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- origin of particles generations and the role of

- CP violation and matter-antimatter asymmetry

Leptons

Big questions

flavour

Exploring our universe

> not addressed by the Standard Model
> we need New Physics
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Exploring our universe

Big questions

origin of particles generations and the role of
flavor

CP violation and matter-antimatter asymmetry

> not addressed by the Standard Model
> we need New Physics

Where to look for NP at colliders?

direct searches at the Energy Frontier — direct
production of new particles, limited by the
collision energy

57

indirect searches at the Intensity Frontier —
new virtual particles, even if no new particles
are found, the NP effects can still appear in
high precision measurements as deviation from
SM predictions

X s..>__"f_<s..

Belle 1l is a leading Flavour Physics experiment
at the Intensity Frontier
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Integrated Luminosity in '

First generation B-factories

» Asymmetric beam energies

}L‘ y
e
- boosted collision products e (7GeV) g aGeV) v anti B

-~

Y(4S) - e g
» Collision energy at T(4S) resonance 10.6 GeV X/.( o 8
- o(ete”™ — BB) =1.05 nb

— 50% decays: coherent production of B®B°

. \ » Assets of B-factories
- full reconstruction of one of the B’s, taging the

flavor of the other B - well-defined kinematics of initial state

- high vertex resolution and excellent calorimetry

80— T T T T T - sophisticated particle ID
£ Nobel prize to KM / |
1600~ Decisive confirmation of CKM picture »——
E Observation of direct iy Yy 3
1400 CP violation in B —p+p <« t 7 » Belle@GKEKB and BaBar@PEP-II
1200F- / Excessin k
E B — D(* = - -
E  obeonvationor | Observation of / () v ] past B-factory experiments
10001 Cp violation in b—dy (" Evidence for — . . e
E B-meson system D° mixing 7 - high luminosities:
800 TN "N = -1 -1
E Evidence for E 711 fb~ " ©Belle, 424 fb™" @BaBar
600 Observation of / By =
E B~ KeW / * «__ Evidence for direct E ' i
400 | ; CP violation in B - Kem-  —| > Wide physics program
E " ¥~ Measurements of mixing-induced _ . . -
2001 . CPviolationinB — ¢Kon'Ks, .. 4 — success culminated in 2008 Nobel prize in
E — ] -
o 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 PhySICS

Year — rich legacy left for next generation experiments
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Motivation for another e™e™ flavour factory

probing the Standard Model? — high precision measurements of CKM matrix element

looking for new CP violating phases? — study CP violation in B and D decays

imprint of new physics in FCNC transitions? — examine radiative and electroweak penguin decays
charged Higgs boson? — study tree-level decay B — 7v or B — D*1v

new physics in 7 sector — search for lepton flavor violating T decays

dark matter? — search for hidden dark sector, invisible decays

Belle 1l @ SuperKEKB will address these and other questions with almost two orders of magnitude
larger dataset than Belle4+BABAR
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@ KEK, Tsukuba, Japan

major upgrade of KEKB, first collision in 2018

3 km long circular e"e™ collider + linac

asymetric beam energies of 7.0 GeV (e~ ) and 4.0 GeV (e™)
nano-beam focusing, small interaction point, increased currents
Design luminosity of 6 x 103°cm ~2s~1

higher background

higher trigger rates

Mt. Tsukuba

SuperKEKB
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B-factory of the next generation

Belle 11

successor of the Belle experiment
upgraded trigger system

— allows for the selection of signals that were not possible to trigger at Belle
excellent tracking efficiency and improved vertex resolution

— enables for new measurement approaches

KL and muon detector

Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC
(end-caps , inner 2 barrel layers)

Super conducting solenoid
1.5T B-field

T e —

EM Calorimeter
Csl(Tl), waveform sampling electronics

Particle Identification
‘Time-of-Propagation counter (barrel) TOP
Prox. focusing Aerogel RICH (forward) ARICH
Ceftral Drift Chamber

electrons (7 GeV)

Trigger
Beryllium beam pipe ::w;a::lﬁmx

2cm diameter

Vertex Detector 3 s "
2layers Si Pixels (DEPFET) + Final focus system QCs | POsitrons (4 GeV)

4 layers Si double sided strip DSSD. Set of super conducting
magnets very close to the IP

Central Drift Chamber
Smaller cell size, long lever arm

Belle II TDR arXiv:1011.0352
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Despite the global pandemic, SuperKEKB managed to

Luminosity status and plans

set new peak luminosity records in the past year

https://cerncourier.com/a/superkekb-raises-the-bar/

» Operation plans

long shutdown (LS1) starts from
summer 2022 for 15 months to
replace the vertex detector (VXD)

luminosity above the B-factories and LHC, with a product - additional improvements are being

of beam currents 3.5 times lower than KEKB

new record 3.93 x 103 cm ~2s ™! reached just days ago!

Total integrated Weekly luminosity [fb~!]

Integrated luminosity
m Recorded Weekly

15.0 = [Egscoeadt =370.091b°1]

o 42019 L 2022

Belle Il Online luminosity Exp: 7-25 - All runs
400

Total integrated luminosity [fb~}]

[fb-']
5000
Int. Lumi (Delivered)
1o 2021c 2022ab
4000 o Targot Target
510fb-!
- | 480
3000 [ e
2000 e ————
1000 \ Base
0 en-ma®

discussed

- long shutdown for machine
improvements could happen on the
time frame of 2026-2027

Int. Lumi (Delivered)

20/4/1  21/4/1 22/4/1 23/a/1 24/4/1 25/4/1 26/4[1


https://cerncourier.com/a/superkekb-raises-the-bar/

Only a small fraction of recent Belle Il results will be presented!

>

Belle 11 =
- physics

"engs

...and the selection of the presented analyses is also sligthly biased

The Belle 11 Physics Book


https://academic.oup.com/ptep/article/2019/12/123C01/5685006

Candidates per 1 MeVic2

» Motivation t=

- test of non-perturbative QCD

- large number of charm mesons are produced at B-factories

4

- no D°, D" lifetime measurement from Belle/BaBar/LHCb Vpo
- no A} measurement from Belle/BaBar decay
vertex

V p+ production vertex

Decay vertex displaced by
1
Belle IT + Data 721b ~200/500 um for D°/D*
— 7 ik —Fit
Jra=nntf N T Background
Sooee | DO— Komt
[

. aﬂ
\\f}“‘@ A= pKnt 207 b

10' .

% Belle 11 } Daa
s Ldi=2072 10" — fit
D+ > Kntnt z R | --- Background
z
Z10F |
-7 e é -
107 . ) ) D from D* are selected 8 .
175 1.8 1.85 19 195 2 * i P
Mass [GeV/c?) (D" — D + slow pion) % ETE i

Mass [GeV/e?]



DO —y K-qp+  Bellell

» Motivation [Ldi=7210"

- test of non-perturbative QCD

- large number of charms are produced at B-factories
—

¢ Data
—Fit

-~ Background

—

10

=2 0 2 4 6 8 10 12
Decay time [ps]
Strate
v 2reresy _ _ [PRL 127, 211801]
- 2D fit of decay time and its

uncertainty

- all PDF parameters extracted
directly from the data without
simulation input

At — pK*  [paper in preparation]

Belle I1
Y
A SN
?‘e\\@oﬁé\ / La=20721" |
\
\d t Data
— Fit

--- Background

PRL 127, 211801

1

r g 10
Decay time [ps]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.211801

» Results

- consistent with and the world average

- still statistically limited, dominant syst. uncertainties come from
detector alignment and modelling of background (for D)

— first and most precise measurement in last 20 years
— demonstration of Belle Il vertexing capabilities compared to its
predecessors
Belle Il World average
(D% = (410.5+ 1.1 £ 0.8) fs (4101 £1.5)fs
(D) = (1030.4 + 4.7 £ 3.1) fs (1040 7)fs
(Act) = (204.1 £ 0.8 £ 0.7 - 1.4) fs (202.4£3.1) fs
. At — pKn*
- -y Kot
D0 K D o K™ Goirce Uncertainty [fs]
Source (DY) [fs] ©(D*) [fs] Resolution model 0.46
Resolution model 0.16 0.39 Backgroun(.ls U'ZU,
Backgrounds 0.24 2.52 Detector alignment 0.46
Detector alignment  0.72 1.70 Momentum scale 0.09
Momentum scale 0.19 0.48 Z=. contamination 1.39
Total 0.80 3.10 Total 0.69_1.30

systematic uncertainties
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» Goal

- one of the main targets of Belle Il — mixing-induced CP ‘
asymmetr_y ( go
B° and B° decay to a common CP eigenstate fcp

fer

- CP violation appears as a decay time difference

Aoplil) = T(BO(At) — fgp) — T(BO(AL) — fop)
T (BO(AY) — fop) + T(BO(AL) — fep)

= S sin(AmAt) + A cos(AmAt)

S =-¢sin2p;) forB>JyKg  (¢1=B)

S — mixing induced CPV, A — direct CPV

» Current analysis

- measuring decays to final state D)~ K* /x" (instead of fcp) B~ ~ 0.27

— fully reconstructed hadronic decay vertex — mean vertex separation Az & 130um



» Results

Tgo = 1.499 + 0.013 (stat.) = 0.008 (syst.) ps,
Amg = 0.516 + 0.008 (stat.) 4= 0.005 (syst.) ps~*

- similar uncertainty as Belle and BaBar
» Next steps

- include semileptonic mode D* fv

- measure sin(2¢1) ( = sin(28) )

2500 o e
_ Belle il (Preliminary) 4 pome N
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104

10%

Belle Il (Preliminary)
JLdt=190 b1

—— Combined
--= B°-D""K* +c.c.
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DIK-
¢3 () is a weak phase between b — v and b — c transition AT \
proceeding only through tree-level B~ — D°K~ decays

B
SM benchmark, no theory uncertainties

the phase can be accesed through the interference between two -/
possible paths to the common final state 0K

interference depends on B and D physics

Asnppl“(B* AFK’)
Afavor.(B— —, DOK—)

u
color favored color suppressed
B~ = D°K~ = ViV B~ — DK™ =~ V,, Vi
Aq Aerei(58+G53)

= rge

[floK

i(85+¢3)



¢3 () is a weak phase between b — v and b — c transition

. I8
proceeding only through tree-level B~ — D°K~ decays N 7
SM benchmark, no theory uncertainties < 25, 6=

. © @
the phase can be accesed through the interference between two 0] 2 5-2
possible paths to the common final state E 1_5 ‘ 3
. . £
interference depends on B and D physics csé/m i 4B
Analytical approach E 0.5 2
experimentally challenging due to small branching fractions 05 1 15 2 25 ¢ 3 1

mf ( o) [GeVArc!]

Binned Dalitz plot analysis using B~ — D°h~ with D° — th h
(GGSZ method [PRD 68. 054018 (2003)] )

<
this method is model-independent 018

> =
® 1.6 @
yields in each bin GO, -g
- _ — C 3
N = hg |F; + rg2F; + 24/FF(coxs +5,y.) iz g

oLl

(xe. v2) = rg (cos(y + dg), sin(y + dy))
¢, <1 Do-Do strong phase differences 1 12 14 16 18 ™
(inputs from BES III/CLEQ) m2 (K°K+) [GeVz/Cd]

F: fraction of D decays to i-th bin S



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018

Events / (5 MeV) Pull Events / (5 MeV)

Pull

» combined Belle (711 fb~*) and Belle 11 (128 fb™*) analysis [JHEP 02 (2022) 063]

Belle 1l

Belle

1400 | J Belle . B — D[Kix )
Ldt=7111b -
1200 |-
200 —+— Data 2
1000 — =2
w
800 =
- =
600 - - - q background €
]
400 - - a
B~— D=
200
3
o
B X T 0 0.05 0.1 0.15
AE [GeV]
120 B DKlx K
100 >
2
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B
60 P
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40 g
w
20
______ 4
0
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0 l_-" e, '-_'...‘a-'“_-._-....,-' ate oy, &

-5 701/40,05
B— DK~

[1] 0.05
AE [GeV]

U\ 0.15
B~— Dr-

400 F .
Belle i B - DK x
0 E _[Lul: 128"
300 [ —4— Data
------ B —+Dx
250 | —= B DK
200 | +wemm. BB background
b -~ qbackground
100 - -
” B~— D=
0
5
:
N . b o s,
- Qo 0
i 005 0 005 D01 0I5
AE [GeV]
0 Belle I B - DK 1K
35E  [Lat-128m" '

S

0 orentons

]

-5 : /0—5.
/0

B~— DK~

0 0.05
AE [GeV]

‘0\1 0.15

B~— Dn~

Belle:
Ksorrr: 1467 = 53
Ks'KK: 194 + 17

Belle Il :
KsOrrrr: 280 + 21
KsOKK: 34 +7


https://link.springer.com/article/10.1007/JHEP02(2022)063

;
Belle + Belle lI

» Results 0.8f (Ldt=:7n+|2&}fb‘

— 06}

O
8l = 124.8 £ 12.9 (stat) +0.5 (syst) + 1.7 (ext) < 04 66.9%
D% = 0.129 £ 0.024 (stat) +0.001 (syst) =0.002 (ext) 0ak / \
Y1 =784+ 114 (stat) £0.5 (syst) = 1.0 (ext) o 95.5%, \ ‘

0 50 100 150
o, [

» Many improvements with respect to the previous result from Belle
- use of D(KQK ™ K™) channel
- improved suppression of continuum background
— improvevent equivalent to doubling the statistics
- reduction of systematics thanks to latest inputs on strong phase from BESIII
- fractions F; obtained directly from simultaneous fit to data (LHCb strategy)

- expected reduction of statistical uncertainty to < 3° with 10 ab™! and using more D final states
(but still will be statistically dominated)
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Next-to-minimal dark photon model

dark photon (A’) couples to the SM photon via kinetic mixing
parameter ¢

A’ mass can be generated via spontaneous symmetry breaking
mechanism

— a dark Higgs boson (h’) is added to the theory [PRD 79,
115008 (2009)]

h’ does not mix with the SM Higgs

both particles A’ and h’ can be produced via dark
Higgsstrahlung process

Mass hierarchy scenarios
my > my: h'— A’A’ — 47, 4had, 2¢ + 2had = 6 charged tracks
Investigated by BaBar (2012) and Belle (2015).

myy < my: h'is long-lived and thus invisible = 2 charged tracks
Partially constrained by KLOE (2015).

M n'



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.115008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.115008
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New result from Belle 11
using 8.34 fb—*

upper limits are set on o

aper in preparation
and €ap [pap prep ]

covered region of masses
1.65 < M,/ < 10.51 GeV
and My < Mys
90% CL UL on o ranges
from 1.7 to 5 fb

Belle Il 90% CL UL
[ cat=8.3amb!

IS

My, [GeV/c?]

o

4< My <9.7 GeV

S—— 100
the most sensitive region e 7 A \"\“’
My [GeV/c
My < 4 GeV

low sesitivity due to
trigger efficiency

Mpr > 9 GeV
large dimuon background

unique results in previously unexplored regions

90% CLUL

Cross section [fb]

[cdt=8.34f0"

5
Ma [GeV/c?]

Cross section [fb]

90% CLUL

Cross section [fb]

[cdt=8.34fb7" Ma = 2Gevic?
—— My =4GeV/c?

My =6Gev/c?
— My =8GeV/c?

My [GeV/c?]




Lepton masses are fundamental parameters of the SM
me = (0.5109989461 + 0.0000000031) MeV

o000 |- Belle Il (Preliminary) — "Cﬁ‘:“‘
m,, = (105.6583745 + 0.0000024) MeV o fiamase
= / ,
1000 J(}/\‘" h
Pseudomass measurement at Belle 11 o - - - "
Q¢ s
method developed by ARGUS collaboration P o FH s ~mw.u.m.!
measured in 7 — 37v decay channel o Ny e T
T mass can be calculated as (h < 37) aoo.LuT N et (rotmnar)
m? = (P, +P,)? = g H Ph fuazsow
2 - I 3 a0}
= 2E,(E — Ey) + mj — 2|4 |(E- — Ey)cos(php2) e s
since the direction of the neutrino is unknown, cos(py, p,) =1 3 , | tow A
is taken and M,,;, is defined as gt [t \‘\g
2 2 = 2 St
Mrin = 2E4(Ex — Ep) + my — 2|4 |(E- — Ej) < m7
the M,,;, distribution is then fitted to an empirical edge 3 §EH” *UH“HHNU **H t“‘
function, and the position of the cutoff indicates the value of -2 t t t
1.7 172 174 1.76 178 1.8 1.82 184
the 7 mass M, [GeVic?]
Belle 11 measurement from 2020
Challenges of the measurement
) - o . Xiv: X
find the most accurate empirical fitting function arXivi2008.04665

properly evaluate the estimator bias


https://arxiv.org/pdf/2008.04665.pdf

The goal is to achieve best precision among pseudomass measurements
best measurement from pseudomass technique by Belle

world-leading result by BES IIl using a different method (measurement in the production threshold)

Belle Il measurement from 2020
statistically dominated and in agreement with the world average
—

systematic uncertainty at the level of Belle
—

& 1F

PDG average ::1776.86 = 0.12 MeV/c? «— I ¢ Bellell
© .
; 08l - luminosity projection

BES Il (2014) 176,912 0.12 2 013 MeVic? > 08 ersmeveearsmy
2 .

o ARGUS (199217763 2 24 = 1.4 MeVic? c 06
S
@
Belle (2007) §1776 61=0.13 = 0.35 MeV/c® S

@ 04
o
o An 31 MeV/c* @ 50 [ib)

BaBar (2008) ££1776.68 = 0.12 = 0.41 MoVlo® -
= odl 4022 MoViEE @ 100 (1]

Belle 11 (2020) % 777.28 = 0.75 = 0.33 MeV/c? 7 [ 4018 MoVic? @ 300 (1)

— (213/fb) -
L L L ‘\\NL L 0 L L L
1773 1774 1775 1775 1777 12778 1779 1780 178 10 1 02 1 03
m, [MeV/c?] Luminosity [fo™]

Tau mass poster (TAU2021)


https://indico.cern.ch/event/848732/contributions/4529331/attachments/2319376/3949084/PosterTauMass.pdf
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Important SM parameter

its precision affects LFU measurements, as(m-,), etc.

World-leading measurement by Belle

uses a 3 X 3 topology, with both tau leptons
decaying to 37v

7, = 290.17 + 0.53(stat) £ 0.33(syst) fs

Belle 1l approach

reconstruct vertex for 3-prong 7

only one 3-prong 7 — higher statistics
estimate the 7 momentum

hadronic decays in both sides

find the production vertex

intersection of 7 momentum with the plane IPy

Greatest challenge of this method

the 7 momentum estimation and reconstruction of
the production vertex

OPAL (1996)
—eCLEO(1996)
ALEPH(1997) o,

13 (2000)
. . DELPHI(2003)

Belle (2014),-as
PDG average:
T = (290.3 £ 0.5) f5

2 PDG average

1 | Lot e L L Ll
28PRI5 122:0318081 (20149, #8Xiv:1310.8503

3-prong

hadrons


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.031801
https://arxiv.org/pdf/1310.8503.pdf

> The measured lifetime presents ~ 3 fs bias
s Belle Il MC measurement (generated value: 290.57 fs)
r, = 287.2 £ 0.5(stat) fs - ISR/FSR losses — underestimation of the proper time
- an intrinsic bias in the measurement

» Further studies to estimate systematics
(compared to 711 fb~*

test dependence on the resolution function in the fit
used at Belle)

- beam-spot position
- ISR/FSR simulation

vertex detector alignment (dominant systematic uncertainty

at Belle)
Tau lifetime poster (TAU2021)
10°
Belle 112020 (Simulation) #&  } cmcall o
PR Belle Il 2020 (Simulation) DMC total un q=uds
0‘ —— Belle resolution (2014) ok [ et
£ 5wl
© g
> E 10°
2 =
[ g
o w o
10
1 y 1 ﬂﬂ fooa, I
1500 400 300 200 100 0 100 200 300 400 500 00 50 o 50 1000 1500 2000 2500 3000
©3-prong (et - ct®") [um] T 3-prong t [fs]


https://indico.cern.ch/event/848732/contributions/4529332/attachments/2320446/3951149/TAU2021_poster_taulifetime.pdf

Three lepton generations: e, u, 7

different masses

different and separately conserved lepton numbers

the coupling of leptons to W bosons is flavour-independent, g. = g, = g~

Anomalies in quark sector
R(D) — R(D*) plane (3.10),
R(K) (3.10), also P} in B — K*utu™ (3.40)

» LFU tests with 7 decays

- e — p universality

and more..! (52)7 o BRC_—p_tuvr)
ge ), BR(T— e vevr)

Significant tensions in lepton sector - 7 — p universality

anomalous magnetic moment of p (4.50) and e (2.50) (gq— )2 BR(r—hvy)

g: ) & BR(E>por)
% F T T T T ] R
T g v 8¢ =10 contoers 3 » Most precise measurements (BaBar)
: b (&) =1.0036 +0.0020
035 o O 3 ge ) . : :
wETT ﬁ/ 3 — in agreement with the SM
oasf | ’ e s ] (g—;)h = 0.9850 + 0.0054
E SN e HFLAV icti
02f +§(}?y"ﬂ2§:«%(( — 2.8 o below the SM prediction
E. . o | PRL 105:051602 (2010)

L
03 04 0.5

o
o


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.051602

» Use 3x1-prong and 1x1-prong 7-pair events

e” vy
1-prong 3-prong
f :
-
“, //’F )
\\f// 3t +na®

- 4x higher efficiency with better purity
compared to BaBar for 3x1

e L

1-prong 1-prong a
X v
g S v

e =y,

SN

- better performance for e — p and
very close for ;1 — ;1 compared to CLEO

Belle Il Simulation

e T (e )T (4p7Tv)

Belle Ii Simulation
035

BELLE2-NOTE-PL-2021-009

efficiency

© CLEO (PhysRevD.55.2550)

efficiency

BDT + BDTLID Ve
o CLEO (PhysRevD.55.2559)

Ge6 0k 080 092 00d
purity

096

098 100

Belle 11 and CLEO performance for 1x1

070 075 080 085 090 095
purity

» Main challenges of the analysis

- select signal with the highest possible purity

—

(BDT-, likelihood-based)

—

(NN, BDT)

- reduce the LID systematic uncertainty

— main systematics source at BaBar

e*e T (op V)T (- V)



https://docs.belle2.org/record/2644/files/BELLE2-NOTE-PL-2021-009.pdf
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new measurement of the inclusive B — X.fv with tagged method at Belle Il
novel idea: reduction of HQE parameters (13 — 8) by reparametrization — [arXiv:1812.00747]

arXiv:2107.02373
unique capability of Belle Il to study all the B — 7, pp decays to determine phase ¢2 ()

20% precision improvement with respect to Belle at the same luminosity

arXiv:2104.12624
probing of a FCNC decay

novel inclusive tagging technique at Belle II — signal efficiency 4.3% (compared to at best 0.2%
efficiency of the previous measurements by Belle and BaBar)

e"e” — ptpu~Z',Z' — invisible (0.28 fb~') — [PRL124 (2020), 141801]
Axion-like Particle (ALP) search in ete™ — a(— ~v)v (0.44 fb~*) — [PRL125 (2020), 161806]

...and more analyses published and in progress!


https://arxiv.org/abs/1812.00747
https://arxiv.org/abs/2107.02373
https://arxiv.org/abs/2104.12624
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

> Belle Il is a B-factory of the next generation
- setting peak luminosity records thanks to nano-beam scheme

- opening new possibilities for measurements thanks to upgraded trigger, vertex resolution and
tracking efficiency

» Belle 1l contributes to wide range of physics topics
- D° D" and A} lifetime measurements

- BO lifetime and mixing frequency

- measurement of ¢3

- dark Higgsstrahlung

- the 7 mass measurement

- the 7 lifetime measurement

- lepton flavour universality in 7 decays

- ...and various other topics

Stay tuned for more exciting results!



Thank you for your attention



