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Outline

1. The why: flavour physics in e*e~and Belle Il

2. The what: general methods and recent highlights
* B-physics primer
* B-physics
* CPviolation examples
e Rare decay

* More than B physics

* T lepton-flavour violation

3. The future and conclusion



Part |: the why



Discovery in flavour:
CKM matrix

* Two by two mixing matrix
proposed by Cabibbo

Kobayashi-Maskawa proposed
third generation to explain
observed CP violation by
Cronin and Fitch

* 3 x 3 unitary complex matrix

4 parameters
3 mixing angle and @

* Intergenerational coupling \ ]
Responsible for
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Visualising CP violation: the unitarity triangle

1) | 1-22%/2 1 /M3(,0—i77)\ A =sin6, = 0.22
- 1-4%/2 A2* |HO(AY)
AV 1= p—in] | -4 1 )

2) Exploit unitarity (1%t and 3" col.) VuquZ + Vch; + thVtZ =(




Over constraint — loop sensitivity
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

e

- Y(13) Y(45)
wh on-resonance
— I "Here be B"
=
I= off-resonance
i Y(25) "B free zone"
T 1oF : i
L Y(358)
13
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N Y
LR ] _-'r'r-_,, -'-. "u
| continuum background
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e"e- Center-of-Mass Energy [GeV]
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

* Advantages compared to proton-proton
* Low average multiplicity — neutral reconstruction
* Constrained kinematics — good missing momentum reconstruction
* Correlated BYB? - high flavour-tagging efficiency
* Open trigger — 100% efficient for almost all B decays
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

* Advantages compared to proton-proton
* Low average multiplicity — neutral reconstruction
* Constrained kinematics — good missing momentum reconstruction
* Correlated B°B" - high flavour-tagging efficiency
* Open trigger — 100% efficient for almost all B decays

* Disadvantages compared to proton-proton
* Cross section — 150,000 times smaller
* No B, B_, or A, produced — can run at Y(5S) for B,
* No boost in the c.m. frame — partially overcome by the asymmetric beams
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Detectors and data samples

e Belle + BaBar collected
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay
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Detectors and data samples

* Belle + BaBar collected
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay

e SuperKEKB + Belle |l@KEK, Tsukuba

* nanobeam scheme to increase
instantaneous luminosity by factor 30
to collect multi-ab™tsample

e World record 4.7x103%4 cm~2s71
e Target 6x103°> cm—2s!
« Run 1 (2019-2022) 362 fb1at Y(4S)

* +42 fb 1 off-resonance to characterize
continuum

* + Run 2 (2024-) so far another 175 fb™!

5/1/2025 HSF-IITM

11



Detectors and data samples

e Belle + BaBar collected | !Belle ]
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay

e SuperKEKB + Belle I|l@KEK, Tsukuba

* nanobeam scheme to increase
instantaneous luminosity by factor 30
to collect multi-ab™tsample

* World record 5.1x103% cm=2s1
e Target 6x103°> cm—2s!
e Run1(2019-2022) 362 fb~! at Y(4S)

* +42 fb 1 off-resonance to characterize
continuum ‘

 +Run 2 (2024-) so far another 175 fb2 Belle

Sur:»er conducting coil

83 CSl 158

Barrei PID

PXD(2 layers)
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Part Il: the what



B-factory analysis essentials 1 —
beam constrained kinematics

[ BB background

— [ 1 [

S L Signal

S Well-known Continuum
@ [ Signal beam energy BB background
c [ Continuum - .

-

@)

@)

- ’ ' $ ; ’ -0. . i 0.1

0.2 0.3
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B-factory analysis essentials 2 —
continuum suppression

* In the c.m. frame B mesons almost
at rest when they decay

* isotropic distribution of particles

* |In the c.m. frame continuum qqg
back-to-back

* jetlike distribution of particles

5/1/2025 HSF-IITM
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B-factory analysis essentials 2 —
continuum suppression

* In the c.m. frame B mesons almost
at rest when they decay

* isotropic distribution of particles

* Inthe c.m. frame continuum aq Belle Il Preliminary [cdt=362fb}
back-to-back R
* jetlike distribution of particles [ ---- Continuum W SxF

N
. g | —— BB { Data

* Shape variables, e.g., thrust and S 150
Fox-Wolfram moments, help 5
distinguish topologies "
. . )
* |deal task for machine-learning =
e Output oft used as a fit variable L5
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B-factory analysis essentials 3: hadronic tag

* Full-reconstruction of one B decay B->Dn
in a large number of high BF modes .. tagdecay
on one side :

e B> DMOmm*nn®, where m>1 n >0

* Reconstruct other B as signal with
missing energy

5/1/2025 HSF-IITM 17
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B-factory analysis essentials 3: hadronic tag

* Full-reconstruction of one B decay
in a large number of high BF modes
on one side

e B> DOOmm*nn®, where m>1 n >0

* Reconstruct other B as signal with
missing energy

* Machine learning algorithm used to
boost efficiency as much as possible B* —= K* 7= p*
 Comput. Softw. Big Sci. 3(2019) 1, 6

e Total efficiency < 1% but a powerful
tool

* Requires calibration Ty

5/1/2025 HSF-IITM 18
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B-factory analysis essentials 4 —
vertexing and flavour tagging

B° T > fcp

\ 2, X ‘th‘ZQZiqbl




B-factory analysis essentials 4 —
vertexing and flavour tagging

oy
+

Coherent
evolution

A



B-factory analysis essentials 4 —
vertexing and flavour tagging

Belle Il simulation

T > fcp . S —— All
2 2[ ~ 6000 | _ RO
\ IZ/ Veal“e b S soo | e
l+ 24000;
Coherent / I~ % 3000
evolution :<‘KO g
— S O
e (7 GeV) ‘ e+(4 GeV) i
D_+ i BO-like <—— Qrgrlar —» BO-Jike
I\\ l’l |
i : : SN : Graph-neural-network
Flavour-tagging k.ey' v | approach has improved our
leptons, kaons, high v . tagging by 18%

momentum tracks etc €(1-2w) =37.4%
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Phys. Rev. D 110, 112002 (2024)

Time-dependent CP violation - B® - 'K

 Decay may also have a BSM phase as it is
a gluonic penguin

* alter the value of ¢, from that measured in
b — cCs transitions such as B® - J /K¢

5/1/2025 HSF-IITM
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https://link.aps.org/doi/10.1103/PhysRevD.110.112002

Phys. Rev. D 110, 112002 (2024)

Time-dependent CP violation - B® - 'K

 Decay may also have a BSM phase as it is
a gluonic penguin

* alter the value of ¢, from that measured in
b — cCs transitions such as B® - J /K¢

. Reconstructlngr] - n(yy)ntn~ and

n' = p(r*m™)y we select 829 + 35 events
in 362 fb™! sample

* 3D fit to AE, myz-and continuum suppression
output

5/1/2025 HSF-IITM
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https://link.aps.org/doi/10.1103/PhysRevD.110.112002

Phys. Rev. D 110, 112002 (2024)

Time-dependent CP violation - B® —» 'K
q r
» Decay may also have a BSM phase as it is , @B\i‘g g
a gluonic penguin , A

* alter the value of ¢, from that measured in BY 3 W= fi K°
b — cCs transitions such as B® - J /K¢
* Reconstructing n' = n(yy)r*n~ and N ez’
- 15 ]

77 — p(m*m™)y we select 829 * 35 events
in 362 fb™! sample :

* 3D fit to AE, mgz.and continuum suppression
output

* sin 2¢, = 0.67+0.10+0.04

e Consistent with current HFLAV average
and that from b — ccs result

Entries per 0.64 ps

Asymmetry

5/1/2025 HSF-IITM



https://link.aps.org/doi/10.1103/PhysRevD.110.112002

a/¢,: BO>mo7"

* a/¢d, now the least precise angle of
the unitarity triangle

* |sospin relations among all B>
branching fractions and CP
asymmetries provide constraints

e Gronau and London PRL 65 3381 (1990)

e Weakest link: BO=> 7o

5/1/2025
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.3381
https://arxiv.org/abs/2402.17260
https://arxiv.org/abs/2402.17260
https://arxiv.org/abs/2402.17260
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Phys. Rev. D 111, L071102 (2025) @

a/¢,: BO>mo7"

* a/¢d, now the least precise angle of

the unitarity triangle L i > 7 EmTEE
* |sospin relations among all B>nmt 3 ol s 0 f+ }
branching fractions and CP 3 D of T
asymmetries provide constraints g 3 onti
e Gronau and London PRL 65 3381 (1990) S

e Weakest link: BO=> 7o

[ S —— s
e New result from Belle || g% E S ——————
.. . . . Z= 52 5215225235245255.265275285.29 53 E@
* 4-Dfitincluding tagging probability M, [GeV/ic?] ©
* Graph-neural-network based tagger Beam-energy constrained Transformed wrong-
* 18% more powerful than before 7on? invariant mass flavour-tag probability
e arXiv:2402.17260 [hep-ex] (acc. PRD) 020 .
. . . Cff — . -
* 30% reduction in a uncertainty B = (12677, £ 0.11) X 10

Acp = 0.06 = 0.30 = 0.06
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L071102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L071102

BT — KTvVv: Motivation

el

fo f
‘ij;z: /w

* Well known in SM but very sensitive to BSM enhancements — 3" gen
e B(B>K*vv)=(5.610.4) x 107° [arXiv:2207.13371]

5/1/2025 HSF-IITM
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https://arxiv.org/pdf/2207.13371.pdf

%

BT — KTvVv: Motivation

Ghe

.
]I

* Well known in SM but very sensitive to BSM enhancements — 3" gen
 B(B>K*wv)=(5.610.4) x 1076 [arXiv:2207.13371]
* Challenging experimentally

e Low branching fraction with large background
* No peak —two neutrinos leads to no good kinematic constraint

5/1/2025 HSF-IITM
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BT —» K*vV : Analysis strategy

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency)

* many common features except tag



B* —» K*VV : Analysis strategy .. . .
7 e s K%-u
4

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency) g p107

* many common features except tag

e Use event variables to suppress background

o))
(9]
=
[
5 =
%
a

-
1HC)
 Tlie
[T]
: ] -+
L
[ 5

TTTEL

fraction of events
[1-9
e
+
=
2=
F oz
£ =
b3
)

* Inclusive:
1. preselect events where missing momentum and signal kaon o
0.0 0.2 0.4 0.6 0.8 1.0
well reconstructed : haHC

2. First boosted decision tree (BDT1): 12 variables
3. Second BDT2: 35 variables — 3 times sensitivity
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BT —» K*vV : Analysis strategy

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency)

* many common features except tag

e Use event variables to suppress background

* Inclusive:

1. preselect events where missing momentum and signal kaon
well reconstructed

2. First boosted decision tree (BDT1): 12 variables
3. Second BDT2: 35 variables — 3 times sensitivity
4. BDT2 fit extraction variable in bins of vv mass-squared — g?
* Hadronic tag: single BDT for fit
e key variable any additional calorimeter energy other than K+tag

5/1/2025 HSF-IITM
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n G000 E
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4000 B
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2000 .
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B*™ —» K*vV: Inclusive signal extraction

Candidates

nw(BDT3)
0.92 0.94 0.96 0.98 1.0

4000 - - -

" Belle II preliminary [ +¢ B s

i simulation mm BB i
3000 | T A

- B cc [ Signal [x50]
2000
1000

0
1 4 8 2511 4 8 2541 4 8 251 4 8 25

Grec [GeV?/c]]
(3 binsing®__ ) x (4 binsinu(BDT,))

* 1 signal and 7
background templates
from simulation

e corrected using control
samples

* Profile maximum
likelihood fit inc.
systematic uncertainties

e Continuum template
constrained by off-
resonance

32



B* — K*vVv: Inclusive signal extraction

u(BDT5)
0.92 0.94 0.96 0.98 1.0

4000 * 1 signal and 7

backgr.ound t_emplates

Belle II preliminary [ +7 B ss
simulation  —my 500 i

* Two questions
e 1.Is the signal efficiency, i.e., BDT, well modelled?
"2 Is the B background understood?

e Continuum template
- - : constrained by off-

-1 4 8 2501 4 8 251 4 8 2501 4 8 25 resonance

Grec [GEV?2 /]

(3 binsing?_ ) x(4binsin u(BDT,)) 33

rec



B* —» K*vv : Efficiency validation

Rest of the event

- "
-
+
L dly B
- K+
|
Rest of the event
B~ el
L/ B+
7
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B* —» K*vv : Efficiency validation

5/1/2025

Rest of the event

6000 Belle II preliminary f Ldt =362fb "
5000 4 &
9] B 8
Q 4 < 1000 |
TA000p T <
= S
ggooo/ 0 o oot et WA i
= /] 0.0 0.5 1.0
O 2000 [ BDT; (BDT; > 0.9)
/ —B" — Kt J/¢ Simulation § BT — KT J/¢ Data \
1000 / BT — K™ J/¢ Simulation § BT — KT J/¢ Data \
Bt — KTv i Simulation
O :/ | PP ] a L‘m—l—‘{:{_.\
0.0 0.2 0.4 0.6 0.8 1.0
BDT,
Ratio between selection on data and
simulation for the control sample 1
with 3% uncertainty
HSF-IITM 35



BT - K*vv:
>90% background from B—>D(K*X)lv + B >D(K, X)K*

% 10P 1 KO hxl(l‘
2.0 N * Belle II preliminary - T MC 5 Belle IT preliminary I B with D—K X
i fﬁ(_]r.:;](j'Zﬂ;_r‘ I ; i)‘ - 1.25 fume [L£di=362fb" @M B without D—K; X
n 15F 1(1“' ] ! E Continuum
o DT 7/ Stat. unc. Z 100f } Data
,;FE H 0w N “«7» MC stat. unc.
= 1.0 4}; 0.75
= i = 050 Pion sideband
G ~ oy
© 05} 2
[ © 0.25
0.0 . 0.00
1 5
=l J..t) % -} :
2|8 5 0F
ﬁ_(}.Sz/é:""""""""""" D"__E...|. ..... L=«
0.5 1.0 1.5 2.0 2.5 0.92 0.94 0.96 0.98 1.00
Mg+ x- [GeV/c?| w(BDT>)

e KX system agrees well between data and MC
* Prompt K* production studied using prompt rt* from B*—>mn*X decays

* Systematic uncertainties on decay branching fractions, enlarged for D>K X
and B >D**| v
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BT — K+vv Results

#(BDT?)
V.YZ 0.94 0.96 0.98 1.0
g : Belle II preliminary B B Kt
L :  Belle Il preliminary m B* —K*w 100 - JL£dt=362b1 — Bf.t‘_} "
& P [Ldt=(362+42) 6" mmm BOBP 5 .
= 2000 ' : mm BB = -
= HEl Continuum __é l { Data
.E t Data % 50
&S 1000 O
Inclusive t?ag
5 , _
= | SRR W R—— - »
A~ _B S ! i I ! i | I i I ! ~
-1 4 8 251 4 8 251 4 8 251 4 8 25
e [GeV ]
BF;,. = (2.7 + O 5(stat) + 0.5(syst)) x 107>
— +0 8
BFy,q = ( o2 (stat)” (syst)) X 107°

BF .omp = (2.3 + 0.5(stat)f0j4 (syst)) x 107>
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B - K+ vv RGSUltS Phys. Rev. D 109, 112006 (2024)

#(BDT?)
U.Y2 0.94 0.96 0.98 1.0
: : Belle IT preliminary
300( : - 362 b
St ; Belle Il preliminary il Bt —K "w 100 J Ldt=362fb"
! [Ldt=(362+42)fb" =, B°B° i{
S 2000 : B BB =
E Hl Continuum __E
Fg $ Data % 50
&S 1000 O
. Inclusive tag .
5 - 2 — 5 r
= S TR I N ye— B0 e
~ _5 : | I i I | i | I ! | | —D L - L 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0

-1 4 8 251 4 8 2511 4 8 2541 4 8 25
Grec (GeV?/c]

BF;,. = (2.7 + O 5(stat) + 0.5(syst)) x 107° Combined result

BFhaa = ( 0. (stat) Xy 8(5y5t)) X 107> Evidence @ 3.50
BFcomb = (2-3 i 0.5(stat)*9> (syst)) X 1075 'gnZSI;: with SM (0.6x1075)
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Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction

5/1/2025 HSF-IITM
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Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction

* Third-generation therefore beyond-SM-
sensitivity anticipated
* Any observation of lepton-flavour violation
in T3, T2 Uy, T=>ld etc new physics
* SM highly suppressed

* Connections to g-2 and lepton
universality violation in b decay

5/1/2025 HSF-IITM
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Why t physics at the Y(4S)?

* The centre-of-mass energy
of the B factories process
ete”™ - Y(4S) - BB has
comparable cross section
toete” - qq,q =
u,d,s,c a.k.a.continuum

Non Bhabha cross section in nb

ete” - uu(y)

+ ,— + o B
©e - "1‘:5()’) 0.92 ete” - dd(y)

p ..\....‘.."x.___\_..\....\ »ﬂ . 4 0 . 3 8
>~ N + .— —
/ e'e” —ss
s ()
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Why t thSiCS at the Y(4S)? Non Bhabha cross section in nb

* The centre-of-mass energy ete- = Tt (¥)
of the B factories process
ete”™ - Y(4S) - BB has
comparable cross section
toete” - qq,q =
u,d,s,c a.k.a.continuum

. . \ ete” - uu(y)
©e - ”1‘:5()’) 0.92 ete” - dd(y)

»0_4 0.38
SN te~ - s5(y
-l / ete o5
_ ‘ 1.3 ( )
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e Similar cross section for
ete” -1t~
* 920 million tau pairs per

ab™! of integrated
luminosity



JHEP 2024, 62 (2024)

T->3u— lepton flavour violation search

* Inclusive tag of the non-signal t R e
to increase efficiency — e =
multivariate = é“
@

Event

H


https://link.springer.com/article/10.1007/JHEP02(2015)121
https://cds.cern.ch/record/2883172
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://link.springer.com/article/10.1007/JHEP09(2024)062

JHEP 2024, 62 (2024)

T->3u— lepton flavour violation search

* Inclusive tag of the non-signal t RS LR SO
to increase efficiency — st “w
multivariate of . :
—e
* Cut 'n’ count in 2D plane of Event ’
* M;, and AE = E3 -Ep ., (inc.m.)
. Sldeband derl\ﬁd background
estimate 0.5 _o5 events . [, T S = 04 Bellel Preliminary) 5
= qp f Cdt = 424 fh- 0] Sial = t-'nuialll-:tn J:Ir ah —_— ;?clllebandg
* One event observed S gl vy
* World best limit . 5
* BF <1.9x10°8(90% c.l.) ) .
* Area of competition | b % 2o
* LHCb BF <4.1x10°% (Run 1 only) T T BY:
e CMS BF < 2.9x10-8 (Run 1+2) T Tl Ll | T
e _,I L oyt s A
R O I Vi G
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Epilogue: the future



Total integrated Daily luminosity [fb—1]
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* 93 publications already
o « Still along way to go
* Detector upgrade planned for early 2030s
* 10s of ab! by the 2040s
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https://www.belle2.org/research/physics/publications
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Conclusion

A brief tour of the why and current Belle Il physics
 Highlights: CP violation and tau/low multiplicity physics

* Finishing analyses with the Run 1 data + Belle

* More data and better understanding of SuperKEKB during
Run 2

* Life at the intensity frontier is hard but hopefully we will enter
the 103> cm=2s ! era soon in Run 2
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