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Introduction

Standard Model

Decades of precision tests

® Enormous progress on measuring parameters
and verifying predictions
® But SM is not complete
o Ongoing search for BSM physics
® Direct production at energy frontier has

yielded no unambiguous evidence
o  Nothing from ATLAS, CMS...

But indirect searches at the intensity frontier have
uncovered intriguing flavor anomalies...

Known physics
(SM)

Interaction strength

Unknown physics
(BSM)

Energy scale



Introduction

Flavor anomalies
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Introduction

Flavor anomalies
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Introduction

Flavor anomalies

B(B - D®1~1,)

D)) = .
RID™) = BE = Do)
(£ =e,p)
B(BT™— Ktutu~)
K —

B(BT— KTete)

Other b — stf anomalies in angular observables.

Global tension may be over 5¢

A coherent picture is emerging... lots of
excitement! Need more data...
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Introduction

Intensity frontier i

More data to confirm anomalies

® These anomalies are seen in rare B meson
decays
® We need huge, pure collections of B mesons...
® Atthe B Factories, a pair of B mesons is produced
in “clean” events e*e” — 1(4S) — BB
o BaBar (1999-2008): 433 fb™! (470M BB)
o Belle (1999-2010): 711 fb! (771M BB)

® LHCb (current) is largely complementary

A luminosity upgrade to Belle...



Introduction

SuperKEKB

Upgrade to KEKB

® Asymmetric e'e” collider at 10.58 GeV [1(4S)]
® Increase instantaneous luminosity by 30

® Largely accomplished via nanobeam scheme

o Gy*: 940 — ~50 nm



Luminosity CERNCOURIER

ACCELERATORS | NEWS

Plan and records SuperKEKB raises the bar
el 22 Auguist 2021

® Goal: 50ab !integrated (>50Bn BB)
® Operating since 2018

® World record instantaneous luminosity set by
~50%
o  Was: 2.1x10%*cm ?s!
o  Now:3.1x103*cm2s™

® Along way to go!

ol

® Will review some early results and near-term

Takahashi / KEK

prospects today...
On 22 June, the SuperKEKB accelerator at the KEK laboratory in Tsukuba, Japan set a

new world record for peak luminosity, reaching 3.1 x 1034 cm™ s™ in the Belle I

detector. Until last year, the luminosity record stood at 2.1 x 1034 cm™ s7%, shared by the

8



Luminosity plan
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Belle Il upgrades

Central beam pipe: decreased diameter from 3cm to
2cm (Beryllium)

Vertexing: new 2 layers of pixels, upgraded 4
double-sided layers of silicon strips

Tracking: drift chamber with smaller cells, longer
lever arm, faster electronics

PID: new time-of-propagation (barrel) and proximity
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and
processing with legacy CsI(Tl) crystals

K, and u: scintillators replace RPCs (endcap and
inner two layers of barrel)




Belle Il physics program: not just flavor anomalies
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Belle Il physics program: not just flavor anomalies
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B factory essentials

Kinematics

Basics

Pyas) = Pe*P.
® 7(4S) frame (COM) is static
o Butboosted in lab frame
o BB fly back-to-back in COM frame (p.,
exaggerated in figure)
o B frame is not a priori known
® Full kinematic reconstruction of a single
neutrino is possible
® Boost allows for identification of displaced B

vertex

B tag

B

sig

14



: (a) [ T T T ]
B factory essentials il il
. . % o ) u
Kinematics = s0f + i
< . 4
Key metrics of kinematic consistency § 2L + PO
m [l [T L. |
10 Ht S
®  Beam constrained mass (m, = m, for correctly reconstructed B) I LN
0 fedasiacwp® 1 Wy
. 2 2 5.25 5.26 5.27 5.28 5.29
Mpe = \/Egeam - D % mg. (GeV)
® [Energy difference (AE = 0 for correctly reconstructed B) (b)

AE = E;? T EI:eam

®  Missing mass squared (mmiss2 =0 if reconstruction is

complete/correct except for a single missing massless)

Events / 20 MeV

0
010 -005 000 005 0.0
AE (GeV)



B factory essentials

B tagging i
Overview

® Identify BB by reconstructing one of them e

o Isolate Bt
ag

© B, information constrains B By

® Always a trade-off between efficiency and information
(incl. purity, signal-side kinematic resolution, etc.)

® [n Belle II, Full Event Interpretation (FEI):
o Hierarchical reconstruction of ~10,000 decay modes
o  Extensive use of machine learning
o  Semileptonic and hadronic tag modes
o Increase in efficiency, comparable purity

Efficiency €
UOT}RULIOJU]

16



B factory essentials

Continuum

® Copious production of e’'e” — qq
® BB events are typically spherical while gg are typically
more back-to-back

® (Continuum suppression typically employs machine

learning trained on many event shape variables

® Tagging can also substantially reduce continuum

® Off-resonance data used to describe and constrain

continuum

17







Early physics results

B — Kvv

arXiv: 2104.12624
Search for Bt — K*vi decays using an inclusive tagging method at Belle II
F. Abudinén,** 1. Adachi,?"!® K. Adamczyk,®® P. Ahlburg,®® H. Aihara,''* N. Akopov,'?® A. Aloisio,®” %7

N Anh Kv3412 D M Asner2 H_Atmacan 100 T Anshey 23 V_Anshey 79 A Ranr 10 V_Rabn 10§ R 48
First B-physics paper at Belle 11 U
Z
v
® Search for flavor-changing neutral current W
® Complementary probe to BSM from b — sl
b > > > S
® A channel unique to Belle II u,c,t
® A new technique for this analysis: inclusive tagging (a) Penguin diagram
® Train signal classifier based on event shape 7] v
[

Signal extracted from 2D fit in p.. vs. classifier bins

(b) Box diagram i


https://arxiv.org/pdf/2104.12624.pdf
https://arxiv.org/pdf/2104.12624.pdf

Early physics results

B — Kvv
Results

® Results competitive with previous
measurements despite 1/10th data

®  Statistically limited for now

arXiv: 2104.12624
Search for Bt — K*vi decays using an inclusive tagging method at Belle II

F. Abudinén,** 1. Adachi,?"!® K. Adamczyk,®® P. Ahlburg,®® H. Aihara,''* N. Akopov,'?® A. Aloisio,®” %7
34,12 2 100 23V Anshey ™ A Ranr 10V _Rahn 10§ R

SM Averange

0.46 +0.05 1.1+0.4, preli

u "Belle 11 (63 b1 Incluswe)

1.971¢ This work, prehmlnary

Belle (711 b, SL)

1.0+0.6 PRD96, 091101

o Belle (711 b !, Had)

3.0+1.6 PRD87, 111103

Babar (429 fb—!, Had+SL)

0.84+0.7 PRD87, 112005
| . . " | ) ! . ] ! . " |

0 2 4 6 8 10
10° x Br(BT—K " vi)

¢+
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https://arxiv.org/pdf/2104.12624.pdf
https://arxiv.org/pdf/2104.12624.pdf

F. Abudinén,®! 1. Adachi,?"'® K. Adamczyk,®® L. Aggarwal,” H. Ahmed,”® H. Aihara,''? N. Akopov,?
A, Aloisio.®® 2% N, Anh Kv.2%13 D, M. Asner.® H. Atmacan.”® V. Aushev.®! V. Babu.!' S. Bacher.®® H. Bae.!'?

0] + | t A e e t of the D° and D* lifetimes at Belle I
recise measurement O e an: 1retimes al elle
D" and D" lifetimes \

Analysis 10* DO Belle I1
3 JLar=721"
® Lifetimes of D mesons using: 1
o D*—D(—Kana)x* 10 = t Data
o D" — D'(—K a+a*)a° ﬁ' 10 :E — Fit
® Existing lifetimes are systematics-limited: a lq\a i = SN T E s toul
precision test of Belle Il vertexing capabilities % 5 - : -
+ knowledge of interaction region _% ; :
® D" decays at collision point; distance to D decay § e ;E
vertex gives lifetime 10° F
® Fitto time distribution with decaying 10 EE
exponential convolved with resolution function E
]
-2 12 5,

Decay time [ps]


https://arxiv.org/pdf/2108.03216.pdf
https://arxiv.org/pdf/2108.03216.pdf

Early physics results

D° and D* lifetimes

Results

Proper time resolution at Belle Il is a factor of

2 better than Belle and BaBar due to better
vertexing

arXiv: 2108.03216
Precise measurement of the D° and D* lifetimes at Belle II

F. Abudinén,® I Adachi,?" '8 K. Adamczyk 66 1. Aggarwal,”® H. Ahmed,”® H. Aihara,''? N. Akopov
e ﬁ]mﬁlp 88,25 N. Anh Kv. 40,13 D

 resolution improvement visible at ¢ < 0:

S
2
1]
=~
1 lllJJlll L

g v el



https://arxiv.org/pdf/2108.03216.pdf
https://arxiv.org/pdf/2108.03216.pdf
https://indico.cern.ch/event/868940/contributions/3815673/
https://indico.cern.ch/event/868940/contributions/3815673/

Early physics results

arXiv: 2108.03216

O + | - Precise measurement of the D° and D* lifetimes at Belle IT
D” and D" lifetimes

F. Abudinén,® I Adachi,?" '8 K. Ada.mczyk 66 1. Aggarwal,™® H. Ahmed 76 H. Aihara,''? N. Akopov,
e ﬁ]mﬁlp 88,25 N. Anh Kv. 40,13 D 11

99

Results

® . - Z1070F ' ' T e FoOOrTTT T
First updates to D lifetimes : : Dt 2 418F DO =
in 20 years 31060 1 EB46f -
® Provides important Qosof |5 ] 2% |3 2 -
- 13 . S g anp (@ |8 8 =
reference to LHCb charm a0k S = : 3 g + ]
e - o ld =1 iy o = L
lifetime measurements C 2= =1 3 408F ‘é 2 a3
1030 |- C =1 : % ]
®  Gtill statistics-limited C Sl 3 406 - = E
1020~ a4 404 = -
® Vertex performance - ] . :
: 1010 - - 402t E
excellent: good sign for s : 400 E
TN S N S N T S S S S S S BT Ci @& % i PR S T L L i

time-dependent mixing and 2000 2010 2020 3000 210 2020
CPV measurements Year Year
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Early physics results

Axion-Like Particles
Concept

® ALPs: portal to dark sector
o Mediator or DM candidate
o  Light pseudoscalar interacting with SM
gauge bosons
® Search using 445pb! of early data without
complete detector
® [ook for a mono-energetic photon recoiling
against a resonant photon pair

PHYSICAL REVIEW LETTERS 125, 161806 (2020)

Search for Axionlike Particles Produced in e*e~ Collisions at Belle IT

F. Abudinén,” I. Adachi,”"'® H. Aihara,'"® N. Akopov,'?! A Aloisio,’”** F. Ameli,” N. Anh Ky,**'" D.M. Asner,
T A l.m,23v,s chou 7 Y RBabi ¥ € Boohr % ¢ Daohini 25p p Ll%c n 00 1050 poncoa1 681 Doy

Y
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.161806
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.161806

Early physics results

Axion-Like Particles

Analysis

Find three-photon events

Two signatures in EM calorimeter:

(@]

(@]

Peak in mass recoiling against y, or
Peak in yy invariant mass

Candidates / (1 GeV?/c?)

Candidates / (1 GeV?/c?)
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Early physics results

PHYSICAL REVIEW LETTERS 125, 161806 (2020)

Axion-Like Particles

2 596 s

Search for Axionlike Particles Produced in e*e~ Collisions at Belle IT

F. Abudinén,” I. Adachi,”"'® H. Aihara,'"® N. Akopov,'?! A Aloisio,’”** F. Ameli,” N. Anh Ky,**'" D.M. Asner,

T Aushau3 X Aucheu "V Babu? S Raghe ¢ Rahini Zpp

100105 Q Ponca1 81 pondar 97

® First-ever ALPs search at a B factory

® Already excluding new parameter space in
region unconstrained by cosmological
considerations

® More than one order of magnitude improvement

on g expected with better stats
ayy

photon beam

10 -2 — 10|_1
m, [GeV/c?]

10°
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.161806
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.161806

Early physics results

Invisibly decaying Z'
Analysis

® Testing the L#-Lr extension of the SM

o New vector boson Z’ that couples to SM only e

through u, 7, Vv,
o Possible explanation for (g-Z)M, b — suu
anomalies and DM candidate

® First ever search for Z’ — invisible
o  Peak in mass recoiling against yu

o Also search for LFV Z’ with eu
o 276pb™ of early data

PHYSICAL REVIEW LETTERS 124, 141801 (2020)

Editors' Suggestion Featured in Physics

Search for an Invisibly Decaying Z' Boson at Belle Il in e*e™ — p*p~ (e*p¥)
Plus Missing Energy Final States

1. Adachi,”"'® P. Ahlburg,”® H. Aihara,""! N. Akopov,'"” A. Aloisio,**** N. Anh Ky,*'? D. M. Asner,” H. Atmacan,
56 78 79 10 44 49 . 100 69

+

97
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https://arxiv.org/pdf/1403.2727.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.141801

Early physics results

Invisibly decaying Z'

Results

® New limits set

®  Extension to (g-2), region possible with 50fb!

Belle Il 2018

[0 L,-L; (obs.) 90% CL UL

L,-L, BFZ— inv)=1 (obs.) 90% CLUL _|

-4 — Ly-Lcexpected UL
Ldt =276 pb -=--L,L,, BRZ—> inv)=1 expected UL
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10 §
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10k
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Belle Il 2018
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”” * Data

St )
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% ete—ete

Lt
L J{lal‘b}k
o S N N R i NV
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- Bellell 2018, « Data
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Selected other public preliminary results

Time-dependent CPV in B decays
The flagship B factory measurement =0 e

® SuperKEKB/Belle Il optimized for this

measurement

T(4S) —»

® (P asymmetries in proper time distribution of

decays measure ¢, (Unity Triangle angle) Az — ﬁ’}/ e\t >
® Look at BF asymmetry between tag and At — top —1 /
quantum-entangled CP eigenstate vs. time: tag 77
o Mixing frequency from mass difference <Az> ~ 130 um at Belle II
Am
B —
. . _. . . . % — %
Mixing-induced asymmetries (indirect) As(AL) = I‘(IEO(At) U’Kg) [(B°(At) U'Kg)
Direct CP asymmetries [(BY(At) — 7/ Kg) + [(BY(At) — ' K3Y)
® Some looks at early results... = Spsin(AmpAt) + Ay cos(AmpAt)
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Selected other public preliminary results

Time-dependent CPV in B decays z**|
N | BO»>D - (K*n—n~)n
o 150}

B —» D~ (K*tn—n7)nt

Candidates / (0.002 GeV/c?)

Observation of direct CP violation with 34.6fb!

Obtain Am 5

1000

Belle Il (Preliminary)

Ldt=34.6fb!
goo | JLdt=34610

—— Combined
600 ——— BOLp-(K*n-n-)n* +c.c.
B BB Background
400 |- ™8 gqg Background
¢ Data

200

9.20 5.21 5.22 523 524 525 526 5.27 528 5.29

My [GeV/c?]

Belle Il (Preliminary)
JLdt=34.6fb?

——

t B°B9B°B°

110-0202-1d-4.LON-ZHTTdd

+

8

At [ps]

Ar(At)

[(BY(At) = n'Kg) — D(B%(At) — 1K)
[(BY(At) — /' K2) + T(BO(At) — ' KY)
S¢sin(AmpAt) + Af cos(AmpAt)
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https://docs.belle2.org/record/2024/files/BELLE2-NOTE-PL-2020-11.pdf

Selected other public preliminary results

Time-dependent CPV in B decays

B® — J/y(e et /ump)Ks

Candidates / (0.002 GeV/c?)

Assume no direct CPV

Extract TD CPV parameter S fwith 2.70 significance

Expect factor of 5 improvement ultimately in CKM

parameters ¢, and ¢,

140

Belle Il (Preliminary)
120F [L dt=34.6 fbo~!

100

—— Combined
== BOsjpUn)K(ntn)
[ MW Background

¢ Data
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Aslymmetry Candidates / (1 ps)

60
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40

30

20

Belle Il (Preliminary)
L [Ldt=34.6fb?
BO = J/p)K(m* )

At [ps]

110-0202-1d-4.LON-ZHTTdd

Ar(At)

[(BY(At) = n'Kg) — D(B%(At) — 1K)

['(BY(At) — nK2) + T'(BO(At) — n’K2)

S¢sin(AmpAt) + Af cos(AmpAt)
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Selected other public preliminary results

TowardV ., andV
ub cb

Semileptonic decays

® Semileptonic decays provide clean access .
toV , and V_, CKM elements b g q

B

o  Excessin R(DY): LFU implications q
o Inclusive/exclusive disagreement in
|V land |V | at3.30level

® Two major current areas of excitement:

dar

2 pr 2\12 , d
d—q20< Voo *| f(a7)] «
m

¢ = (pi+ pv)*

® Alarge number of upcoming results...
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Selected other public preliminary results
“Rediscovery” of B — v

Toward |V , | extraction

® Hadronic-tagged B — mlv gives best constraints on |V, |
o  Requires extraction of I in g* bins
o Very low statistics (hadronic tagging efficiency
and |V |
®  (Observed with significance >5¢
[

“Rediscovery” shows: Belle Il soon capable of

competitive inclusive and exclusive V , and V

OV [%]

Belle Il Preliminary [cdt=34.6fb!

40F
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Conclusion

Status and prospects

® SuperKEKB is delivering world-record luminosities

® First trickle of physics results show excellent

performance and physics potential

® Expecta flood of diverse results as Belle Il dataset

Q
:ll'bh,,
'

s g
Belle Il Data
/
/

grows to comparable size with BaBar/Belle

Thank you!
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Additional slides

Comparison with LHCb

opp (nb) ~150,000 =]
[Ldt (fb~1) =25 ~50,000
Background level High Low
Typical efficiency Low High
70, K efficiency Low High

Heavy bottom hadrons By, B., b-baryons Partly Bg

T physics capability Limited Excellent

B-flavor tagging efficiency 35-6% 36%
37



