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Machine Operation Status
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SuperKEKB luminosity is steadily increasing:

® 5.1 x 1034 cm-—2s-1 achieved (World Record).

® 575 fb-1 of data was collected, 495 fb-1 on Y(4S) resonance.

We are working on improving the luminosity (Target: 6 x 1035 cm-2s-1).

® “‘Sudden Beam Loss’ is the main issue preventing us from increasing the beam
current. It damaged 2% of PXD gates.



Introduction

At B-factories, electrons and positrons collide at the energy of the Y(4S)
resonance (10.58 GeV) to produce paris of B mesons.

The KEKB/Belle (1ab-1) and PEP-IlI/BaBar
(550 fb-1) discovered CP violation in the B
meson system, enabling measurements of
the CKM matrix elements.
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Integrated luminosity of B factories
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(fb™) >1ab™*
On resonance :
Y(5S): 121 fb*
Y(4S): 711 ™!
Y(3S): 3fb!
Y(2S): 25!
Y(1S): 6 fb !
Off reson./scan:

~100 fb*

~ 550 fb™!
On resonance:
Y(4S): 433 b
Y(3S): 30 fb !
Y(2S): 14 fb!
Off resonance:
~54 fb!
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Unitarity triangle

CKM matrix g
Vi 1—] transition
Vud Vus Vuw 1-22/2 A Al3(p-in)
Ved Ves Ve | = -\ 1-A2/2 A V ]
2(1-ret i} ) ]
Via Vs Vw AR(1-g-m) - -Ak : |

(@) B-B mixing, B—am, 70, 00

B-B mixing,
B—J/"Ks

<
b—clv
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A triangle can be defined from CKM parameters by imposing a unitarity requirement.
Each parameter can be determined by measurement of semi-leptonic decay or B-B
mixing. Any distortion of the triangle could be a signature of new physics.



Measurement of the CKM Parameters

Current Status Belle II: 50 ab-1 and LHCb: 23 fb-1
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Measurement Precision at Belle |l arXiv:1808.10567

Observable Belle Belle Il (6 ab-1) Belle Il (50 ab-1)
Vbl incl. 1.8% 1.2% 1.2%
Vel excl. 3.0ex £ 1.40% 1.8% 1.4%
IVl incl. 6.0cx £ 2.50% 3.4% 3.0%

IVl excl. 2.5ex £ 3.0m% 2.4% 1.2%
sin2¢1 (B->J/pKs) 0.667 = 0.023 = 0.012 0.012 0.005
¢2 [deg] 85 = 4 (Belle +BaBar) 2 0.6
¢3 [deg] (B->D™MK®) 63+ 13 4.7 1.5

With 50 ab-of data, not only the precision of ¢1, but also [Vub|, 2, 3 will be significantly
improved. On the other hand, the precision of [Vco| and |Vid| is tied to theoretical models
and the accuracy of Lattice QCD calculations.



Physics Program

Time Dependem Measurements

Belle Il Data




SuperKEKB/Belle || Experiment

Physics objectives

* Precise CKM measurements, rare decay studies,

* GeV-scale dark matter searches (e.g., axion-like particles and dark photons),

* Tau physics and hadron physics.

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

N (N
‘ 3 1
77 L

EM Calorimeter
Csl(T1), waveform sampling electronics

: NN Particle Identification
electrons (7 GeV) ~ 4 Time-of-Propagation counter (barrel)
- Prox. focusing Aerogel RICH (forward)
Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

———

Central Drift Chamber

Smaller cell size, long leverarm =

Belle Il TDR, arXiv:1011.0352

A large tracking volume, providing
high vertex resolution against high-
background environment.
Improved 11/K separation (~40)
Trigger rate up to 30 kHz

e ~100% eff. for B meson events

* Dedicated triggers for dark sector

searches

Grid computing technology for data
EWAIE



Vertexing performance — charm lifetime

— G 2
The lifetime meas. nicely demonstrates t =mplL-p/|p|” K
performance of vertex reconstruction. -

etTe~ — cé events are used:

( D*t —» DY (— K7 H)rt
D*t = Dt (= K nta™)r’
DI — ¢n™

4

+ P ¢ Belle IT ” Belle 11

t AC — pK @ det=207.2ﬂy1 » JLar=721"
, ¢ Data 2 ¢ Data

Backgrounds are estimated from | — Total fit — Fit

--- Background Background

the side-band or simulation.

Candidates per 70 fs
Candidates per 70 fs

Decay time [ps]

World best meas. achieved
thanks to new PXD layers. B

Phys. Rev. Lett. 130, 071802 (2023



https://doi.org/10.1103/PhysRevLett.131.171803
https://doi.org/10.1103/PhysRevLett.130.071802
https://doi.org/10.1103/PhysRevLett.127.211801

CKM Parameter Measurements

(o) B-Emixing, B—nm, 7o, 00

ViV “
VudV “ub
VeaV “eb
VeaV “en
T B-B mixing,
B-B mixing B—J/pKs

B—DK
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Time dependent CP asymmetry

- I'(B" = J/WKQY) —T(BY — J/YKY)
- I'(B° — J/YK)+T'(BY — J/¢YK2)

_‘sm AmpAt) —|-‘COb AmpAt)

mixing induced CPV Direct CPV

Scp = sin(2¢1) Acp = —Ccp
|B> T> | f>

IB> — | >

% S, A: defined by final state Acp= 0 (tree level)

Jcdt =362 fb~1
BO%—J/yK?Q

Belle I bt Bt Scr(J/Y Ks) = sin(2¢1) meas. -

b—ccs has a small unc. on theo. and exp.
— golden mode for ¢

Candidates / (0.5 ps)

B—J/Y Ks(362 fb-1) at Belle Il (GFIaT)

Scp =0.724 + 0.035 (stat.) = 0.009 (syst.)
(Sppg = 0.701 £ 0.017)
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Phys. Rev. D 110, 012001 (2024 : O


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012001

¢1/p Measurement: Tree vs Penguin

e bh—sqq transitions with quantum loops, CP asymmetry should be similar to that of
tree-level b—ccs (e.g J/y Ks) in the SM. However, if new particles contribute, the
CP asymmetry can be modified. (¢i¢ff= ¢p1 +0p1NP)

Belle Il (Preliminary) ¢ Btoag (= +1)
2 40 [rdt=362H1

Y Blg(g=-1)

o Jh Ks (S =0.70)
A 7 Ks (S =0.55)

* B—oK;, n°K;, KKK are golden channels (small theoretical uncertainty).

> ¢pK;(362 fb1): Scp = 0.54 * 0.26 (stat.) +0.06 _y o5 (Syst.)
> 1°K (362 fb-1) : Scp = 0.67 * 0.10 (stat.) * 0.03 (syst.)

> KKK (362 fo-1) : Scp = -1.37 +035 g 45 (stat.) £ 0.03 (syst.)

— All consistent with HFLAV values.

171


https://link.aps.org/doi/10.1103/PhysRevD.110.112002
https://doi.org/10.1103/PhysRevD.108.072012
https://link.aps.org/doi/10.1103/PhysRevD.109.112020

070 (365 fb1)  arXiv:2412.14260
x%7+(362 fb!) =

¢2/oo measurement: B—ar (365 1b-1) *

°* B— wwand B — pp are the most
sensitive channels for ¢;.

e Tree and Penguin contributions must be
disentangled to determine ¢;.

e |sospin analysis (720, 7+ -, 2049) is
effective

— All isospin modes of B—ur can be
Az: tree only,
analyzed at Belle II. . o Ao: tree + penguin

® Sensitive to direct CP asymmetry as well

SCP = \/1 — A?E’P sin (2@52 — 2A¢2),ACP 75 0

Belle Il preliminary RS Belle Il preliminary

_1 = "
det=365fb ) det=365fb

360 fb-1 B(x10-6
710770 (X100)

T 583 +0.22 +0.17
T+l 5.02 £ 0.28 + 0.31 -0.082 + 0.054 + 0.008

1.25+0.20 £ 0.11 0.03 £ 0.30 = 0.04

0.5 = 9 5.3
AE [GeV] M,  [GeV/c?]


https://doi.org/10.1103/PhysRevD.109.012001

¢2/a measurement: B—pp (365 tb-1) * arXiv-0412.19624

e B— pp decay is characterized by three helicity states (longitudinal Ho
and transverse H. and H.). Longitudinal polarization fraction (|Ho|2/Z|Hi[2)
IS an observable in angular analysis.

e Simultaneous fit in kinematic variables to extract branching fraction,
longitudinal polarization fraction (fL), charge asymmetry (Acp)

Belle I preliminary & BYtag
Belle IT preliminary /E gt = 365 !

//L dt = 365 fb~!

Events / 1.0 ps
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Pull
Asymmetry

e Suppress continuum with NNet and tag the flavor to measure the CP asymmetry:
> Acp =-0.26 + 0.21, Scp= -0.02 + 0.13
 Obtain a 10% improvement on WA for ¢2 when including this new result:

> B2 = (92.6 +45 4 5)
13



[Vuo| and |Veo| measurement arXiv: 2411.18639

Semi-leptonic B decays are used to extract the CKM parameters [Vuw| and [Ve|.

Lful)/‘/('b

u/c

y

Exclusive Inclusive

* B — wlv and B — D/{v are golden

Exclusive IV | 68% CL contours
si ub Inclusive
modes for [Vub| and |Vep| | Exclusive IV,
= qubl/lvcbl IV, l: GGOU
. IV I: global fit
measurements. I Averace

* There exists a longstanding
discrepancy (~3.30) between exclusive
and inclusive measurements.

* Belle Il can precisely measure both

42 44
modes. VI 1107

14



B Meson Tagging

Reconstruct Opposite-Side B Meson (Btag)
(Since B mesons are produced in paris, they can be identified with high efficiency)

tag-side signal-side

untagged semi-leptonic hadronic
£=100 % 0(0.1)% Signal-Side B Meson (Bsig)
high low .
Rec. Eff. depends on the analysis mode.
SIN
bad good

e Presence of Biag allows analysis in three modes:
» Hadronic, semi-leptonic, and untagged
» Reconstructing Btag requires a lot of data (low efficiency)
» Btag Is crucial when neutrinos are present on the signal side.
e AI/ML approach significantly improves reconstruction efficiency
compared to the Belle era.
15



V.| measurement : B—D(*¢v (190 fb-1)

* Untagged analysis was performed at Belle I

 Reconstructing low momentum x from D* is challenging in D* — DI(—Km)n

e Simultaneous fit using the angle cosf and mass difference AM (= M(D*) - M(D))
in the B and D*{(=Y) system.

Belle Il [cdt=189fb"! Belle Il [cdt=189fb1

CM ~CM 2 4 2 4
2EB EY —mppC — MmycC
-CM,| -CM,| 2 ? - - - - ' 0.144 0.146 0.148 0.150 0.152 0.154 0.156

cosfgy =

2lps ||y |c AM [GeV/c?]

* Non-perturbative form factor models: BGL, CLN

IVebleoL = (40.6 £ 0.3(stat) + 1.0(syst) + 0.6(tho)) x 10-3
IVebleun = (40.1 = 0.3(stat) = 0.9(syst) + 0.6(tho)) x 10-3

16


https://doi.org/10.1103/PhysRevD.108.092013

Latest Status: |Vun| and Vb arXiv2301.07529
arXiv:2407.17403

New exclusive measurement (tagged) from Belle (711 fb-1) exploiting full differential
information from B—D*lv decays for the first timé: [Veo| = (40.6 = 0.9) x10-3

New exclusive results from Belle Il (untagged)
e B-rlv (362 fb-1):

IVubI — (3.73 =+ 0-1 6) X 10-3 ' . Exclusive IV_| 68% CL contours

° B_} plv (362 fb-‘l ) s 4. Exclusive [V | Inclusive
IV, IV, 'Vub'f GGOU
IVuol =(3.19 £0.33) x 10-3 NOTE I aversee Mk gtobal

Pion modes reduce the tension,
while large uncertainty with p.
Theory inputs are key.

42 44
IV_1[107]

17



Evidence for B— 1v (365 fb-1)

Events/Bin

® |deal probe for [Vub|, but helicity suppressed. Not yet observed.

arXiv:2502.04885

® Use Hadronic tag. Reconstruct the tau decays into leptons, a pion, or a p.

® At least 2 neutrinos, large missing mass and no residual energy in the calorimeter.

Belle Il Simulation
PEY [ £dt = 365 fb!

0.0 0.2 0.4 0.6 0.8 1.0

Residual energy [GeV]

Belle II Preliminary Sig Bkg Unc.

Jrdt=365 fb! —— Bkg + Data
T+ > et D, — Tot

M2, > 10 GeV?/c*

0.4 0.6
EgSra (GeV)

Belle Il Simulation
P& [ cdt = 365 fb?

Background

2 .
miss

(missing mass)? [GeV?]
(GeV?/c?)

0.0 0.2 0.4 0.6

Residual energy [Ge\/]

1.0

Belle II Preliminary Sig Bkg Unc.
140 f£dt =365 fb~! —— Bkg + Data
T - u + puﬂ — Tot

M2, > 10 GeV?/c?

Events/Bin

0.4 0.6
Egra (GeV)

Belle II (365 fb~1, hadronic)
1.24 £0.41 =£0.19 This analysis

BaBar (417.6 fb~!, semileptonic)

1.7 +£0.8 £0.2 PRD 81(2010)051101

BaBar (426 fb~!, hadronic)

1.83%035 £0.24  PRD 88(2013)3,031102

Belle (711 fb~!, hadronic)

0.72%337 £0.11  PRL110(2013)13,131801

Belle (711 fb~1, semileptonic)

1.25 £0.28 =0.27 PRD 92(2015)5,051102

BR(BT = 7t1,) (x107%)

Vis gt e, = (4415518 x 1073




Lepton Flavor Universality (LFU)

* In the SM, the coupling constants for weak
interactions should be independent of the
charged lepton flavor (e, u, 7).

e Measurement of R(D) in b —c¢v transitions
show deviations from the SM.

* Such anomalies are crucial for determining
new physics directions, requiring further

validation. Rp =

e Belle Il will perform independent and
complementary tests of LFU in various
final states.

Ax?* = 1.0 contours

4 HFLAV SM Predict
R(D)=10.298 + 0.0(
R(D*) =0.254 = 0.005

B(B — D™ 1)
B(B — D™ {v)

tree BF~O(10™%)

19



B—D™tv (190 fb-1)

e Since B meson decays via W in the SM, the BF is large O (1) %

* This is a decay of 3rd gen. quark to 3rd gen. lepton T
> Large coupling to heavy particle (e.g. charged Higgs) —/ v
> Large coupling to 3rd gen. particles (e.g. LQ or Z’ model) b LQ ¢

e At least 3 neutrino in the final state = Flavor tagging is a key

tag-side

hadronic FEI

* Unc. can be suppressed by taking a ratio (LFU) 0 02 04 06 08

Rpey =

B(B — DY 1)

B(B — D®)(v)

Phys. Rev. D 110, 072020 (2024

Belle Il Preliminary D*—D’z* —e— Data
[ Ldt=189.3 10" Bl D*7v

1.5< M2, <6.0 GeV?/c* B priv
B D**l(T)v
I Hadronic B
[ Fake D
[ ] Other BG
Fit uncertainty

>
)
)
.
o
N
S~
n
Q
—
©
9
©
C
©
o

1 12 14 16 1.8 2

Residual energy in the calorimeter [GeV]

R(D®) = 0.26 = 0.04 (stat.) + 004 _g 03 (syst.).

20


https://link.aps.org/doi/10.1103/PhysRevD.110.072020

Latest Status: R(D*) vs R(D)

. || 1
\| Moriond 2024 |

" 68% CL tontours

Illlllllll

4+ HFLAV SM Prediction

R(D) =0.298 +0.004
R(D*)=0.254 +0.005

R(D) =0.342 = 0'026101111
R(D*) = 0.287 = 0012,
0 =-0.39

P(x2) = 35%

0.5




b— sb+{-

e Flavor changing neutral current (FCNC) b—s (d) decay proceeds with a loop

diagram. Hence it is suppressed in the SM.
» Enhancement of new physics contribution (e.g. SUSY, Z’, LQ model etc)

¢ ¢ ¢
~ Py ey
X T “ LQ
b ~‘ s b—}LTw b ¢
t ey

e b—st+l- is experimentally a clean signature.
* Unc. can be suppressed by taking a ratio:

B(B = K™ putu~)
B(B — K®ete)

Ry =

In Belle Il, in addition to R(K*), an inclusive measurement of R(Xs) is also possible.

Flat sensitivity over g2

27



Evidence for B> K+vv (362 fb-1)

FCNC b—s (d) process
* |ndependent probe against b— sttt

* Btagis a key since two neutrinos are in the BB = K] = (L740.6) x 10°°
final state. BDT analysis is employed to B[B® - K*%p] = (954 1.1) x 10 ®
further improve the Belle |l sensitivity. [JHEPO2 (2015)184]

n(BDTy)
0.96 . . Phys. Rev. D 109, 112006 (2024

:  Belle II :

. [Ldt=(362+42)fb! EEE B K

; : BOBO
BTB~
Continuum
Data

Belle IT (362 fb!, combined)
23407 This analysis

Belle 1T (:

1.1+£1.1 This

Belle 1T (:

2.74 0.7 This analysis

DO

n
O
+—
<
©
)
=)
oy}
O

Belle (711 fb!, semileptonic)

1.0+£0.6 PRDY6, 091101

Belle (711 fb™', hadronic)

29416 PRDS87, 111103

BABAR (418 fb'!, semileptonic)

14 8 2501 4 8 251 4 8 25p1 4 8 25
2 2/
Grec [GEV? /]

 Continuum BG is estimated by
off-resonance data with another BDT.

0.2+0.8 PRDS82, 112002

BABAR (429 fb!, hadronic)

1.5+1.3 PRD87, 112005

10°x Br(BT—K " v)

23


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006

Long-Lived Particle Search (190 fb-1)  w

suNE,
o e

Su,ct
* First LLP Search at Belle | b———"——— P
> In FCNC b—s, some models predict the : ¢
production of long-lived (pseudo) scalar S £

» B+ -+ KxSor, BO = K*(892)S

where K*(892) = K+t s
S- ete, 'y, mir, K*K- &
e Peak search in the mass distribution of S et 1 Profniah €€

B(B%-K"°S) x BﬁS—»p tu-)

o0
o

Belle Il Preliminary B*—K*S(-ntmn-)

JLdt =189 fb™? B ete-cC EZZ MC stat.
I e*e~-ud/dd/ss + data
B e*e~-Y(4S5)-BB

~
o

S — utu-
Belle Il Pv’éllin#ary

B(BY-K*°S) x‘mﬁ§ﬁn+?‘)
AT ”\\
y  WuRLL

(e)}
o

wn
o

rreduced
JVIS—)J:+ T

H
o

w

Belle Il Preliminary

N

Q&
O
-~
>
w
O
R,
=
~
n
&
4+
©
ke
S
c
©
O
H*®

!
x
+
x
T
N
Q
X
n
AV
T
)
Q
c
S
_
O
X
0
o

M reduced (GeV/CZ)

S-ontn-

(pseudo-)scalar mass ms (GeV/c?)

Phys. Rev. D 108, L111104 (2023



https://doi.org/10.1103/PhysRevD.108.L111104

Hadronic Vacuum Polarization

* 5.10 deviation from the SM in (g-2), -. b
> new physics? (e.g. SUSY, LQ, ALP, ...) R o procicin (2023)

— —eo—+

SM: ete- HVP Fermilab+BNL
T.I. White Paper (2023)
(2020)

e Dominant theo. unc. arises from QCD term (HVP term)

HVP : Hadronic Vacuum Polarization i

Selected new results
since White Paper (2020)

g—2 QED EW QCD
= — = - &
u 2 a”’ T a/"’ + a“’ SM: e+e- HVP
using only CMD-3
data below 1 GeV
CLQCD _ aHVp _I_ aHLbL ) : : 19.0 . 19.5 20.0 20.5 21.0
v N v v a,x10 -1165900
2 oo
o ds
aHVP,LO - —R(S)K(S)
H 3% Jm2 s
Ty .@ Ty Bellell W 500 Belle I ! Data
R( S) — [ty [l Non-ISR g

T
KK PR
WNon-ISRqg “:%
FSR s %

A
% Y
“mgp

EFSR

o(ete = phu-) o

e | arge diff. in measured xsec btw BaBar and KLOE
® e¢te- — m+m-n0 cross section at Belle |l

Entries per 25 MeV/c?
Entries per 25 MeV/c?

> Energy of hadrons scales with ISR vy recoil energy Farr— _
» Measured xsec is 6.5% higher than BABAR, M(37) (GeV/c?)
pushing 3.0x10-3 higher in ay

Phys. Rev. D 110, 112005 (2024

20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112005

SBL Investigation

20



Sudden Beam Loss (SBL)

Damaged D0O2V1 collimator head

IP

. (diamonds, CLAWS) .
Loss momtor T — D02V1 collimator

in the ring

RF arc sensor
A\ ] is sensitive to
\\" beamloss

* PIN diodes
at each collimators

D10 -

Bunch current monitors (BCM)

e “Libera” turn-by-turn BPMs
KEKB conttol

8

Abort kicker/beam dump
Radiation dose around IP (diamond)

Beam Current Monitor . 2021-05-10_14-26-22_99838

May 10 2021

threshold(10us) 4 mrad, fired
a070 079

o
o

by BP_FW_145 with 8.8 mrad

integrated dose (10us+50us)
BP_FW_35 1059.4 mrad
BP_BW_35 1756.1 mrad

- - - - - oo ""E“m P BP_FW_145 1206.4 mrad
| Beam loss (from previous turn) Sturn  -2turn  -1turn | BP_BW_145 1057.0 rrad

[o)]

bunch current [mA]
Dose rate [krad/s]
(o]
o

Al [mA]

0 50 100
Time from diamond abort trigger [us]

beam aborted

A significant beam loss at high beam current operation resulted in severe damage on
a collimator or the vertex detector. Our abort system is not fast enough to protect
such a sudden beam loss. = A limitation toward higher beam current



Fast LM system for beam diagnostic

D02H4DO2H3
e ,\?

e~

® [0 pinpoint the location of the initial beam : . \
0ss, 15 loss monitors (Csl+PMT, EMT) ): 1
nave been installed around collimator i LS1
ocations (i.e. smallest aperture in the ring) ?

® : Horizontal Collimator, KEKB HER(50x104) type (NLC)

WIGGL ARES

. m: Vertical Collimator, KEKB HER(50x104) type
S I n C e th e S U m m e r Of 202 1 - &]BOQVA ® : Horizontal Collimator, SuperKEKB LER(f90x220) type
- ; W : Vertical Collimator, SuperKEKB LER(f90x220) type

) : Horizontal Collimator, SuperKEKB LER(f90) type

: Horizontal Collimator, SuperKEKB HER(f80x220) type
M : Vertical Collimator, SuperKEKB HER(f80x220) type

5 Master

module " FpGA clocks (125MHz)

® \Vhite Rabbit (WR) time synchronization
system, developed by CERN, has been
employed. Slve o~ Save o~ Save o~ Slave

module %~ module %~ module =~ module *

Boundary
module




Advanced Beam Abort System

_ In 2022, most SBL events triggered
ot (P abort requests from CLAWS (IR).
The timing of these aborts can be
improved by:

-= Optical cable

e+ injection ®\
<3

In 2022, we demonstrated that
optimizing sensor placement at
DO6V1 allowed the abort signal to
be issued 1-2 abort gaps earlier.

29



SBL Investigation (After Summer 2024)

® Upon opening the beam pipe in the D10 LO2/L0O3

sections, black stains were discovered. m}f

® [hese stains were identified as burnt silicon, most -
likely originating from the degradation of vacuum 3'“ .“
sealants (VACSEAL).

® After cleaning the affected piples
(D10 LO2/L03), SBL was completely
eliminated In that section.

e However SBL continues to occur
in the D04 section, necessitating
further clearning/monitoring. L\
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Summary

o SuperKEKB/Belle Il is a new generation B-factory having unique
capabilities for new physics search.

* Machine operation going well so far and 575 fb-1 has been collected.
e _LER/HER: 1632/1259 mA
* n. bunch: 2346 bunches (2-bucket spacing)
* Peak luminosity: 5.1 x 1034 cm-2s-

?E

- Long term projection
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Thank you!
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