Belle Il: Status and Prospects
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@ Introduction to Belle Il

@ Published results

Search for invisibly decaying Z’
Search for axionlike particles
Search for BT — Ktwis

Measurement of D° and D lifetimes

Measurements of |V.,| and |V.s|

® Preliminary measurements on CKM parameters
Measurements of sin(2¢1), ¢, and ¢

@ Summary and prospects
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Introduction to Belle Il — Experiment

@ Belle Il operates at SuperkEKB at KEK Belle Il at high intensity frontier:

in Tsukuba, Japan
. Search for BSM physics

4GeV-16A
- 1 collision point. | Belle T detector
-

[Positron ring | . Precisely measure SM parameters

-——

. Reveal more properties of the strong

Electron ring interaction

Toev-264
Very rich physics topics:

‘ Semileptonic & Missing Energy B Decays
Radiative & Electroweak Penguin B Decays

Time Dependent CP Violation

Positron damping ring

Hadronic B Decays to Charmless

Hadronic B Decays to Charm
@ Planto take 50 ab—! (50 x Belle) data

o(ete™ — BB/cé/T7) ~ 1.05/1.3/0.92 nb
@ Designed #: 6.5 x 1035 cm—2s1

@ Achieved .#: 3.1 x 1034 cm—2g~!

(New world record on 22/6/20211) For details, please see
The Belle Il Physics Book

Bottomonium & Charmonium

Charm Physics & T Physics

Low Multiplicity Physics & Dark Sector Physics
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https://doi.org/10.1093/ptep/ptz106

Introduction to Belle Il — Collider & Dectector
Ui *_’ - i Compared with Belle:

@ Better vertexing (decay
time) resolution

KEKB SuperKEKB
‘ Better momentum
Increase the luminosity: resolution
@ squeeze beam size (x 20, to 50 nm at the IP) @ More sophisticated trigger

@ ncrease the beam currents (x 1.5)
Compared with experiments at
hadron colliders:

KL and muon detector

Resistive Plate Counter (barrel outer ayers)
Scintilator + WLSF + MPPC

A S @ Low-background production

EM Calorimeter of huge amounts of B/D/7
Csl(T), waveform samping electronics. .

- particles.

\ . . .
electrons (7 GeV) paricielentiication . Kinematic constrains from
ey it SR

Vortox Datoctor et e~ initial state offer
Hieves 3 ce sded i DESD unique precision in final

states with multiple

positrons (4 GeV) ) 0
neutrinos or w"s.

Central Drift Chamber
‘Smaller cell size, long lever arm
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Introduction to Belle Il — Data taking

1 Belle Il Online luminosity Exp: 7-20 - All runs
Integrated luminosity 2021 Summer 10
W Recorded Weekly I—’
12 oy
— [ Checordeadt =217.20(fb 11 |/ 200
10 8

o

2020 Summer

-

=~

Total integrated luminosity [fb~1]

Total integrated Weekly luminosity [fo~]

[,.qe] 1

~

0 Lo

Pt

Date

Peak Luminosity [x103° cm™@s™"]

0 | |
2019 2021 2023 2025 2027 2029 2031

@ To date, Belle Il has accumulated ~ 220 fb~! data.

@ Most of the results shown in this talk are extracted from the data
collected before and in 2020 Summer (~ 72 fb™1).

@ The dark sector results only use the Phase 2 data (~ 0.5 fb™!)
accumulated in 2018 Summer.
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Introduction to Belle Il — Collaboration

@ Belle Il Collaboration: 26 countries, 123 institutions, 1126 members.

@ Belle |l China Group: 12 + 1 institutions, 67 members, ranking 5th in the
collaboration (F A AT, FA KA. dbk. deft. 2. T, LK. H K.
AR, AR #@IF R, @R+ @IT).

6/22



@ Published results
Search for invisibly decaying Z’
Search for axionlike particles
Search for BT — Ktwis

1 Measurement of D° and D lifetimes

A
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Published results — Search for invisibly decaying Z

@ Z': massive gauge boson

@ Originate fromthe L, — L.
extension of the SM

@ potentially address anomalies in
b— siti~and (g — 2).

Signal: ete™ — ptp~ (et ™) + missing energy

No evidence for Z’
97700 < 5x1072.. 1 formy < 6 GeV/c?

PRL.124.141801(2020)

Counts

Counts

Belle ll 2018 * Data

J-Ldl =276 pb™

3 4 5 6
Recoil mass [GeV/c?]

Belle Il 2018 * Data

J Ldt = 276 pb”!
— 7

etu=—Zz

eres puy)
—— etes TT(Y)
L2 e evepic

Recoil mass [GeV/c?]
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https://doi.org/10.1103/PhysRevLett.124.141801

Published results — Search for axionlike particles

@ Predicted by many extensions of the SM.
@ oOccur in most solutions of the strong CP problem.

@ can connect the SM particles to yet undiscovered DM particles.

Signal: eTe™ — Yrecoir + a(— ¥Y)

o~ 400 Belle Ii (2018) * eb??f —r°y)
9 JLdt = aas pb=t mete-—etes(y)
EIRG T c'stat uncertainty
& 300
=4
5 200
®
b=t
B 100
&
o
700
-~ Belle Il (2018)
W O00F frat = a4s5ppt %
% soof (0
No evidence for ALP © o
-1 =]
_3 2 <
ayy S 1073 (GeV/c?) g 300
for0.2 <m, < 1 GeV/c? S
Most restrictive to date for 0.2 < m, < 1 GeV/c?. 5 100
o

PRL.125.161806(2020)



https://doi.org/10.1103/PhysRevLett.125.161806

Published results — Search for Bt — K*vw (l)

@ The decay BT — KTviinvolves the FCNC transition b — svi.

4
A
W 14
b s b s
u,c,t u, c, t
(a) Penguin diagram (b) Box diagram

@ Its BF is predicted to be (4.6 + 0.5) x 10~ by the SM, and could be
potentially enhanced by the BSM.

@ offers a complementary probe into the BSM scenarios that are
proposed to explain the tensions observed in b — s/ /™.

@ helps constrain models that predict new particles, such as leptoquarks,
axions, or dark matter particles.
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Published results — Search for BT — KTvi (ll)

@ Previous analyses: explicit tagging approach with limited signal efficiency.

B Semi-leptonic tag (0.2% @ Belle and BaBar)
m Hadronic tag (0.04% @ BaBar)

® selell analysis: inclusive tagging approach with higher signal efficiency.

m Employ event shape, vertexing, and kinematical variables.
| Higher signal efficiency (4.3%), thus higher sensitivity at given luminosity.

PRL.127.181802(2021)
Competitive result with 63 fb—1!

B(B* — Kvp) = (1.957308) x 107°
4.1x10~° @90% CL

0.97-BDT,- E SM Ayerage
Belle I T — T
Jedi= @49 Belle 11 (63 f |, Inclusive)
K | & Belle (711 11, SL)
=1 Neutral b oot
[ Charged B e Belle (711!, Had)
N Continuum PRDA7, 111103
4= . Bapam’%zgﬂ; , Hed+SL)
0 2 4 6 8 10

10° x Br(B*—K " vp)

0.5 2.0 243.50.52.0 2.43.50.52.0 2.43.50.52.0 24 3.5
pr(K*)[GeV/c]
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https://doi.org/10.1103/PhysRevLett.127.181802

Published results — Measurement of D° and D™ lifetimes (I)

@ Test non-pertubative QCD effective models, 71K Do Do Kz
such as the heavy-quark expansion. ATk

10t Belle I
frar=72m" }
Preliminary

Background
DKk
[ e

@ nNeeded to compare measured decay
branching fractions to predicted decay partial
widths.

@ input to LHCb measurements, to get the
abosolute limetimes of the DS meson and
charmed baryons. 1

It Gl 1
175 18 185 19 195 2
m(K7*) [GeV/c?]
~59K D*+ = DH—K-1+114)r10
T T T

Candidates per 1 MeV/c?
3

@ Measured for the first time with the

sub-percent precision by FOCUS — almost 20 OE penen e
years ago. gty MUY

Preliminary E

. No measurement from Belle, BaBar, and

Candidates per | MeV/c?

LHCb.
@ cExcellent Belle Il vertexing performance 10° I
enables the high precision measurement of i Pl S Nl i
DO and DT lifetimes with early data.
| Decay-time resolution 2 times better Signal D°/D+ candidates
than BaBar and Belle. from D*t inete™ — c¢
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Published results — Measurement of D° and D lifetimes (Il)

arXiv:2108.03216 (Accepted by PRL)

Lifetimes are extracted by 2D fits to World leading result:
the decay times and their respective
uncertainties. Our result WA
(D% = (410.5+1.110.8)fs (410.1+15)fs
s (D*) =(1030.4 £ 4.7 £3.1) fs (1040 7)fs
o, DO [ra=ne'
Preliminary

§ LR SN
H ] Much room to reduce statistical
i

i uncertainty and systematic
Mm uncertainty on detector alignment.

L . .
02 04 06 08 1
Decay-time uncertainty [ps]

J ) ! w0 F 31 Source Uncertainty (fs)
I fient el 1T D' K-n* D% = K-n*n*
L La=T20" ] g
e t, D+ Prefiminary ok o, D+ Yrai ary | ki G
s it I LTkt Statistical 11 4.7
0E tpm o E [
h —Fit g Resolution model 0.16 0.39
% ok fkpomt ] % 0 Background Backgrounds 0.24 2.52
S bt 3 Detector alignment 0.72 1.70
| ] Momentum scale 0.19 048
Input charm masses 0.01 0.03
0 5 10 0 s
Decay time [ps] Total systematic 0.8 3.1
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https://arxiv.org/abs/2108.03216

® Preliminary measurements on CKM parameters
Measurements of |V.,| and |V.s|

Measurements of sin(2¢1), ¢, and ¢

—

QG
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Measurements of CKM parameters

’u: V;b 1_/12/2
v=\m @ ¥ |- -
Vu % B 47 (1-p4)

VTV =1 ‘:> J VwJ+Vcthd+V1h( =0
A A4 1A
(P

Via Yo

[

Via Vis

(0,0) (Lo

@® Precise angles and sides of the
unitarity triangle are crucial to
test the SM and investigate
the BSM physcis.

1-4/2

Complex phase cause CP violation
AR (p i)
a7 |+o(2Y)
1

. Precision measurements of CKM
parameters are keystones of Belle Il
experiment.

The Belle Il Physics Book

Observables Expected the. accu- _ Expected Facility (2025)
racy exp. uncertainty

UT angles & sides

o1 7] i 04 Belle I

6 [°] e 10 Belle I

6 [°] aie 10 LHCb/Belle II
V| inc) ee 1% Belle I

| e 1.5% Belle I

I o 3% Belle IT

| hd 2% Belle 11/LHCh

@ ntensive activities ongoing over
early data (~ 30-70 fb—1) to prepare
measurements of UT angles and

sides. = _ .
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https://doi.org/10.1093/ptep/ptz106

Preliminary measurements on CKM parameters

Measurements of |V,,| and |V,,|

Both inclusive and exclusive approaches are
used to measure |V p| and |V|:

IVunl: B> Xulv, B—n(p,n)lv (f=e,n)
IVepl: B> Xclv, B>DMlv (€=e,pn)

Belle Il preliminary [, ;00
s

Persistent tension between two approaches.

E N B B SN T
cos @ur

‘ B(B~ = D) = (2.293 £ 0.0534y £ 0,084,:,“)'2‘

arXiv:2110.02648

Belle Il Preliminary [cdt=346%"

By

b bttty

T T T T T T T T T T
4 % 2, 2, 2, 2, <, <0, 0, 0, %0, 0, b
% % % % “ Y %5 Yo e o

[y
s W s e
¥ o

Time

Events / (0.29 GeV2/c?)

A B2 05,0102

b
S Tp— g

E

TR |
I ' |

TUC10 705 00 05 10 15 20 25 30

+ L i | 1 tmtmt * ' M2, in Gev?c*

P : [BIB® = 7= ¢+ 1) [(1.58 + 043400 % 0.07y5) x1077]

arXiv:2008.08819

——————————
U w W % % B, %Y %% %%
il e e il el i iR e i etk 150
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Preliminary measurements on CKM parameters

Measurement of R(D*))

D)
RO = BB (0= g

F~ r T T T T 7]
=3 [ SR HFLAY sverage Ay =10 contours ]
LS =
035 : E
E LHCBIY ]
03 - -
sk FBoaly, 7
E Bellcl E

02 + Average of SM prodictions
KiD) 0299 2 Cous B
R(DA - 0258 £ 05 .
X ]

02 03 04

@ cCombined result of R(D™)) ~ 3.1
tension with the SM

@ New physics can contribute at tree level
B e.g. charged Higgs, leptoquark

Belle Il preliminary  [cdt = 34.6 fb~!

- 50"
80 = Background
T M MC Uncertainty
'%, P + Data
o
N
Sa
2
§
520
&

[ b, o bt
S ALAMAMSLITIITS
-1.0 =05 00 05 10 15 20 25 3.0
M2, [GeVct]

B(B® = D™l 7)) = (451 £ 041, £ 027, £045,) %
e=en

0. T T T T T T T

054410 (2015), PROBS 094025 2012 4

0.35F -
03[ E

0.25F - 7

SRR AL S P PEr AL S
025 03 035 04 045 05 055 06
R(D)
Belle Il will be world-leading
=] ] = =
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Preliminary measurements on CKM parameters

Toward the measurement of sin(2¢,)

o Flagship measurement of B factories.
@ still very important input to CKM fit.
@ oGolden mode: B® — J/HK2

_T(B° = J/¢KY

) —D(B — J/YKY)

Ar(At)

T I(BY > J/YKY
¢ sin(AmpAt)

) = T(B® — J/YKg)
+ Aj cos(AmpAt)

¢ Bep

Boost z‘:g—Az—"‘ 3 P

Belle: Az=200pm
Belle Il: Az=130um
with better Az resolution

B J/VK}

\ 201
=0,

B

Assume no direct CPV: Af - 0

Zcp

At=Az/ (Byc) @

60
Belle Il (Preliminary) 89
G 50} [Ldt=3456 b b Bag
e 0 O+ = 50
= B JIy(eK(m* n=) t B,
& background subtracted,
2 30
°
5 20
&
O 10
[]

-~ 0
Eos *
£ O M
E 0.0 ¥
£ f ~—
—0.5
<<

-8 -6 -4 =2 2 4 6

0
At [ps]

[sin(2¢1) ~Sf=055:021,,+004,, ]

® The precision will be improved
by a factor of 5 with full Belle Il
data.

o (w1 =

nax
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Preliminary measurements on CKM parameters

Toward the measurement of ¢-

Unique Belle Il capability to study all the B—r, pp partner decays to determine ¢,

250 Belle i (preliminary) . Ea::l N
—Tol it

B%—%n®: very challenging because four y's.
} de«:sz.am‘ B0 B0

Train BDT to suppress background photons.

3D fit of AE-Mbc-continuum suppression BDT.
Unique Belle Il reach.

B(BO-10m0)=(0.98+048 oao(Stat) £ 0.27(syst) ) x 10

n
=)

=== Continuum
BB

-
o

=
o o
T

Candidates per 0.002 GeV/c?

o )

arXiv:2107.02373 05 525 527 5275 528 5205 529
Mye [GeVic?]

B*—p*p":-only final state, large background N T e

because of p mass width. Additional challenge of E ol [ra=ezen’ Sl

angular analysis—8D fit including helicity angles. é ::g

f(B*-p'p") = (0.93670%¢  _ (stat)t 0.021(syst) ) 5w

B(B*—p*p?) = (20.6 + 3.2(stat) + 4.0(syst) ) x 10 &

ariv:2109.11456 0

0 isi i ..
20% precision improvement wrt Belle on the same lumi!
-1 -08-06-04-02 0 02 04 06 08 1

cosf,;

On track to measure the CKM angle ¢, at Belle Il
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Preliminary measurements on CKM parameters

Toward the measurement of ¢3

@ LHCb will have the upper hand.

@ Belle Il will contribute in modes with
neutral particles in the final state.

@ Using both Belle data (711 fb—1) +
Belle Il data (128 fb—1)

O model-independent Dalitz plot
analysis of BT — D(Kshth™)K+

B D'k B DK

13

v -
favored el 5 Vi o Db
W 8 _ Vi Y
P : B[} w5
Bl) Va [ p u N
a~0xe

1

Ameer (B~ — DOK )

— i(dp+¢3)
Afwvor.(B— 5 pOK—) ~ 'B€

arXiv:2110.12125 (Submitted to JHEP)

[¢5=(784+114+05+1.0)° |
B = 0.129 4 0.024 £ 0.001 £ 0.002,
PN = (1248 +1294 05+ 1.7)°.

(Thanks to BESIII strong phase
measurement, the third uncertainty
reduces from 4° to 1°)

® current precision worse than world
average value (~ 3.3°).

@ Will achieve a precision of ~ 4° with
10 ab—! data, using Bt —
D(Kshth~)ht alone.

‘ The use of other modes will
significantly reduce the uncertainty.
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https://arxiv.org/abs/2110.12125

Summary and prospects

@ Belle I, as a new-generation B-factory experiment, has set
sail to accumulate a huge data sample of 50 ab—! over the
upcoming decade.

@ Thanks to the excellent detector performance and the noval
analysis approach, with the limited early data (< 100 fb—1),
Belle Il has produced a batch of world-leading physics results
(Z', ALPs, BT — K*vi, D°/DT lifetimes, etc.), as well as many
preliminary results.

@ Many interesting analyses, not mentioned here, are on the way
to final measurements with more data.

@ With the upcoming big data, Belle Il will offer many unique
precision probes into BSM physics, thus contributing to the
progress of particle physics from the intensity frontier.

Thanks for your attention!
21/22



Backup — Preliminary results on CKM parameters

Toward the measurement of ¢3

The measurement is also performed on the Belle data sample alone and the results
are reported in App. B. The statistical uncertainty in ¢g is 11°, which is significantly
improved from the 15° reported in the previous Belle analysis with the same data set
[20]. The improvements are primarily due to the improved background rejection and Kg
reconstruction, as well as the addition of BT — D(KSK'*'K_)h"' decays. The inclusion
of Belle 11 data improves the precision of 7% and yP¥ parameters. However, the ¢3
statistical uncertainty does not improve despite introducing 17% more data. The reason is
that the Belle II data favours a much smaller value of T§K| which results in a central value
of 0.129 for the combined fit compared to 0.144 for the Belle data alone. The uncertainty in
3 is inversely proportional to rg, which explains the lack of improvement in ¢3 sensitivity
when including the Belle II data. The world average value of rg is 0.0996 + 0.0026 |5] so
it is not unexpected the value of rg will regress towards this value as additional data is
included.

The statistical precision on ¢ is worse than the current world-average value [3]. How-
ever, the precision is limited by the size of the data sample, so a future analysis with a
Belle II data set corresponding to 10ab™! will provide measurements with a precision of
approximately 4° from the Bt — D (K{x"7~) h™ mode alone.® The use of other modes
will give additional sensitivity to ¢z [54].
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