Status and Recent Highlights of Belle I

(for the Belle 1l Collaboration)




Belle || Experiment @ SuperKEKB

e Asymmetric-energy e e~ collider operating near Y (4S) mass peak

e KEKB => SuperKEKB; Belle => Belle I

e Goalis to collect 50 billion BB pairs!
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Belle Il Detector

K-Long and muon detector:

Resistive Plate Chambers (barrel outer
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Systematics

Feature Belle 11
Fast track efficiency 0.3%
Slow track efficiency  2.1%
Electron-ID efficiency  0.5-1.5%
Muon-ID efficiency 0.5-1.5%

He(50%):C2He(50%), small
lever arm, fast electronics

K-ID efficiency 0.8-1.0%
7-1D efficiency 0.8-1.0%
Photon efficiency 0.3%

7 efficiency 3.4-7.1%




Status of Belle |l Experiment

« Max instantaneous luminosity ., = 4.7 % 107 em s~ (world record)

e Bysummer2022, /. = 424 {b" " accumulated (similar to full dataset of BaBar, ~1/2 of Belle’s)

e Ultimate goal: reach 50 ab~! by operating at instantaneous lumi. of 6 X 10°> cm™2s~!
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Status of Belle |l Experiment

* (Currently, we are in L51 (long shutdown 1) starting from summer 2022

e Qperation will be resumed in the coming winter

We are working on:

Complete transition to new DAQ boards (PCle40)
Replacement of aging components
Additional shielding and increased resilience against beam background

and robust collimator head

(D Super
. O KEKB
® Replacement of beam pipe Belle I D R
* Replacement of photomultipliers of the central PID detector (TOP) * Higher and more stable beam injection
® |nstallation of 2-layered pixel vertex detector e Longer beam lifetime and improved stability
¢ |mprovement of data-quality monitoring and alarm system L _ L L
: * IR radiation shield modification, new collimation scheme
L
L

EK 10 | , —— 60
.;— | peak(Target)
P 50
' 8 L w—0t. L[ab-1]
5
© —
X 6 2
z 5
§ 4 o,
=
-
-
x 2
4]
()]
a

0 1
2019 2024 2029 2034



Belle II is maybe (?) the only experiment that explains how it works via its logo:

/~

Plenty of Puns

1) Belle collides electrons and their anti-particle positrons
2) B breaks the symmetry between el - le
(i.e. between matter and antimatter)
3) Belle investigates beauty quarks, which are of course “belle”
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Belle Il Physics Program
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Inclusive B — X v Decays and g* Moments

« Measurement of g2 moments allows new approach to extract inclusive Vel PRD 107, 072002 (2023)
 Analysis Belle Il dataset of 62.8 fb-1 ,Z = e, u
* Hadronic tagging with Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6(2019)] t0 reconstruct Btag / ¢
>V
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e Calculate signal probability with multivariate classifiers Hadronic Tag Signal Side
4 N a £ ™
Displaced Verti :
‘\ Trac j| [ 1splac ertices ) \Neutral Clusters ) Hadronic FEI

e Over 200 BDTs to reconstruct ©O(10000) distinct decay chains

e’ B L iCi ~ 0.5% ~ 0.3 % 15 % puri
H o Efficiency €5+ ~ 0.3 7%, €go = 0.3 % at ~13 70 purity
%104 Belle Il preliminary %10 Belle Il preliminary
25F W Correctly reconstructed Jcat=346Mm" 101 B Correctly reconstructed Jeat=346Mm"
R Continuum & mis-reconstructed R Continuum & mis-recons! tructed
’Ezo ¢ Data Lost ¢ Do
3 Ng;, =84907 = 734 E Ng;, =38545 * 1161
S sl Prag > 0.1 S 06} Prag > 0.5
=) =
< <
e e
—~— 1.0 o ~— 0.4
b4 2
@ o
2 05} > 0.2
w w
%050 5255 5260 5265 5270 5275 5280 5285 %050 5.255 5260 5265 5270 5275 5280 5.285
My (GeV/c?) My (GeV/c?)

Mic = | [Efeam/4 = (P )2 > 5:27 GeV/&
11


https://link.springer.com/article/10.1007/s41781-019-0021-8
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002

Inclusive B — X v Decays and g* Moments

« Measurement of g2 moments allows new approach to extract inclusive Vel PRD 107, 072002 (2023)
o Analysis Belle Il dataset of 62.8 fb-1 , £ = ¢, u
* Hadronic tagging with Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6(2019)] t0 reconstruct Biag
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002
https://link.springer.com/article/10.1007/s41781-019-0021-8

Inclusive B — X v Decays and g* Moments

« Measurement of g2 moments allows new approach to extract inclusive Vel PRD 107, 072002 (2023)
o Analysis Belle Il dataset of 62.8 fb-1 , Z = ¢, u

* Hadronic tagging with Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6(2019)] t0 reconstruct Btag
« Background suppressed in hadronic mass /V/, and converted to signal prob. on q2
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Inclusive B — X v Decays and g* Moments
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PRD 107, 072002 (2023)

A side remark on Inclusive |Vcp| determination

e Belle Il & Belle < g™ > results are used in novel
approach to extract |Veo| [JHEP 10 (2022) 068]

e Benefit from reduced number of non-perturbative
matrix elements

e Obtained consistent |Veb| with previous results
using My, Ef moments

[V, | = (41.69 £0.63) x 107>
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.072002

IVeb| in BY — D*¢v Decay

. Preliminar
e Decay chain: BO = D*+ £v, D*+ — DOrt*siow, DO = K- T+ y
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IVeb| in BY — D*¢v Decay

Preliminary
* Unfold signal yields using singular-value-decomposition (SVD) 2 input of PDG2022
method within pyRooUnfold, regularization para. optimised for b i o unfolded \
low bias & stable result AT, = = ?{é s . e
= = —* — e — S g S S ST S S S .- e e
BO.B( D7HBD" - K 77 )70 |
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https://arxiv.org/abs/hep-ph/9509307
https://github.com/lucao-git/PyRooUnfold

IVeb| in BY — D*¢v Decay

Preliminary

* Unfold signal yields using singular-value-decomposition (SVD)
method within pyRooUnfold, regularization para. optimised for
low bias & stable result Al'; =

iInput of PDG2022

unfolded

reco. eff & acc.

* Full post-unfolding stat. & syst. covariance propagated into
partial decay rate
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https://arxiv.org/abs/hep-ph/9509307
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IVeb| in BY — D*¢v Decay

Preliminar
e Include all measured w, cosB;, cosBy, y to extract form factor & |Vcp| y

* Fit with form factor expansion based on CLN & BGL (truncation tested)

. - - 2 L 2 i i .7
* Reredundant degrees of freedom removed by using normalized partial e s | Ci3 L .
rates on each variable together with the averaged total rate (nadf=34+1) i 8 I
(Fobs . Fpre)Z
| 2
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https://arxiv.org/abs/2105.14019

IVeb| in BY — D*¢v Decay

Preliminar
e Include all measured w, cosB;, cosBy, y to extract form factor & |Vcp| y
* Fit with form factor expansion based on CLN & BGL (truncation tested)
. . . . = NeE Nege Nl R
* Reredundant degrees of freedom removed by using normalized partial e — Z —— | Ci; — -
rates on each variable together with the averaged total rate (nadf=34+1) i 8 L I L

* |Inclusion of LQCD constraint [arxiv:2105.14019] at beyond zero-recoil (w =
[1.03, 1.10, 1.17]) in two scenarios

i (FiLQCD . Fiexp)ci—jl (FjLQCD B Fjexp)

Constraints on

Constraints on
BGL ha (W) |oa, (), Ry(w), Ro(w 7
ag % 10° . . . 0.3
by % 10 13.20 +0.24 13.58 4+ 0.23 Belle I e T e B -
by il - 2 48 Lof 3o+ 17, ncusion ot ha | 15[ g0 prep g, o Fwpee
I Inclusion of ha,(w), i [ !
c; x 10° ; ~1.1 +0.8 —0.5 +0.8 ooF g e af } 12]
Vip| x 10° 405 +1.2 38.6 +1.1 o F L } { . {
B = | s | l = |
X" /ndf 10/33 74/39 e ¢ Z 12 ¢ |
p-value 0.18 0.001 065_ 1af |
/ ' 1.05- 0'9;-
‘Vcb‘ Sh|f‘ts When |nC|ude LQCD 0'51.-0' e R TR 'W' 9 ar s NI e 'W' B E: v S 30 . Q19 . 37 W EX S e

full constraints

Consistent with recent Belle (2023) measurement [arXiv:2301.07529]
= Both found large disagreements wrt LQCD results on R>
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https://arxiv.org/abs/2105.14019
https://arxiv.org/pdf/2301.07529.pdf

IVeb| in BY — D*¢v Decay

« Lepton-flavor-universality tested with separate results on e- & mu-mode

« Allin good agreement with SM expectations

Test on branching fraction ratio: E_,, = 1.001 -

e/p

Test on forward-backward asymmetry:

fol dcos6,dI'/d cos @, — fi)l d cos 6,dI"/d cos 6,
fol dcos,dI'/d cos 6, + ffl d cosf,dI"/d cos 0,

AApp = App — Arp

AFB o

Aip = 0.219 + 0.011 £ 0.020,
'AlFL‘B ). 205 == 0.0l 1§ S0 058

Preliminary

= 0.009 -

- 0.021

Test on D* longitudinal polarization fraction:

1 4 3
Fdeasitly 2

R - §

(FL cos” by, > sin” 9v>

AF;, = F" — F§

F¢ = 0.521 + 0.005 + 0.007
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CKM matrix element |Vu|




IVuw| in BY = 7z7#*v with Belle Il data

arxiv: 2210.04224
 Data set of 189.3 fb-1 with untagged analysis strategy

e Extract signal in beam-constrained mass M,,. and energy difference AE for each bin of q2

¢ |V, | fitted with BCL expansion including LQCD constraints (FNAL/MILC)

Belle Il Preliminary
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Ultimate Precision with Belle I

e UT lengths and angles can be explored with coming largest B dataset
 High statistics will shrink experimental uncertainties in global UT fit

» Many CKM measurements (|Vxo|, ¢; 5 3) with Belle Il data are on the way

Current Projection to Belle 1l 50 ab-1 based on WA 2017
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Light-lepton universality testin B — X¢v




Measurement of R(X)

elu

* Use 189 fb-! dataset with hadronic tagging strategy /5 ' arxiv:2301.08266
_ [V (accepted by PRL)
e Extract signal events above pfj > 1.3 GeV simultaneously for e- and y-mode B " B <,
e Calculate branching fraction ratio Hadronic Tag Signal Side
BB — Xev) e 1l e

R(X),, BB — Xur)
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12500 F e: Background 1 Background
- Hll e Continuum p: Continuum [EEE
A= 10000 F ~w MC tot. unc. MC tot. unc. =
"2 ¢ Data BpreE S Data ¢
L I
2 7500 peci®s
Z
=
£ 5000
£a
2500
T 0
E Tg 2'0 : * L ° ®
«© —. @ '._. L e o
E "% OO_ e ® — ) ® o o
S 8-2.0 -° 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
< 14 16 18 20 22 14 16 18 20 22

pe [GeV/d] Py [GeV/d]
25



Measurement of R(X)

elu

e Use 189 fb-1 dataset with hadronic tagging strategy

e Extract signal events above pfj > 1.3 GeV simultaneously for e- and p-mode

® Calculate branching fraction ratio

-~ BB — Xev)

R(X),, BB — Xuv)

Belle I1 [L£dt=189fb~"
[ Xev Xpy O
12500 F e: Background 1 Background
- Hll c: Continuum : Continuum [N
k= 10000 F o MC tot. unc. MC tot. unc. =i
"2 - ¢ Data .- Data ¢
L I
= 7500 '
e
=
c 5000
£a
2500
Tw O
E Tg 2.0 e . ® ®
< - e ® b 2
E F% O'O‘ o o A ® o o —
s.o-‘ 8—20 T B
= 1.4 16 18 20 22 14 16 18 20 22
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arXiv:2301.08266

-
= BZ > (accepted by PRL)
\Y(4S)/ %ZX

Hadronic Tag Signal Side

e’ e

—_— )«

* Most precise 93 based LFU test in semileptonic B decays to date

¢ World first inclusive measurement
e Consistent with SM expectation within 1.20

e R(X),, is on the way

R(X),, = 1.033 +£0.010, + 0.019

elu sta syst

R(lef > 1.3GeV),, =1.031 £0.010,,, £ 0.019

elu sta syst
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Lifetime measurements of A+ and Q°




Measurement of A" Lifetime

PRL 130, 071802 (2023)

o Collision data of 207.2 fb-! is used to reconstruct AT — pK~z™
e Performed simultaneous fit to signal region and sidebands to better constrain bkg

e Decay time t calculated using displacement of AZF decay vertex projected on its flying direction

N I 1 1 ] ' I 1 I I 1 I 1 I
8000 |— —

o B /‘ + Data t — _( L p)
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% - 1 — Total fit
S 6000 Ldt=207.2 fb _
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244000 |- | | | . T ecay vertex
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M(pK ) [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071802

Measurement of A" Lifetime

PRL 130, 071802 (2023)

« Unbinned likelihood fit to (¢, 0,) to extract lifetime

e Result consistent with WA and recent LHCDb relative measurement [PRD 100, 032001(2019)] while show tension versus
CLEOQO’s result [PRL 86,2232(2001)]

.................. BelleII_ T T i .
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— Total fit 3 = = = Background PDF 0[;
g --- Background ] "o"w z i ,Eﬁ
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5 ‘ 4}# i Q
: i By : ! 180+ s
1 ' | m | ﬁ i ‘ g
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2000 2010 2020
Year
_I_ _ =
T(A7) = 203.20 £ 0.89, £ 0.77 ¢ f5 Most precise results to date!
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Measurement of Q) Lifetime

e Dataset of 207.2 fb-1 is used to reconstruct Qg > Qat. Q" - Ak~ A > pr PRD 107, LO31103 (2023)
e Applied unbinned likelihood fit to m(Q "z ™)
 Derive lifetime from (7, o,) fit

e Result consistent with LHCb measurements but leave 3.4¢ tension from old WA
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Lepton-flavor-violating 7 — £ + a decay




SearchforLFV ™ - ¢ + «a

 Use dataset of 62.8 fb-! and tagged by 7 — h™h™h v, PRL 130, 181803 (2023)
e Probe existence of a long-lived invisible gauge boson «
e Reconstruct 7 pseudo rest frame based on E_ = \/E/ 2, D.~ =Pl | Pyl Tag side z

» Search for an excess of events on = — £~ U, v_normalized lepton energy
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SearchforLFV ™ - ¢ + «a

PRL 130, 181803 (2023)
* No signal observed

o Set upper limit at 95% C.L. for B(t = Ca)/ B(t = (v, v )
 World best limits to date
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Summary & Prospects

Observables Expected the. accu- Expected Facility (2025)
racy exp. uncertainty
UT angles & sides
. . . . . o1 [°] i 0.4 Belle 11
e As luminosity frontier project, SuperKEKB/Belle Il will 62 [° " 10 Belle I1
3 [°] Aok 1.0 LHCb/Belle 11
i ' ' Fiv/i V.| incl. Aok 1% Belle 11
search for physics beyond SM with ultimate sensitivity Loy e St
V| incl. *>* 3% Belle I1
. Vus| excl. > 2% Belle II/LHCb
e By Summer 2022, Belle Il has achieved o Visiation :
S(B — ¢K") M 0.02 Belle II
0 _ S(B - n'K° i 0.01 Belle 11
Lpeak =4.7 X 1034 CIn 2S 1 (WOrld reCOFd) ,4((331}{07;()’)[10-2] Hxk 4 Belle II
A(B = K*tn™) [1072] Aok 0.20 LHCb/Belle 11
_1 o (Semi-)leptonic
L. = 424 1b™" (similar to BarBar; ~ half of Belle) B(B — Tv) 1079 = 3% Belle I1
11 B(B — wv) [107°] Hok 7% Belle 11
R(B — Dtv) Aok 3% Belle 11
oy : R(B— D*t Aok 2% Belle II/LHCb
e Many exciting physics results are on the way e I /
B(B — Xs7) *ok 4% Belle 11
 Benefited by improved detector performance & analysis Acp(B = X a7) [1077]  *** 0.005 Belle II
_ S(B — K21%) i 0.03 Belle 11
technique S(B — py) o 0.07 Belle I
B(Bs — vy) [1079] *x 0.3 Belle 11
* Some of them are already world-leading ARG AL P e i s
B(B — Kvv) [1077] b 20% Belle 11
R(B — K*tf) Aok 0.03 Belle II/LHCb
e After current shutdown period, we will try to achieve v N G0 i
. . . B(Ds — Tv) ok 2% Belle II
h |gher lumi n03|ty Acp(D° = K27%) [1072]  ** 0.03 Belle 11
lg/p|(D° = K2ntn™) ok 0.03 Belle II
, , o(D° — Kontn™) [°] ok 4 Belle II
* During LS1, many components are to be improved Tau
T — wy [10719] i < 50 Belle 11
T — ey [10719] s < 100 Belle 11
T — ppp [10710] s <3 Belle I1/LHCb
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Measurement of R(X)

elu

arxXiv:2301.08266
(accepted by PRL)

Table I: Statistical and systematic uncertainties on the
value of R(X,./,) from the most significant sources.

Source Uncertainty [%]
Sample size 1.0
Lepton identification 1.9
X . Y v branching fractions 0.1
X . v form factors 0.2

Total 2.2
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Measurement of A" Lifetime

PRL 130, 071802 (2023)

Source Uncertainty |[fs]
=. contamination 0.34
Resolution model 0.46
Non-Z=. backgrounds 0.20
Detector alignment 0.46
Momentum scale 0.09
Total 0.77

Major sources of systematic error:
o  EYcontamination

O  Resolution Model: Correlations between the decay time and the decay-time uncertainty are neglected.

o  Background model: Sideband data that differ from the background in the signal region. Systematic 1s
estimated using the differences in data-MC.

o  Alignment of the detector: Periodic calibrations are necessary to account for detector misalignment.
Misalignment can can bias the measurement of the decay lengths.
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Measurement of A" Lifetime
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Measurement of Q" Lifetime

PRD 107, L031103 (2023)

Source Uncertainty (fs)
Fit bias 3.4
Resolution model 6.2
Background model 8.3
Detector alignment 1.6
Momentum scale 0.2
Input 29 mass 0.2
Total 11.0

Major sources of systematic error are:

® Background model: Sideband data that differ from the background in the signal region. Systematic 1s
estimated using the differences in data-MC.

® Resolution model: Simulation shows that the resolution function has tails that are inconsistent with a
(Gaussian model.

e [Fit Bias: Due to small sample size.
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SearchforLFV ™ - ¢ + «a

TABLE III. Central values with their uncertainties, 95% C.L., and 90% C.L. upper limits (UL) for the branching-
fraction ratios B,,/B,;, (top) and B,,/B,;, (bottom) for various masses of the a boson. Corresponding absolute
upper limits for B(z~ — £~ a), computed using standard-model branching fractions from Ref. [35], are provided in
parentheses for convenience.

M, [GeV/c?| B,,/B.;, (x1073) UL at 95% C.L. (x1073) UL at 90% C.L. (x1073)
0.0 —8.1 £3.9 5.3(0.94) 4.3(0.76)
0.5 —-0.9 143 7.8(1.40) 6.5(1.15)
0.7 1.74+4.0 9.0(1.61) 7.6(1.36)
1.0 1.7£4.2 9.7(1.73) 8.2(1.47)
1.2 —-1.1£26 4.5(0.80) 3.7(0.66)
1.4 -03x1.0 1.8(0.32) 1.5(0.26)
1.6 0.2+0.5 1.1(0.19) 0.9(0.16)
M, [GeV/c?| Bio/ B (x107%) UL at 95% C.L. (x1073) UL at 90% C.L. (x1073)
0.0 —9.4 437 3.4(0.59) 2.7(0.47)
0.5 -32+39 6.2(1.07) 5.1(0.88)
0.7 271 £34 9.0(1.56) 7.8(1.35)
1.0 1.7+54 12.2(2.13) 10.3(1.80)
1.2 —02x+24 3.6(0.62) 2.9(0.51)
1.4 0909 2.5(0.44) 2.2(0.38)
1.6 —0.3 £0.5 0.7(0.13) 0.6(0.10)
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