) amounts to ~1/3 of stat. uncertainty

» Measurement is statistically dominated

Petros Stavroulakis — PhD defense 20/11/2025 e



Systematic uncertainties

» Estimate systematic uncertainties due to various sources

Source of uncertainty | C S ST S™
Fixed shape parameters 0.003 0.005 0.005 0.004
Flavor Tagger parameters 0.018 0.007 0.014 0.012
At Resolution Function parameters | 0.005 0.014 0.023 0.018
o & Am < 0.001  0.001 0.001 0.003

Fixed SCEF background fractions 0.006 0.004 0.008 0.011
CP violation in BB background 0.019 0.017 0.034 0.001

Yield bias 0.005 0.004 0.008 0.014
Bootstrapping bias 0.027 0.054 0.110 0.033
Detector misalignment 0.005 0.003 0.006 0.012
Tag-side interference 0.028 < 0.001 <0.001 <0.001
Total systematic uncertainty 0.048 0.059 0.119 0.045

Expected statistical uncertainty 0.110 0.160 0.310 0.300

» Most systematics evaluated on the real data sample
» Dominant systematic on S (bootstrapping bias) amounts to ~1/3 of stat. uncertainty

» Measurement is statistically dominated
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Further tests before measurement

Fit control mode to extract B™ lifetime

Fit control mode to extract CP parameters

Fit signal mode to extract B° lifetime

Fit signal mode randomizing Flavor Tagger prediction (q) in each event

Fit signal mode to extract CP parameters
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Candidates / (0.01 GeV)

Pull

Candidates / (0.5 ps)

Pull

Control mode fit

Belle II preliminary [ £dt =365fh~! Belle II preliminary [ £dt=365fb"

1250

1000 |

750

b Data 1500

— Full fit

=== Signal
Self-Crossfeed

1000 F___

== gg background
BB background

Candidates / (0.0025 GeV /c?)

500 F b ;
_______________ 500 |-
250
0 1= 0
5 5
0 g 0
5 L L | _5 I I I I
—0.2 —0.1 0.0 0.1 0.2 5.20 5.22 5.24 5.26 5.28 5.30
AL [GeV] My, [GeV/e?]
Belle II preliminary [ £df =365(b" 08T5<r<1 Belle I preliminary [ £dt = 365fh "
b Data 150 -
6000 —_ Flull fit ’g
—— Signal
=
00
4000 n
5]
g
=
= s0f
2000 g
)
S
0
0
5 z 1F
0 EI
—5 0 0 L 0 «?r‘ —1E ! I 1
-1 - 2 ! —10 -5 0 5 10
At [ps] At [ps]

Petros Stavroulakis — PhD defense

Fitted yields:
Nsig—like - 2240 i 70

Ngz = 1425 + 110
N,z = 18075 + 165

CP parameters:

C =-0.02+£0.06
S = 0.03%0.08

BT lifetime:

Tg+ = 1.62 £+ 0.06 ps

PDG: 1.638 + 0.004 ps

St = 0.06+0.15
§$™=-0.03+£0.15

v Good overall agreement between model and data

v' Fitted lifetime value compatible with world average

v" Fitted CP parameters all compatible with 0
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Results: Dalitz-integrated fit

Belle II preliminary [ £dt =365h~" Belle II preliminary [ £dt=2365b" Belle I preliminary [ £dt=365{b~"
—. 300 [ 5 i :
= b Data < [t Data . r }  Data
v — Full fit o | —— Full fit L 1250 F — Full fit
:r | ——= Signal 8 300 | —-- Signal o ——=' Signal
< 900 Self-Crossfeed 2 Self-Crossfeed E 1000
=3 L === 47 background = -t === qq background T~
_ . _ = -

—~ |. I' I. * BB background = 200 L BB background & 750
7] — = [
0 s .
T 100 Tt 8 [ < 500 F
= T S-S = 100 g :
e = I g 250 -
— I T r
2 T S
C =g=7=9% =Sita. r-\‘\"- L Cj L L

0 ----- L I g SPEp—— 0 0

] ar O
= = 0f = o]
al : A . ol i

B S S S S _5E. P R B - - 5t ! ! !
—0.2 —0.1 0.0 0.1 0.2 5.20 5.22 5.24 5.26 5.28 5.30 —10 —5 0 ] 10
AFE [GeV M. [GeV /c? At [ps
be

. . . 01: . ]
v Good overall agreement between model and data Fitted yields: B” lifetime:

. ! 1 - . ) i . e = = 1. + 0.
v" Fitted yields within expectations from simulation studies Nsig-like = 935 £ 35 Tgo =152+ 0.11ps

Npg = 435+ 65 PDG: 1.517 + 0.004 ps

v" Fitted lifetime value compatible with world average

Nyg = 3605 + 80
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Candidates / (1 ps)

Pull

Signal-enhanced region:

Results: Dalitz-integrated fit

|AE| < 0.1 GeV &
My, > 5.27 GeV/c? &
r > 0.875 (best r-bin)

08T5<7r<1 Belle II preliminary [ £dt =365tb~"

_ 0 b Data
20 Btag - B —— Full fit

3 === Signal

Candidates / (1 ps)

Pull

0870<r<1

Belle II preliminary [ £dt =365tb~"

205— Btag = B

¢ Data
—— Full fit

=== Signal

Candidates / (1 ps)

Asymmetry

» At projections in a signal-enhanced region in AE, My,. and r

» Slight deviation from SM expectation observed (2.30)

Petros Stavroulakis — PhD defense

30

20

10 |

0875 <r<1 Belle II preliminary [ £dt =365fh~!
N } Data

I —— Full fit

| --- B fit

L - B fit

At [ps]

CP parameters:

S =-0.36 +£0.16
C =-0.29+0.13
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Candidates / (1 ps)

Asymmetry

Results: Dalitz-split fit

2 2 2 2
m > My - _
Kem* Ksm My ot < Mign
0.875 < r < 1, Dalitz T Belle II preliminary [ £dt =365fh~! 0.875 < r < 1. Dalitz I Belle II preliminary [ £di =365fb"
i } Data I }  Data .
15 | —— Full fit 15 L —— Full fit CP parameters.
| --- B fit i

L B fit

St =-0.72+0.31
S = 0.70x0.30

Candidates / (1 ps)

or equivalently:

o S =—0.01+0.22
0 = I S—— - S . _
N T T T ST = —0.70 + 0.22
—10 —5 —10 -5 0 5 10

At [ps] At [ps]

» Similar deviation from SM expectation as with Dalitz-integrated fit

> Observed CP violation seems to originate from one half of the Dalitz plane (Dalitz I)
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Belle results

0875<r<1 BELLE preliminary [ £dt=711fb~"

[
=
T

}  Data
—— Full fit

—— B
- B it

40 -

[o~]
=
T

20

Analysis of the full Belle dataset (711 fb™1) performed in parallel

—
[=]
T

Candidates / (1 ps)

=]

Measurement strategies as similar as possible with irreducible L + E— l
1.l

differences due to different detectors and software frameworks £ i 'r RLARAR
—10 —5 At[)[ps] 5 10
Similar precision between Belle and Belle Il despite the difference
in dataset size due to improved detector and better flavor tagging Belle results:
. : : . . ¢ =-0.04+x0.11+0.07
Belle results within 16 from SM expectation while being mostly in
S =-0.18+0.17 +£0.08

agreement with Belle II results

S*=-033+0.34+0.15
S =-036+%0.38+0.11
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Combination

» Combine results following HFLAV method

» Systematics considered as uncorrelated except for tag-side interference

» Resulting precision on S and C is the world’s best for this mode

Belle results:

C =-0.04+%0.1140.07
S =-0184+0.17 £ 0.08

§* =-0.33+0.34 +0.15
§7=-036%0.38+0.11

D

Petros Stavroulakis — PhD defense

Belle II results:

C =-0.29+£0.13+0.06
S =-036+0.16 £0.05

§*=-0.72+031+0.12
§S”= 0.70+0.30%0.05

Combined results:

C =-0.17+£0.09 + 0.04
S =-0.294+£0.11 £0.05

§*=-0.57+0.23 +£0.10
§S™= 031+0.24+0.05
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https://arxiv.org/abs/2411.18639

Discussion

» Combined result exhibits a 1.30 — 2.40 tension with the SM expectation

» Extensive tests of the fit strategy did not reveal any major issues

» Precision still statistically limited

» No New Physics has been observed

Petros Stavroulakis — PhD defense
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Discussion

» Combined result exhibits a 1.30 — 2.40 tension with the SM expectation

» Extensive tests of Submltted to ]H EP najor issues
» Precision still stat arxiv: 2 5 1 O : O 1 3 3 1

» No New Physics has been observed
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https://arxiv.org/abs/2510.01331

Conclusions and Prospects

v' Calibrated Flavor Tagger and At Resolution Function parameters
— PRD 110,012001

v' Measured time-dependent CP asymmetry in B® - KJ ntm~y decays
— arXiv:2510.01331

» Growing Belle II dataset + further improvements in Flavor Tagging
= higher precision measurements

» Vertex detector upgrade = ~20% gain in precision expected; demonstrated
in benchmark study using simulated B® —» K ntn~y decays

» Ongoing amplitude analysis in B* — K*m"m~y by Strasbourg group
= new constraints on C;/C, complex plane

Petros Stavroulakis — PhD defense 20/11/2025 °
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Backup




The need for an upgrade

Tracking Efficiency

1.00
» Experimental challenge posed by extremely high luminosity o I : Y
= parasitic particles generated by beam-induced backgrounds o I
» Touschek scattering expected to be a major source of beam-induced % 080 T 3
background at nominal SuperKEKB luminosity g 075
» CDC and VXD will struggle to keep up with increased hit rate 065 4
» Detector upgrade expected during Long Shutdown 2 | optimistic " Gefaut. conservative

background scenario

tracking chain
® SVD+CDC
¥ VIX+CDC
+ CDC-Only

detector
PXD L1 [%]
SVD L3 [%]

VTX L1 [x103 %]
CDC [x1/50 kHz/wire]

10

background level



Vertex Detector Upgrade

:::::

: 5 layers of CMOS pixel sensors

2 layers: DEPFET pixel sensors
4 layers: 2-sided strip detectors

v" Decrease occupancy by increasing granularity (30 — 40 um pitch)

and reducing integration time (< 100ns)
integration time

» Are the upgraded geometries optimised for physics? Occupancy «

granularity
» Is the sensitivity of Belle Il to new physics improved?



Simulated geometries

> Study VTX performance using simulated B® - K n*tn~y decays
> Ideal benchmark for studying prompt (B°) and displaced (K?) vertices + high energy photons
> Specifically study B & KJ reconstruction efficiency and B decay vertex resolution

» 3 geometries available in the Monte Carlo (MC) simulation (1 current + 2 upgrade)

VTX 5 layers

Current VXD VTX 5 layers
. Y w/ modified L3

28 mm -::>




3rd Jayer

2" Jayer
1stlayer

Motivation for modifying L3

0% 39.1 mm
K9

* 221mm

221mm =

ne
- ——
§

P 141mm ! 14.1mm

5th Jayer

4th ]ayer

3rd Jayer

2"d Jayer
15t layer



p: transverse decay length

Reconstruction Efficiency

pr: transverse momentum

KQ Reconstruction Efficiency per p bin

BY Reconstruction Efficiency per pr bin

100

80 4

60

cy (%) /(0.3 cm)

40 1

Efficien

204

—— VXD

VTX alternate

l’"“r\

ncy (%) / (0.03 GeVjc)

Efficie

N
w
L

~
8]
L

~
-
L

~
(=}
L

»—'
o
L

-
@
L

—— VXD

1.2
1.0
2
o 0.8

0.6

0.4 1
T

—#i— Nominal to VXD
Alternate to VXD

Ratio

=
=
L

=
=]

=4
w0

—#— Nominal to VXD
Alternate to VXD

| M

Detector
. 0
Geometry Efficiency [%]
VXD 21.57 £ 0.06
VTX 5 layers 21.04 £+ 0.06
VTX 5 layers
L3 mod 23.02 +0.06

T
0.0

T T
3 0.4 0.5 0.6

pr [GeV/c]

T T
0.1 0.2

VTX reaches better reconstruction efficiency than VXD with
high beam-induced backgrounds due to L3 modification




At residual: Atpaco — Atirye

Decay Vertex Resolution

(a.u.)

044

0319

0.24

0.14

VXD

f T T T T T T
-10.0 =75 =5.0 -25 0.0 2.5 5.0

7.|5 ].d.O
At residual [ps]

é“’ T T % *A“h RN [Y] ++ + + +
212 * ' ***Htt-'...a=:‘ =A::.“ [} *** f +
1.0 R .-..'.=...’].l UL TSP SO N
081 " (:;)Hvl)
0.6 + & (v3)/(vD)
—lb.O —'1"5 —5‘.0 —2‘5 O:O 2‘.5 5.‘0 7.‘5 10\0

At residual [ps]

0.5

0.4 -

0.3

0.2 1

0.1

0.0

Ratios

1.0

o

0.8

0.6 -

= 0.6

At Resolution [ps]

144

124

- = VTX5 layers
(w3) . .
l w/ modified L3
—lb.O —7:‘5 —5‘.0 —2‘.5 0:0 2‘.5 5.‘0 7.‘5 10‘.0
At residual [ps]

W (v2)/(v1)

Background
Scenario VXD
Optimistic  1.10 + 0.05

Intermediate 1.17 + 0.06

Pessimistic 1.27 +0.07

VTX L3 mod

0.87 + 0.03
0.84 + 0.03

0.83 £ 0.04

} . !
i,

b (w3)/(v1)

T T
-10.0 —=7.5

T T T T T T T
=5.0 -2.5 0.0 2.5 5.0 15 10.0

At residual [ps]

VTX more robust than VXD against increasing beam-induced backgrounds and
with better vertex resolution due to higher granularity achieved by CMOS pixels




AP resolution [ps]

Effect on TDCP asymmetry

At resolutions per background scenario

¢} VXD
W VTX5 layer

1.39 & VTX5layer L3 mod

» Estimate sensitivity gain on the TDCP asymmetry
measurement using pseudo-experiments

> Pessimistic background scenario, 50 ab™! projection

1.2

1.1+

1.0

oy * *

v From VTX upgrade alone gain ~20% on sensitivity
= ~40% more data!

0.8

optimistic intermediate pessimistic



lution [ps]

Al reso

Effect on TDCP asymmetry

At resolutions per background scenario

¢} VXD
W VTX5 layer

1.39 & VTX5layer L3 mod

} »>_Estimate sensitivity gain on the TDCP asymmetry

1.2

1.1+

1.0

ments

Results included in Upgrade CDR | .~ .on

arXiv:2406.19421

V- TTOUII VIA Upgl murre-ga'm-"zrﬂ% on Sensitivity

oy

0.8

t

= ~40% more data!

t

optimistic

intermediate pessimistic


https://arxiv.org/abs/2406.19421

Vertex detector geometries

Layer no. 1 y 3 4 5 6

Radius (mm) 14.2 21.8 39.0 80.0 104.0 135.2
28 mm
# Ladders 8 12 7 10 12 16
# Sensors per 5 5 5 3 4 c
WV ladder

(r=0.2)  6050) (60.50) (160,50) (160.50) (160,50) (160,50)
pitch (um)




Vertex detector geometries

VTX 5 layers

N

Layer no. 1 2 3 4 5
28 mm Radius (mm) 14.1 22.1 39.1 89.5 140.0
# Ladders 6 10 8 18 26
# Sensors per 4 4 3 16 24

V ladder

(r=o,2) (35,35) (35,35) (35,35) (35,35) (35,35)
< >

72 mm



VTX 5 layers w/ modified L3

Vertex detector geometries

A
Layer no. 1 2 3 4 5
Radius (mm) 14.1 22.1 69.1 895 140.0
28 mm

# Ladders 6 10 12 18 26

# Sensors per 4 4 12 16 24

\\ ladder
- (r=¢,2) (35,35) (35,35) (35,35) (35,35) (35,35)
g pitch (um)
< >
72 mm
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Ratios

Resolutions per detector geometry

Optimistic Background
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Ratios
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Flavor Tagging Categories

Categories Targets for B . :

5 > Underlying decay modes
Electron e

. 1 o e

Intermediate Electron e B =D "t
Muon [ L DY At
Intermediate Muon [ L v -
Kinetic Lepton -

i AT TV i ." al ST al 1 A ) + — i
Intermediate Kinetic Lepton [ B’ = Dt & (K
Kaon K \_, _, .

. , — K™ v ¢
Kaon-Pion K . al
Slow Pion T

_ . _ _ =0 + _
Maximum p” , B — A X
Fast-Slow-Correlated (FSC) e, L, A 7t
Fast Hadron T, K \_) _

pT

Lambda A




GFlaT Input Variables

Variables Usage Descriptions
QpTrack(categoryName) Input features multiplication of the charge of each
* charge particle by the category-baed Fla-

Px: Py P- (PX, PY, PZ)
electronlD noSVD noTOP,
muonlD, pionlD,
kaonID, protonlD,
deuteronlD

vor Tagger output for each of the
13 categories;

momentum of a charged particle
particle identification probability
calculated from a global likelihood
ratio of sub-detectors

r.y.z (dx, dy, dz)

[nput
coordinates, and
edge-features

'.'E;'J. — €

distance of POCA to the interaction
point

charge

Charge multiplier

block

charge of a charged particle




qr Breakdown

Candidates per 0.05

0 0 _
Belle 1l simulation E , GFlaT E , category-based
—— B9, GFlaT B, category-based
4000 4000 |
Lepton, kaon I - Lepton, no kaon
3000 H 3000 £ |
2000 f 2000 |
1000 H 1000

oihanni 0_1_“‘_“_:""-;'r

-1.0 -0.5 0.0 0.5 10 -1.0 -05 0.0 0.5 1.0

4000 | 4000 [

- No lepton, kaon - No lepton, no kaon
3000 | 3000 f
2000 | 2000 |

1000 | 1000 b
ol &

0
-1.0 -0.5 0.0 0.5 10 -1.0 -05 0.0 0.5 1.0
qr




FT parameters Data/MC comparison

Wrong tag fraction

Wrong tag asymmetry

Tag efficiency asymmetry

—}— Fit on data
Signal MC truth
00<r<0.1 01<r<0.25 025<r<045 045<r<0.6 0.6 <r<0.725 0.725 <r<0.875 0875<r<1.0
6 J
426 12.00
48.8 301 24.6 - 11.75 | 2.8
42.4 ’ 17.4 -
48.6 - ] | 2.7 A
34.5 24.4 11.50
42.2 17.2 1
48.4 sao | 11.25 2.6 1
- —F—| 4201 ‘ 82—t
£ 482 70— 1 | 11004 2.5 1
B 41.8 4 33.5 24.0
1 ' 1 2.4 4
48.0 e 16.5 4 10.75
a7.8 1 : 33.0 23.84 10.50 4 2.3 A
a1.4 16.6 | J
47.6 32.5 4 23.6 10.25 1 22
41.2 1
47.4 16.4 1 10.00 4 2.1
—}— Fit on data
Signal MC truth
00<r<01 0.1<r<0.25 0.25<r<0.45 045<r<0.6 0.6 <r<0.725 0.725 <r<0.875 0.875<r<1.0
2.0 131 1.00 1 2.5 124
1.0 A 0.75 4 2.5 4 0.50 1
2.0 4
154 0.5 0.50 0.25 | 1.0 1
2.0
0.0 0.25 1.5 A 0.00 1
< 104 o84 _ |
g -0.5 4 0.00 157 —~0.25 4
k] 1.0 A 0.6 -
0.5 - -1.0 4 —0.25 4 1.0 A —0.50 |
— 4 —0.50 0.5 0.4 4
0.0 = o 05 7
’ 204 -0.75 :
i 0.0 ~1.00 A 0.2
-1.00 A
0.5 4 -2.5 0.0
—}— Fit on data
Signal MC truth
00<r<0.1 0.1<r<0.25 0.25<r<0.45 045<r<0.6 06 <r<0.725 0.725 <r < 0.875 0.875<r<1.0
0.5 0.75 A
| 254 0.0
0.0 0.0 - 4 0.50 A
0.5 |
_05 4 2.01 —0.5 0.25
05 4 34
. -1.01 0.0 1.5 0.00 A
= -1.0 4
g -1.5 -1.0 1 1 -0.25 A
@ _0.5 4 2 1.0 |
—2.0 1 —1.51 -0.50
-1.5 14 0.5
25 -1.0 204 —0.75 A
0.0 |
2.0
—3.0 4 0+ —1.00 A
151




Signal MC fit/MC truth comparison

Wrong tag fraction

Wrong tag asymmetry

Tag efficiency asymmetry

00<r<0.1 01<r<0.25 025<r<045 045<r<0.6 0.6 <r<0.725 0.725 <r<0.875 0875<r<1.0
47.7 A 10.25 4
| 2144
41.45 - 32.45 | 23.65 4 17.00
1 10.20 A 2.121
47.6 1,40 16.95 |
32.40 23.60
2.10 A
- ] a35{————— 18.90 1 —————| 10151
T 975 23.55 2.08 A
= NI/ :
E — | 16.85
41.30 A
P 23.50 10.10 4 2.06 A
32.30 4 16.80
41.25 A
23.45 16,75 2.044
] 75 10.05 1
47.3 41.20 4 3225 4 .02 4
23.40 ]
16.70 —— Chunk fit average
Signal MC truth
00<r<01 0.1<r<0.25 0.25<r<0.45 045<r<0.6 0.6 <r<0.725 0.725 <r<0.875 0.875<r<1.0
] 0.2 0.5 0
0.3 | |
0.7 0.4
0.2 4 147 0.1 0.15
0.4
J 0.3
0.1 134 08 0.0 0.10 -
= N 0.2 0.3 1
R e ] 1.2 A 05— o1 |
= . 1
5 0.05
0.1
-0.1 1.1 A _0.2 1 0.2
] 0.2
0.4 0.004
0.2 1 0.0 -
0.2 1.0 4 0.3
0.3 0.1+ —-0.05 4
—0.3 4 —0.14 —— Chunk fit average
Signal MC truth
00<r<01 0.1<r<0.25 0.25<r<0.45 045 <r<0.6 06 <r<0.725 0.725 <r<0.875 0.875<r<1.0
01 0.5 | 0.7 |
047 0.5 1 0.2 —0.21
0.0 0.4 0.6 4
0.3 1
0.4 0.1 o
0.5 —0.31
—0.14 ]
0.2 4 0.3 0.3
04 0.0
£ o1 —0.2 4 0.2 A 0.2 ’ —_ | -041
3 J 0.1
014 014 0.3
0.0 —0.3 g s |
0.0 1 oo 0.2 -0.2 A
-0.14 —0.4 :
0.1 0.14 -0.3 1 —0.6 |
—0.21 s -0.1
: -0.24 0.0 1 _0.44 —}— Chunk fit average

Signal MC truth



Lowest FT calibration — Mixing fits

r — _ 1200} — Belle 1l =
- 600 [ Belle lI . +  B°B° (OF) = Belle 1l . 4 BYB° (OF) = Belle 11 . 4 BOB° (OF) = 500 —Igdt _ 365 -1 ¢ B°B° (OF)
& oo [ [cdt =365 fb | BoBY+ BUB (sF) 2 800 [rdt=2365fb ¢ BOBO 4 BUB° (SF) 8 1000 | [£dt =365 fb ¢ BOBO 4+ BUBO (SF) a = B9BY + BUB® (SF)
n 0.0<r<0.1 0 0.1 <r<0.25 n 0.25 < r < 0.45 2 045<r<0.6
S 400f S ool S soof = 600}
~ ~ ~ ~
%] %] (7] w0
o 300f 0 & 600 i
= 42400 2 =400 |
S 200f e B 400 °
© © © ©
c c 200f c c 200f
© 100 @ S 200 ©
Q o o @]
&ls ; &ls bls 65
Z[z . ~ == 21 )
i s 0 i hob..a —pg t 1.‘ 1+ T 0 i; 0
ok } Sis 55 oy
== 1t Z= 4 ZE it ZE |
-10.0 5.0 0.0 5.0 10.0 -10.0 5.0 0.0 5.0 10.0 -10.0 50 0.0 5.0 10.0 100 50 0.0 50 10.0
At [ps] At [ps] At [ps] At [ps]
1200F
Belle Il om0 . Belle Il 4+ B°B° (OF) R Belle Il }  BYB° (OF)
v goof -1 ¢ £°5° (0D 2 [£dt=365 fo=? =z a [cdt=365 fb=? =om
a Jedt=3651b {  BOBO+EBUBC (SF) 21000 t B°B®+ BB (SF) 2 2000} t  B°B+BYB° (SF)
n 0.6 <r<0.725 1 0.725 < r < 0.875 1 0.875<r<1.0
S 600} S 8o00f e
= Z = 1500|
o & 600 §
5 400 o 5 1000
e S 400 e
S 200 S o0 € 500
) @) O
58 5 o Highest
zZ|z 2|2 2=
1+ 0 I [+ 1 [+ .
56 335 33 Confidence
==t zlz 1L t ZE 41
-10.0 5.0 0.0 5.0 10.0 -10.0 -5.0 0.0 5.0 10.0 -10.0 5.0 0.0 5.0 10.0
At [ps] At [ps] At [ps]
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CSMVA input variables (1)

Belle IT simulation

Candidates / 0.4 / Total candidates
=
S
T

[ Signal
[ Background

0.15
0.10 F
0.05
0.00¢F .
0 15 20
KSFW et
Belle IT simulation
n
S | [ signal
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— 08}
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— 04r
- |
=
< 02}
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Belle II simulation
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1
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Candidates / 0.06 / Total candidates
s

[ Signal
[ Background

1

PR I

0.00 &

1.0 L5 2.0
KSEFW _hso(2

0.0 0.5

Belle II simulation

Candidates / 0.04 / Total candidates
o
.

[ Signal
[ Background

PRI E S —" )Y PR L

| 0.0 0.5 1.0
cosThetaCMS

Belle II simulation

Candidates / 0.06 / Total candidates

[ Signal
[ Background

L L L
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Candidates / 0.06 / Total candidates

Candidates / 0.06 / Total candidates

CSMVA input variables (2)

Belle I simulation

<
s

e
o

[ Signal
[ Background

P T S T St I I

o
=0

.0 0.5 1.0 1.5 2.0 2.5 3.0
KSFW _hsol0
Belle II simulation

I [ Signal
4 I [ Background
5[ |
oL
1L
D i | _'J_| | 1 1
—1.0 —0.5 0.0 0.5 1.0 1.5

KSFW _hso22

Candidates / 0.06 / Total candidates

Candidates / 0.06 / Total candidates

Belle IT simulation

] [ Signal
1 Background

I .J_,j,,,‘ L P B

—-1.0

0.0 0.5 1.0 1.5 2.0

KSFW hsol2

Belle IT simulation

[
T

M [ Signal
M [ Background

L 1 L L |

—1.0

ID.DI 0.5 1.0
KSFW hso24

2.0

1.0

Candidates / 0.06 / Total candidates

Belle II simulation

P II R

0.0L
0.0

[ Signal
1 Background

0.5

1.0 1.5 2.0

KSEFW hso20
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CSMVA input variable correlations
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FOM value

18

16

14

12

10

CSMVA cut & Candidate Multiplicity

B candidate multiplicity in signal events

L B Signal MCrd
= 0.8 B Generic MCrd
r - 0.6

5 L
=
B [b]
= I
! 2 04
l | ! I
: —
1
- 1 L
1
: 0.2
L i .
1
1
1
1 L
N S N T A I T S 0.0 el N R
—1.00 —0.75 —0.50 —-0.25 0.00 0.25 0.50 0.75 1.00 1 2 3 4 5 G

CSMVA cut value No. of candidates per event



Selection efficiencies

Selection criterion

Signal (%)

Self-crossfeed (%)

BB bkg (%)

qq bkg (%)

Prompt 7+ PID

81.93 (81.93

76.09 (76.09)

67.72 (67.72)

71.99 (71.99)

7 veto

69.61 (84.97

63.19 (83.05)

31.54 (46.57)

17.05 (23.69)

p" mass window

35.63 (51.19

24.76 (39.19)

12.77 (40.49)

6.51 (38.21)

K% MVA > 0.95

32.97 (92.52

6.95 (28.05)

1.42 (11.15)

0.62 (9.49)

CSMVA > 0.41

23.03 (69.84

3.45 (49.71)

0.67 (46.86)

0.05 (8.76)

Single candidate

P | S | M | e | M | M

19.38 (85.93

2.55 (72.50)

0.57 (85.67)

0.05 (91.16)




Kinematic approximation

» The small motion of the B mesons in the Y(4S5) rest frame is neglected by the
relation At = Az/fy (kinematic approximation)

» The following transformation is applied to correct for this effect:

At — (a/B) cosf - 15

Atcorr —
1+ sign(Az) - (a/B) cosO
%104 Belle IT simulation w104 Belle IT simulation
95 F T=1.527+0.004 b Simulated Data 25 P T=1518+0.004 b Simulated Data
i —— Fit I —— Fit

Candidates / (0.5 ps
Candidates / (0.5 ps)

E 0 P - papar=panapppregy -0t~ BLwUL B By | E 0
-5 P T S S (R EE S —5 P T S R S
~10 5 0 5 10 ~10 —5 0 5 10

At [pS] AN [ps]
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2D plots — Signal

Signal correlation: -0.029 Signal correlation: 0.004 Signal correlation: 0.014
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M. [GeV /c?]

2D plots — SCF

SCF correlation: -0.001 100 SCF correlation: 0.033 60 100 SCF correlation: -0.027
14
525 (M S 7.5 50 5
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M. [GeV/c?]

qq correlation: -0.002

2D plots — Continuum
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ﬂ’fbc [GBV/CQ]
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BB correlation: 0.255
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2D plots — BB background
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At residual: Atpaco — Atirye

Signal-only Lifetime Fit

> Fit for B lifetime in signal-only MC sample as a quick validity check for the At fit model

» Agreement between calibrated At Resolution Function and At residual distribution not

perfect but good enough for available statistics

Generated distribution Detector resolution

x 104 Belle IT simulation i Belle 1T simulation

[ 75°=1.510+0.003 ps t  Simulated Data
— Fit

$  Simulated Data
B"— D"~ 7" model

10%
109

102

Candidates / (0.5 ps)

Candidates / (0.333333 ps)

10

SR =0
_5 L L L L 1 L L L L 1 L L L L 1 L L L L _ B L L L L 1 n S PR - L L L 1 L L L L
—10 —5 0 5 10 —10 —5 0 5 10
AT [ps] At residual [ps]

Candidates / (0

5

Pull

Reconstructed distribution
x10%

Belle II simulation

[
o

FT=1.518+0.004

t  Simulated Data
— Fit

At COorr [}_)5]



Single Candidate Selection

» Multiple B candidates per event after applying selection criteria = select one randomly

> Selecting single candidate based on y? probability of Bsig vertex fit leads to biased B lifetime

Candidates / (0.5 ps)

Pull

Based on Bg;q vertex x?

x10%

Belle II simulation

4F 7=1.54440.003 ps

¢

Simulated Data

—— Fit

[}

10

Candidates / (0.5 ps)

Pull

Random

x10*
4 =

Belle II simulation

Fo7pe=1.510 4 0.003 ps

t

Simulated Data

— Fit

cn

10
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Shape Fits — SCF

Belle IT simulation Belle IT simulation Belle II simulation
1500 { Simulated Data iéi 4000 L} Simulated Data . . e $ Simulated Data
— Fit > t — Fit &, 6000 1 — Fit
< f i '
1000 | g 3000 I S |
- < ~ 4000
= [ n -
—_ 2000 fg
w I © L
500 e [ =
5] = I = 2000 _
< 1000 g
< I .
g @] |
®
0 ! o 0 0
5 Br 5]
0 e g aee gy el . — o :5' 0E . o " i | - () foeee i oil.____________»n L. _»
; & ; oy :
S U S S S S R S B T S RS S
—0.2 —0.1 0.0 0.1 0.2 5.20 5,22 5.24 5.26 5.28 5.30 —10 —5 0 5] 10

AE [GeV] My [GeV /2] At [ps]



1eV)
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Shape Fits — Continuum
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Candidates / (0.5 ps)

Asymmetry

CP fits — Signal

w104 Belle II simulation w107 Belle II simulation w107 Belle II simulation w104 Belle II simulation
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CP fit — BB background

Belle II simulation
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Kscr MC StUdy

Fitted Sscr vs Input S

0.6 + Fitted
- —— Expected

0.2

0.0

0.2}

Fitted Sscr value

04}

—06F |
—0.6

PRI RSN SRR AN ST NS ST S S
—04 —=0.2 0.0 0.2 0.4 0.6

Input S value

» Sscr = Kscr + S linear law with kgcp =~ 0.8
» Sensitivity improvement by making Sqcr & Cscr proportional to S & C in the fit

» Gaussian constraint on kgcrp with mean 0.8 and width 0.2



Flavor Tagging parameters

r-bin|  r-range w (%] Aw [%)] pag |70]
0 0.0-01 4829=x0.78=0.70 0.78 =1.16 =0.71 —1.72+1.47x1.32
1 0.1 -0.25 4207072032 -1.41 £1.06=0.92 —0.94 £1.36 =1.45
2 0.25 - 045 34.63x£0.61L£0.61 -0.04£0.97 £1.28 —0.28 & 1.28 = 1.46
3 045 —-0.6 24.17x0.68 =0.36 1.64=+=1.13+0.52 3.21+1.44+1.50
4 1 06—-0.725 1698068092 1.36=1.15+0.72 1.17+1.58£1.47
o 10.725 - 0.875 11.50 £0.53 £0.39 —0.26 =0.92 = 0.71 —1.13 =1.30 = 1.55

0.875 —1.0 2.62x+027x0.14 0.75x0.03 = 0.60 —0.18 =0.91 = 1.30




At Resolution Function parameters

Parameter| Fitted value |Calibrated value (MC)|Calibrated value (data)
md 5 —0.1298 + 0.0042 —0.1668 + 0.0282 —0.1036 + 0.0443
md,.. —0.0717 + 0.0066 —0.0461 = 0.0469 0.1094 = 0.0931
Score 1.3129 £ 0.0039 1.1874 £ 0.0329 1.0332 £ 0.0592
m). > —0.7751 £ 0.0186 —0.8132 + 0.1035 —0.5346 £ 0.2027
mb —0.5435 +=0.0284 —0.6176 + 0.1651 —0.9292 4+ 0.3210
Stail 2.3455 = 0.0165 2.3687 £0.1271 2.2015 £ 0.3034
o 0.3237 = 0.0081 0.2637 £ 0.0055 fixed from MC calibration
A 0.2756 £ 0.0081 0.2014 £ 0.0084 fixed from MC calibration
&.};ﬁ 0.2602 £ 0.0055 0.2048 £ 0.0045 fixed from MC calibration
{'El,p 0.2540 £ 0.0084 0.2415 £ 0.0071 fixed from MC calibration
K02 3.7072 £ 0.0523 4.2343 £ 0.0667 fixed from MC calibration
KO 4.0091 £ 0.0900 4.2718 £ 0.0762 fixed from MC calibration
e 0.5788 £0.0132 0.3151 £ 0.0249 0.3159 £ 0.0506
7 0.0000 £ 0.0119 0.2372 £ 0.0012 fixed from MC calibration

L

foL

0.1994 £ 0.0434
0.0023 = 0.0001

0.0914 £ 0.0022
0.00013 £ 0.00002

fixed from MC calibration

fixed from MC calibration




Flavor Tagging parameters for control
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Fitted CP parameters:
St =-0.16 +£0.28
S5 =-0.02+£0.28

or equivalently:
ST =-0.09 +0.20

gl

—0.07 = 0.20
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Bootstrapping: Control mode

» Test for fit biases by fitting multiple replica datasets sampled from simulation

» Use signal samples with inputs S = 0 and C=0

B
=
T

S Fit Estimate. Input S-value = 0.0 C Fit Estimate. Input S-value = 0.0 Nsigscf Fit Estimate. Input S-value = 0.0 Nbb Fit Estimate. Input S-value = 0.0 Nggq Fit Estimate. Input S-value = 0.0
RMS = 0.0625 = 0.0014 RMS = 0.0494 £ 0.0011 140 RMS = 86.7 1.9 RMS = 133.8 £ 3.0 RMS = 162.0 £ 3.6
- F Py = F a f
L Mean = 0.0096 = 0.0020 % Mean = 0.0190 = 0.0016 g Mean = 3056.6 £ 2.7 E 180~ Mean = 2105.2 +4.2 ﬁl ok Mean = 13492.3 £5.1
- = 140 5 T 7
s S by = R d =
2 = 120 = =
r T - T £ 1401 g
- Al % 1201 4 [ a o 120
+ 100 120~
[ 100 : r 100
f | a I |
3 ol C r
L so I C + 80—
r i I 80— L +
[ : 60— - L F
L ol L L 60—
r + F r 60— :
L L a0l L L
L + - 40b
N + dor + i 40|~ + + L ++
N ++ ++ 20~ ++ ++ 20 ++ + ++ go:— . 20:— . + +@
Ieié#*uﬂuu\”” ||||||\||||||||§|||= D“'l""l"" | |||||||||||F|61 D%"‘i‘lllll |||\|||||||||||\ﬂ‘ D_J-l)ﬁ-‘l\llll\llll\llll|III\|IIII|IIII|%& 0*¢+I|III|\|||\|||\|@@
015 0.1 005 0 005 01 015 02 01 -0D.05 0 0.05 01 015 2800 2300 3000 3100 3200 3300 1700 1800 19800 2000 2100 2200 2300 2400 2500 13000 13200 13400 13600 13800 14000

» Small biases in S and C, similar biases in the yields as in signal mode



Validation: Signal mode

» Check data/MC agreement in off-resonance and on-resonance samples

. . B'— Kimtmy Belle II preliminary [ £dt=42{b~!
= 250 | B MCrd
(@) |. vz MC stat. unc.
g 200 _ |I |, l' |, |I b Data
=
e
3
&)
. BN o PTUIOR e Bvn I s
= = 1.25
LT NURTTRRTUILIRN
el L BN N SO VIR N SR SRV A
—0.2 —0.1 0.0 0.1
AFE [GeV]

0.2

I g backeround

1 BB background
I Self-Crossfeed
C2223 Signal

[ Sum MC

“/77 MC stat. unc.

} Data

» ~20% more continuum and ~20% less signal in data compared to MC



Systematics: Fixed shape parameters

Distribution of S from Variation Fits - S from Nominal Fit

Distribution of C from Variation Fits - C from Nominal Fit

% F 1 =-0.000268 *0.00015 é ; 1 = 0.000392 + 0.000096

> Estimated systematic due to fixed AE, My, & At o o

shape parameters o o
» Fita single bootstrap toy 1000 times each time e B R O - L L L0 o

VarYing all fixed param ete rS Within their ) Distribution of S* from Variation Fits - S* from Nominal Fit . ) Distribution of S~ from Variation Fits - S~ from Nominal Fit

ancertainties
» Quote standard deviation of resulting distribution ~ - "E

as systematic uncertainty for each parameter o of

-00%07. e T Nl Tl Ty s T OE 2 Mh-;{w e e e e

S* of Variation Fits - S of Nominal Fit

S” of Variation Fits - S"ot Nominal Fit
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>

Systematics: Flavor Tagging parameters

Estimated systematic due to fixed Flavor Tagging
shape parameters

Fit a single bootstrap toy 1000 times each time
varying all fixed parameters within their
uncertainties using the covariance matrix from the
calibrations

Quote standard deviation of resulting distribution
as systematic uncertainty for each parameter

Events / { 0.0056698 )

Events / ( 0.0117368 )
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Distribution of S from Variation Fits - S from Nominal Fit

Distribution of C from Variation Fits - C from Nominal Fit
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1= 0.00091 +0.00045 3 i =-0.000652 + 0.00038
o= 0.01412 +0.00032 g 300 o= 0.01211 +0.00027
3
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% 200
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Systematics: At resolution parameters

Distribution of S from Variation Fits - S from Nominal Fit

Distribution of C from Variation Fits - C from Nominal Fit

2}
@
S

f;? ? j = 0.00468 +0.00085 § E = 0.00023 +0.00040
g 200 — o, = 0.01393 +0.00058 % 300— o, = 0.00536 =+ 0.00026
2 E 6, = 0.00796 +0.00052 2 F 6, = 0.00477 +0.00025
5 s 3 ®C
1 1 = . 200— % 200
» Estimated systematic due to fixed At resolution :
150 -
model parameters wk- wk-
505— sof—
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. . § * = 0.0050 *0.0014 g 1 =-0.00401 +0.0013
uncertainties - 6, = 0.02265 +0.00094 § a 6, = 0.01441 000083
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2 2
w w
200 200

» Quote standard deviation of resulting distribution
as systematic uncertainty for each parameter ,
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Systematics: 75 & Amy

Distribution of S from Variation Fits - S from Nominal Fit Distribution of C from Variation Fits - G from Nominal Fit
g g = 0.000007 +0.000010 é E 1t =-0.0000031 * 0.000016
g 300 — G = 0.0003178 =+ 0.0000071 g 300 © = 0.000496 + 0.000011
§ zsnf— % 250?
= L L] L] E 200 %— E 200 E—
» Estimated systematic due to fixed B lifetime and E o
mixing parameters w ol
50 é 50 ;—
B ‘ E ‘ ‘ ‘

Ll ol gl gl lgi igiigl
~0.001 0 0.001 0.002 0.003 0.004

> Fit a Singl e b O OtStrap toy 1 O O O times eaCh tim e e M ‘s ofo\'zoaor;anuntirsl 'S?)fﬁﬁi:mal'ﬁl s C At T C of Variation Fits-Coanr:n;'lal Fit
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uncertainties . s comuzs | © o papymssnglopunsiy
> Quote standard deviation of resulting distribution "} T
as systematic uncertainty for each parameter w o
OE- B R - o T 1 a7 OOEIEZ T h—é-n‘éms T 351.-‘ 5ok e

S* of Variation Fits - S of Nominal Fit S” of Variation Fits - S~ of Nominal Fit



Systematics: Fixed SCF fraction

» Estimated systematic uncertainty due to fixed background fractions
by varying them by +£20%

» Observed deviation assigned as systematic uncertainty

A’ —20%

SCF '+ 20%

Flep —20%

foep +20%

A’ —20%
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Ae—20%

SCF ' 20%
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_1 ———— e e e |

P = o el g e e |

Sy S s S -
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] 2% HT—
—0.25 0.00




Systematics: CP violation in the BB background

» Estimated systematic uncertainty due to fixing Sz and Cgg to 0 by
varying them by +10%

» Observed deviation assigned as systematic uncertainty

Cpp—10% [

Cpp + 10%

Spp — 10%

Spp+10% - |

Y ————— e
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05
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Systematics: Yield bias

» Estimated systematic uncertainty
due to yield bias by fixing them to
their true values and performing
ensemble fits

» Observed deviation assigned as
systematic uncertainty

S residual

S residual
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S residual

Systematics: CP fit validation

S residual vs Input S C residual vs Input S
r p0 —0.03965 = 0.001669 = = p0 -0.01883 £ 0.001209
0.06— p1 0.001683 + 0.004043 § 0.06 — p1 0.004575 + 0.002999
o o o
0.04/— 0.04/—
o.nz:— o.nz:—
o o
- - b
~0.02— -0.02| =& 3 0 4— T %
- : i $ -
~0.04 = L 7 -0.04—
C .} ¢ 'E C
-0.06 — -0.06 —
R R N SR NT S ST SR SRR B R IR U R ST RT U SR ST S S S
06 04 0.2 0 0.2 0.4 0.6 06 04 0.2 0 0.2 0.4 06
Input S Input 8

Taken as the largest deviation seen in the ensemble fits to bootstrap samples

Dominant source of systematic uncertainty



» Estimated using misaligned signal MC samples

Systematics: Residual misalignment

» Uncertainties correspond to 100 X signal expected in data
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Systematics: Tag-side interference

» Estimate effect of CP violation in the By, decay on fitted S and C values

» Scan values of 6" and quote 6S.p and 6C.p atr’ = 0.02

I(Aep) = 0.00, |Aep| =1.00 0.10 S(Acp)
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Belle results

Analysis of the full Belle dataset (711 fb™1) performed in parallel

Measurement strategies as similar as possible with irreducible
differences due to different detectors and software frameworks

Similar precision between Belle and Belle Il despite the difference
in dataset size due to improved detector and better flavor tagging

Belle results within 10 from SM expectation while being mostly in
agreement with Belle II results

Most notable difference is in S~ (30); for Belle the observed
asymmetry originates from the other Dalitz half-plane w.r.t. Belle II

0875<r<1 BELLE preliminary [ £dt=711fb~"
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Belle results:

C =-0.04+%0.11+0.07
S =-0184+0.17 £ 0.08

S*=-033+0.34+0.15
S =-036+%0.38+0.11




Belle systematics

Belle Belle II
Source of uncertainty C S gt S~ Source of uncertainty C S St 8-

Fixed shape parameters 0.003  0.002 0.004 0.004 Fixed shape parameters 0.003 0.005 0.005 0.004

Flavor Tagging parameters 0.003  0.002 0.006 0.006 Flavor Tagging parameters 0.018 0.007 0.014 0.012

Resolution function parameters | 0.009  0.033 0.063 0.027 Resolution function parameters 0.005 0.014 0.023 0.018

TRo & Am 0.001  0.001 0.002 0.002 Tgo & Am < 0.001  0.001 0.001 0.003

Fixed SCF fraction 0.005  0.006 0.010 < 0.001 Fixed SCF fraction 0.006 0.004 0.008 0.011

Yield bias 0.001  0.008 0.015 0.002 Yield bias 0.005 0.004 0.008 0.014

CP fit validation 0.018  0.019 0.035 0.075 CP fit validation 0.027 0.054 0.117 0.033
Tag-side interference 0.028 < 0.001 <0.001 <0.001 Tag-side interference 0.028 < 0.001 <0.001 <0.001

CP violation in BB background | 0.047  0.039 0.060 0.079 CP violation in BB background | 0.019 0.017 0.034 0.001

Residual misalignment 0.03 0.06 0.12 < 0.001 Residual misalignment 0.005 0.003 0.006 0.012

Total systematic uncertainty 0.066  0.081 0.153 0.112 Total systematic uncertainty 0.048 0.059 0.126 0.045




Discussion

» Combined results exhibit tension with the SM expectation with significance
between 1.30 — 2.40

» Extensive validation of the fit strategy did not reveal any major issues
= statistical fluctuation in the data?

» Some tension with previous measurements by Belle and BaBar
= Belle results are in agreement with previous Belle measurement

» Precision still limited = more data needed to reach any substantial conclusions



Post-unblinding checks

Central values off by ~2.30 w.r.t. the SM prediction (stat. only)

S =-0.361+0.16
C =-0.29+£0.13

a. Isitaproblem of the fit?
b. Are we missing CP background(s)?

c. Isitamismodelling of a BB background?
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Post-unblinding checks

Signal-enhanced region:

IAE| < 0.1GeV &
My > 5.27 GeV/c?

[s it a problem of the fit?

» Looking at the raw At distributions in a signal-enhanced region
= we see a non-zero CP asymmetry
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» We conclude that it is not an issue of the fit
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Post-unblinding checks

Sideband region:

b. Are we missing CP background(s)?

My < 5.27 GeV/c?

» Looking in the sideband region we do not see a significant non-zero CP asymmetry
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Post-unblinding checks

b. Are we missing CP background(s)?

> Maybe we are missing something in the simulated BB background?

B"B background composition (MC15rd) B* B~ background composition (MC15rd)

Undefined decay

Undefined decay B* 2 X~y

BYBY ~ 24%

BY Kty
B K" 4 3.5% -
' + 0 b
&
B*—Kiy g
. Others < 1%

Bt K"ty
E 74)?’-#"1\1?“ 5

» Charged B decays (75%) — no TDCP asymmetry expected
» Mis-reconstructed radiative decays (50%) — no TDCP asymmetry expected

> Test by performing CP fits to different components of BB background
— no significant CP asymmetry found
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Post-unblinding checks

b. Are we missing CP background(s)?

Signal-enhanced region:

|AE| < 0.1 GeV &
My. > 5.27 GeV/c? &
r > 0.875 (best r-bin)

» Check for any background structures in data in a signal-enhanced region
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» Good agreement between data & MC in signal-enhanced region
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Post-unblinding checks

c. Isitamismodeling of a BB background?

> Inverted m° veto selection criterion to check for excess of B® - K{ntn~m°
events in the data vs. MC
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» Good agreement between data & MC in this sideband region



Post-unblinding checks

c. Isitamismodeling of a BB background?

> Inverted m° veto selection criterion to check for excess of B® - K{ntn~m°
events in the data vs. MC
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» Good agreement between data & MC in this sideband region
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Post-unblinding checks

Revisited significance estimation

» Initially estimated significance using Wilks’ theorem:

e Belle: 0.130
e Bellell: 2.670

» Alternative estimation using Mahalanobis distance of the likelihoods:

* Nominal fit (§ & €): 2.230
« Dalitz-split fit (ST & S7): 2.37¢

» Situation does not change significantly

(the above does not include systematic uncertainties)



