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Outline

* Introduction
» Belle & Belle Il experiment & Time-dependent CP violation (TDCPV)
« Silicon Vertex Detector (SVD) & Future Vertex Detector (VTX)
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Belle & Belle Il experiments in Japan
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Super KEKB collider

e 4 GeV et &7 GeV e~
« CM energy: 10.58 GeV for Y(45)
 Asymmetric energy
* Lepton collider

* Luminosity Frontier
» Target luminosity: 6 x 103> cm™2?s71
- Target Integrated L: 50 ab~*

« Search for new physics with B, charm, and t rare
decays

« Time dependent CP violation (TDCPV)
using rare decay

eleétron

=d:3km
vs LHC: 27 km

Belle Il




Luminosity Frontier

- Discover NP contributions through precision
measurements of SM observables

i
ML 02" M ﬁ SM>— < NP
Direct search = Energy frontier (at LHC)

Indirect search = Luminosity frontier

- How to find NP though indirect searches?

Precise predictions from theory Precise measurements
Rare or forbidden processes from experiments
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Motivation of the Belle Il experiment

Large statistics



Belle |l data > Belle data! (2026.06.05)
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BELLE 1l surpasses The Y(4S) dataset taken by E E E
BELLE Y(4S) BELLE Il is now (May 17
dataset 2026) officially larger than
ANA BB the corresponding BELLE
dataset. AV

o
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BELLE Il has now taken a dataset

* with an integrated luminosity of

q

757 fb™ of Y(4S) and 864 fb™ of
overall data X

measure for amount of data
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Belle |l data > Belle data! (2026.06.05)
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TDCPV in B® — K9K{K? - Motivation

* Loop diagram
* Time-dependent CP violation

 S: Represents how the behavior (decay
amplitude) of matter (B") and antimatter (B°)

differs over time

« § = —sin 2qbfff , called CKM unitarity angle
» Large deviation from S (sin2¢,) in a tree

diagram could be evidence of NP

BaBat
PRD 85{(2012) 054023

Belle 4

KS KS KS SCP %

—

HFLAV torrela

average

I o O\
PRL 98}(2007) 0318 ] e(e
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- B® — B% mixing
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-Mixing induced
violation (S)
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TDCPV in B® — K9K{K? - Motivation

- Time-dependent CP asymmetry jzgfggfcfgd\zgg gf violation
_ P(B°(A0) > fep) = P(B°(AD) = fcp)
‘¥ P(BO(At) > fcp) + P(BO(AL) > fp)

= Ssin(AmAt) + Acos(AmAt)

here the time dependent decay rate (P) is given by q = flavor information of tag side
|At| Am, = mass difference between
e_TJTO At = distance between B-meson pairs
P = 2 (1 + q[Ssin(Am At) + A cos(Am At))
TBO
" Flavor tagging
I __ KT
_ Btag /
. Y (4s)
Asymmetric energy i | -
- 1\.,;-:-3 et o
‘ I ph//v -0
Lorentz boost = 0.425 | < At = Az/Byc, Az =~ 200 um

| Az | fy= boost factor 0.425

\Sufﬁcient distance / Belle ~ 200 um
Belle Il ~ 130 um
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TDCPV in B® —» KYKJK? - Analysis Procedure

Key features

* 1. Reconstruct B nq (B - KS KS KS) candidate and B, Clean environment (lepton collider)
(generic B decay) Center of mass energy at Y(4S)

Asymmetric-energy

+-|

« 2. Suppress background
* 1. kinematic variables; 2. event shape for continuum background |

e 3. Flavor information (¢ = B or B) -
Proper decay time difference At between Bszgnal and Btag .

* - vas

B tag
| e m
For background suppression

?\

CIHERE
-'-- ﬁ—l——

et -

N

4 5
I

CREE

.= Az = 200 um, At (~ps) = Az/Byc
Nl i signal
A ﬁ\ "1 Baokground | By= Lorentz boost (0.425)
EFW%J “‘a bl _,,@g " , »M/’j
(Gle(v’;aematlc variables Event shape var;"al;les

J

At least one pion
. pair has silicon
vertex detector hit
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Example of event display for Y(4S) — BB

Recorded Operation

Current Ongoing Runtype : Null

Run Type : physics
Run Number : Exp.26 Run 270
Generated at : 2022-05-16 23:32:50




TDCPV results in B - K(KOK

g i 51500
% 60 51400
2 | 51200
) B =
o i w1000
w40 800
| 600
5 400
20 200
5 —o— 10 8 6 4 2 0 2 4 6 8 10
0 = At[ps]
Without TCPV
Sks Ks Ks (B = KsKsKs)
VALUE DOCUMENT ID TECN COMMENT
* Measurement results —0.82+0.17 OUR AVERAGE .\
. : —0.714+0.2340.05 KANG 21 BELL ete™ — 71(4s
» Obtained number of signal events: 258 + 17 +0.24 L (45)
of f —0.947T 574006 LEES 121 BABR ete™ — 7(45)
e S (— Sin 2¢1 ) = —0.71+0.23 (stat) + 0.05 (S}lSt) ¢ o o We do not use the following data for averages, fits, limits, etc. o o o
« C= 0.12+0.16 (stat) + 0.05 (syst) —0.71+0.2440.04 AUBERT 07AT BABR Repl. by LEES 12i
e = - 0.30+0.3240.08 CHEN 07 BELL Repl. by KANG 21

« Direct CP violation: P(B® - KK2K?) # P(B® —» KQK2KQ) o

“World Best Sensitivity”
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TDCPYV future

CKM Unitarity Trlangle present status and Belle Il reach

...............................

' Possible deviation

Consistent with
’ from the SM

E
| .
the SM '

« C. Marinas (Belle Il Collaboration), “The Belle |l Experiment at SuperKEKB -- Input to the
European Particle Physics Strategy”, arXiv.2503.24155.

« Precise TDCPV measurements require precise vertex reconstruction, which in turn demands an
excellent silicon vertex detector.

16



Silicon Vertex Detector

17
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SVD - construction

Components of the L6 ladder

FW
* 5 DSSD modules on L6
* Components

+Z

@y Dssp | Thermal insulator

&

* Hybrid board (2) o

« FPCB (3) \\

* Flexible pitch adapter (PA) PA % & L Readout hybrid
" DSSD(5) éu ort structure v"

* Support structure (2) PP \

* etc.

Align the DSSDs on thq

{

alignment base jig.

[

=

e W
L
<

Attach the thermal insulator and the Origami FPCBs, and then perform
wire-bonding between the FPCBs and top side of the DSSDs.
Fw g

| er

 Leng h of the FPCBs RE— .

Assembly Procedure

[Repeat |

FRAGILE

HANDLE WITH CARE

Sensor Alignment

e Jig with O(20 um) tolerance
e Precision is measured by a CMM
(Coordinate measuring machine).
Sy - ) -

-

B

|Repeat [
Gluing

* Adhesive: epoxy (Araldite 2011)
* Glue is spread by gluing robots.

Gluing robots

Electrical connection*

B

e Wire-bonding
e Al (Si 1%) wire with ®=25 um

needle

¢ sample
S,

>

. wires

Wire-bonder Bonded wires

Ladder -
quality

Mechanical quality is verified by F-mark
positions on the sensor using the CMM.

3>
= Source scan

20




ORIGAMI

P
Flexible fan-out NG
S WG
Signal FPCB

wfrom h-side

glue Thermal insulator

DSSD

/Signal from p-side

Electrically
connected by APV25
wire bondin [y g

PA1,2

Low material budget: 0.7%X, per layer
Low noise due to the short sensor—-APV25 connection length

21



Gluing - Wrapping Procedure

/ T gl 1 Move a head to forward

S g B Ca .. Wire bonding
Pick up and fold PA1/2 [N = % R« btw PA1/2 and APV25

T e




Wire bonding

Power < S

Al (25 wiped glue
pm)
B "' ‘n’n’|»’n'n'nuu:nnlu;t’lm'
Power (mW)
Force (gf)
Time (ms)

Optimized bonding parameters and gluing quality led to a 99% bonding efficiency
- validated by pull-force measurements and bond pad inspections.

23



As a SVD deputy leader since Feb. 2023

- Management human resources

- Publication

65 people from 16 institutions in 6 countries

Author Task Start Expected end date Description
agreed date (authorship
qualification)

Alice Gabrielli (now Mar Dec Oct 2020 « In-depth characterization of di
Ph.D. student, Trieste) 2021 2019 (completed) comparison with a reference <

+ Documentation of the results:
Mirco Dorigo (INFN Mar Jan Oct 2020 « Supervision for all the analysi:
staff researcher. 2021 2020 (completed) update of the Belle Il radiation
Trieste) + Documentation of the results:
Sagar Hazra (Ph.D. Jun 2020 Jun Nov 2020 « SVD operation and data moni
student, TIFR) 2020 (completed) + Leading role in SVD dE/dx cal

conference.

+ Documentation of results: BEL

Rahul Tiwary (Ph. D.  Jul 2020 Aug Feb 2021 (completed) « Participation in the SVD opere

student, TIFR)

- Offline SW

2020 « Develop the calibration of SVI

« Documentation on results: BE

c - =
§ F Belle Il - SVD ZRun1
3 0.25 3.x.1 sensors & Early Run 2
(] N '
= -
- —
& 0.2 | Expected generated Entries 815632
Zn | charge by a MIP Mean 29.12
= Std Dev 10.19
- Constant 0.8493
- MP 23.92
0.15— Sigma 2.139
: 14;‘ Hits from other | Hits from target
- 12/ ‘co Iik'_-'on.-"bgan' collision
- £ backgroun
0.1 e T | e—"
- 8 \\'i 1data event
C B Total clusters = 114
0.05— 4
- 22 |
[ 0556 100 'S0 T 0 s 100 150
0 Cluster Time (ns)
1] ou 12V

ouv 1uu
Cluster Charge Norm(ke-)
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SVD performance

& beam bkg. rejection

Re-installation and performance of the
Belle Il Silicon Vertex Detector

Belle 11SVD paper, JINST, 17, 2022

42" International Conference on High Energy Physics - ICHEP 2024
17-24 July, 2024, Prague - Czech Republic

ge 4 talks & 2 posters / yea

The Silicon Vertex Detector
of the Belle |l Experiment

Kookhyun Kang - Kavli IPMU
on behalf of the Belle 1| SVD Collaboration

VERTEX 2022 Oct 24, 2022

- Radiation with diamond sensor

Radiation dose monitoring
& beam bort system

[- Online SW

[ SVD Local Network ]

I

SVD:ENV

A — SVD:Inj
| (nj. Inh.)
FOS Huml ; —_—
‘ svdbot ‘ Occ. Mon. ‘

| VLHI Chiller | Hum2
) S N BeamAbon‘lntegrated

= (DCU) Dose(s) SVD:PS
DCUs 1 e ‘ Archiver
Lt . SVD:QM | SVD:FADC
FADC CM élarm ’,:llann
erver Logger
208 SVD:CTRL

: [ nvironmental monitoring

Slow control & achieve

S SVD operation

n?2 h

Fir llisions of

nd of F

'When we were young'

2024

,'.» h X <
94 With three
operation coordinatrs

SVD

24

Integrated dose in SVD Layers 2024-10-30_02-30-10_99975
T 70 T T T g 16 | == BP_FW 35(HER) threshold(10us) 8 mrad, fired
8 : [
= . ) )’ . © 14 i == BP_BW_35(LER) by BP_BW_35 with 13.7 mrad
g 60 — L3 mid plane refiminary 2 14| — ge_rw_rasien)
—Ls L {of | —Br W 145(HER)
B 50 L4 o
E. — L5 Q 10 [ integrated dose (10us+50us)
E 40 — L& 8 E BP_FW_35 40.7 mrad
= QO g BP_BW_ 35 1083mrad
30 F BP_FW_145 32.6 mrad
6 BP_BW_ 145 34.4mrad
20 E
4=
10 ] }
o 2019 2019 2020 2020 2021 2021 2022 0;00‘ E— ‘5‘—"0 : m‘—‘—"n I a— . ; — “;G
Jui02 Dec31 Jul01 Dec30 JulO1 Dec31 Jul 01 - B - -
Time from diamond abort trigger [us]




Timeline for VTX upgrade

Looking into the future

"

o Run 1:0.5 ab™!
B-factory level measurements
e Run 2: 5-10 ab-!
Precision measurements
_ Run 3 50 ab”
Carlos Marinas Rare phenomena

50/ab

5-10/ab

0.5/ab

Int.
Luminosity

A

Run 2

2024

Run 3 ‘IEI'

Ca. 2032

ca. 2043

25



Super KEKB upgrade

7 i — L 70
i Peak luminosity I
T w/ QCS upgrade w/o QCS upgrade o
sL| [—— v b [ — // ............. 60
Integrated luminosity (delivered) -
w/ QCS upgrade w/0 QCS upgrade /
5F- [ inLs2 inLs2 ] 50

Projected by SuperKEKB/Belle 11

) BN
S S
Integrated luminosity (delivered) [ab™]

Peak luminosity [x 10¥cm2s1]

20

« To achieve higher luminosity at SuperKEKB, several accelerator systems must be
upgraded, including the IR and QCS.

* As a consequence, the VTX must also be upgraded, both to match the new IR/QCS
geometry and to operate reliably under the increased hit rate



Vertex Detector (VTX) - motivation

PXD (Pixel Detector) (L1 — L2)
+SVD (Silicon Vertex Detector) (L3-L6)

N
4

(preliminary new QCS)

Inner vertex: L1-L2
Outer vertex: L3-L5 (or L6)

L

LS2 Upgrade Current Belle II

|

27



V-side strip index (768 channels)

Vertex Detector (VTX) - motivation

Combinatorial ahost-hit problem at 3% strip occupancy

()
* * » Candidate UxV intersections = 345
700 Possible true hits = 15 .
e - e : 33 Reconstructed B meson impact parameter
o' finp o~
600 e E E E E E E E E =] nominal Belle Il 5-Iayer V-l X: 1 4“ m
B | nt ! i & ©015F oo nominal VTX
500 LY ; 1 . . L S . . W Dallernative VTX
11 =1 = f L ) =) i, pe e 'y 'y - . | ..
n* @coumilaion layar Al elecirods . . - W . —
| L L L N L L L B 0-1 .
400 ! Current \YXD: 22um
300 4 L
! on D o 11 0.05
200 T L R aad L  : L L L L L L S
' e - R ' ] -
Occup?ar;jcy ;:;‘.= 3% 2 | 0 L |
100 1 Expectell U hit strips = 0.03%512 =154 =15 3 -+ - : H - _
Exgected W hit striﬁs = 0.03x768 = 23.0 = 23 0.01 -0.005 0 0.005 0.01
All possible UxV space pointsss= 1523 = 345 “ . . .o Bsig o, [cm]
If true hits = 15, ghost candidates = 330
0 ! I ! ! T
0 100 200 300 400 500

True hit: 15
Fake (ghost) hit= 330

U-side strip index (512 channels)

28



Vertex Detector (VTX) - 1

PXD (Pixel Detector) (L1 - L2) Inner vertex: L1-L2
+SVD (Silicon Vertex Detector) (L3-L6) Outer vertex: L3-L5 (or L6)

Material budget: 3.5% X/X0 - 3.0% X/XO0
->sensor thickness 300 (SVD) -> 50 (VTX)
Radiation dose: 100 MRad

29



Vertex Detector (VTX) - 2

DEPEET Double-sided

mE Strip Silicon Sensor om?«chux"'m
M” mr "Hmllé = ke readout Al overall size 30.2x18.8 mm?
e | | £
= §§| T & =
Illi\- o iﬁ?\ﬁj % I 7 ~_readout Al
i e [ iana

« Monolithic Active Pixel Sensor (MAPS) technology (sensor + readout)
« OBELIX (Optimised BELIe Il monolithic plXel) Sensor, based on TJ-Monopix2 prototype
(developed for HL-LHC ATLAS)

« Based on beam test results of TJ-Monopix2, the OBELIX design is now being finalized.
* First OBELIX - around the end of 2026

Hit rate: 120 MHz / cm? ~ 4 x conservative bkg scenario
Trigger logic: 4 us — 10 us
Spatial resolution: 20 um — 15 um

30



Vertex Detector (VTX) -3

‘ Inner VTX

e Inner VTX
« Self-supported all-silicon modules

« Cooling system is under development
» with heat-conductance material (TPG)

-

Obelix
Chips

FWD end mount

Cold Plate

S

BWD end mount with

t) beam

sliding mechanism

\_

Kapton Pipe /

Outer VTX

v Outer VTX

» Carbon-fiber structure with Airex foam
as core material

« Cold plate with liquid cooling



Summary

- Belle & Belle Il experiment
« Time-dependent CP violation

» Silicon Vertex Detector
* Also silicon R&D in lab

e Future Plan
« VTX upgrade for Belle Il LS2
» BIC silicon senso assemble for EIC
« Silicon R&D and application

 Establish a Silicon Detector Group at KNU
 Collaborate with colleagues at KNU and KSHEP

32



Belle Il collobration

As of April 2026
e 1,200 members
— 700 PhDs and PhD students

« Chonnam National University, « Hanyang University, « KISTI, « Kyungpook National University,
» Soongsil University, « Chung-Ang University, « Korea University, « Seoul National University,
» Sungkyunkwan University, * Yonsei University

120 institutions from 28 countries/regions

33
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