Belle Il Experiment

Shohei Nishida
KEK, Sokendai

KEKSSP
Jul. 22, 2026

Shohei Nishida (KEK)
Jul. 22, 2026

KEKSSP
1

Belle Il Experiment



D

D KEK Tsukuba Campus i

KEK Tsukuba Campus ~800 m

electron positron collider (3km)

e TRISTAN (1986-1995)

v Highest energy at that time
« KEKB (1999-2010)

v B factory experiment
e SuperKEKB (2018-)

’Mjf. Tsukuba

WHE L~
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SuperKEK and Belle |l D)=
ell

SuperKEKB - Bell

Belle IT

3km

Qe T Baramnie:

SuperKEKB accelerator and Belle Il experiment

« High energy accelerator research organization (KEK) @ Tba
« Asymmetric e*-e~ collider SuperKEKB (4 GeV + 7 GeV)
v" World highest luminosity
« Belle IlI: flavor physics experiment with Belle |l detector
» Successor of KEKB, Belle (1999-2010)
v’ Verification of Kobayashi Maskawa theory with the study of
CP violation in B mesons.
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D

<L CP Violation and KM theory )R

« CP violation: a key for the matter-antimatter asymmetry.  Fs!
» Kobayashi-Maskawa theory (1973)
v' CP violation in the Standard Model (SM)
v' Complex phase in the quark mixing matrix
— source of CP violation in weak interaction.
v’ requires 3 (or more) generation of quarks

CKM (Cabibbo-Kobayashi-Maskawa) Matrix

Vud  Vus  Vub 1-12/2 A AA3(‘°@)
V=1 Voq Ves Vep | =| A 1-12/2 AXZ
3(1- A2
Vid  Vis Vi AL3(1-ptin) AR 1
W-
d.—)
* When the theory is proposed, only 3 quarks (u, d, s) were J ij
known. k
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B CP Violation in B Meson System ()=

Belle I

Study of CP violation in B system was the main purpose of Belle experiment

Discovery of CP
violation in B system
(2001)

I

Events /0.5 ps

= Nobel Prize in Physics
E o} CP odd W E to Kobayashi and
3 u_?r P T |2 Maskawa (2008)

o2b%, &

oaf >+:++ +#+

0.6

6 4 2 0 2 4 6
At (ps)
sin(2¢4) = 0.667 £ 0.023 £ 0.012
A=0.006+0.016 £0.012 [PRL 108, 171802 (2012)]
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B CP Violation in B Meson )=

Belle I

Mixing-induced CP asymmetry of B mesons
» B% and BY decay to a common CP eigenstate fp.

» CP violation appears as a decay time difference. \
[(BO(At) — fep) = T(BY(AL) — fop)
Acp(At) = —
[(BO(At) — fep) + [(BO(At) — fcp)
= S sin(AmAt) — C cos(AmAt) . @ Ve _
S : mixing induced CPV Tt _
C : direct CPV (=-A) B’ w: W B’
S =-¢ sin(2¢4) for B —» Jhy Kqg b =P V,, @
T(B°(t) — J/vK?) T(B°(t) = J/¢Kg)
x e~t7(1 + S sin Amt) x e H7(1 — Ssin Amit)
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Super

<D CP Violation in B Meson ))RES

Belle I

“Lorentz-boost”

Flavor tag o Measure position instead of time
0 _0 Seff ~30 /0 0.3 :
(BY or BY ?) -
e~ e .4/‘/' ~i B BO
— : \\‘\\*'V///////'JAV as :’///
e ,4/ fCP o.1
t=0 =< AZ :; <KS 'm:_i -6 = =7 ° 2 ry 6 8
~ 200um At ~ Az/cBy
_0 Quantum entanglement At can be negative (one cannot tell
BO (uncertain which is B°) which B decays first)

« Asymmetric beam energy
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Belle || Experiment )=

D
D

35— e'e” — YL4S) — BB (1 N nb) (T [

! e'e” —qq (q=u,ds,c) (~3nb) (MBS Flavor

++ etfe" > 1T ...... > = species
M : o of quarks
N | § o or leptons

L ‘1_+ *ﬁ ‘JF';’ 4
+ by b ‘!"""" M-h-ﬁ‘#"_"_.""ﬁ-i__ﬁ. _»

. Y(1S)  Y2S) Y(3S) | Y(4S)

044 9046 10,00 10.02 1034 1037 10.54 10.58% 10.62

Mass (GeV/ic™)

— [
Ln [
T

g (e'e” = Hadrons)(nb)

4

Ln

* Belle Il: flavor physics experiment
* Heavy Flavor Physics: c, b, t
v" Many kinds of decay modes.
» Large number of B mesons, charm (D mesons etc.) and < leptons are
produced at Belle Il
v Precise study of these decays.
v' Search for New Physics beyond the Standard Model (SM) by
comparing with the SM prediction.
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D SuperKEKB B

Final focusing magnet  ositron beam

To improve luminosity

I.] <« Beam current
Lo =

O Jy " Beam size at
the interaction
point

electron beam
Nano beam

KEKB SuperKEKB

~50nm

/ 100um um{: .
I:> \ / 100um

Crossing angle 22 mrad Crossing angle 83 mrad
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Belle || Detector D)

— KL u
Detector
Electromagnetic .\ KLM
Calorimeter ECL Particle
s Indentification
Electron(7GeV) ! TOP(barrel),
= ARICH(endcap)

TN

| N

| Positron(4GeV)

“&.N A AR

Central Drift
Chamber c

DC

T

Silicon Vertex Detecto
PXD, SVD

\

© Rey.Hori/KEK

Belle Il Detector (8mx8mx8m, 1400t)
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D Belle Il <&

Belle Il Collaboration > A T

« 28 countries and regions ",#w 15 T iy P R |
o . . = & ; 23 Lo 8. o 9 : - ’ o
127 institutes [ S e ool b A i}
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£ Luminosity and Operation )R
Luminosity [cm™2s™1] 1 ab-! =
1000 b~

Number of collision event N [s7]
Cross section ¢ [cm?]

N=Lo (L: luminosity) » SuperKEKB: highest luminosity

Belle Il Online luminosity Exp: 7-42 - All runs Lo ‘/ 53 X 1 034 Cm_2 8_1 @2026/5/30
ntegrated luminosity | v' Target: 10 times larger

I Recorded Weekly
i J— fﬁﬂecomeadt = 0,914 [ADTLT e e .

¢

s * Accumulated ~914 fb~" of data

v Belle ~1000 fb="=1 ab~'in 11 years

06 £ v Belle Il now have largest Y(4S)
dataset.

v Belle Il target: 50 ab™’

2019/02-2022/06: Run 1
2022/07-2023/12: Long Shutdown 1

N
o

ity [fb1]

sity [ab

=
w

o
'S

Total integrated lum

Total integrated Weekly luminos
[
(8] o
=}
N}

2019 2021 2023 2025  2024/01-:Run2
< 5 S< « 2026 run just finished.
Run1 LS1 Run?2 * Next run: 2027 Jan.-
ilr:lo 2‘2 ;l:)szhsida (KEK) Belle Il Experiment KEKS1$3P
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Belle |l Installation J)res

-_-I_'
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Belle Il Installatio D)

April 11,
2017
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D

D New Physics Search D)=
Direct Search Indirect Search
» Generate New Physics  Study decays of the SM particles.
particles with high energy  Decay through loop diagrams : New Physics
accelerator (e.g. LHC) particles can virtually contribute to the decays.
« Condition Ey, > Myp (at  Branching fraction, CP asymmetry can be
least). changed from the SM expectation.
* OK with E); < Myp . But require huge amount
R of SM particle decays.
q * : :
: W _
N k box diagram
P 8 P
(] / l-‘k
/ A;z W penguin 8.
] N0 R dlagram
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Super

Belle Il Physics D)

of mixing and CP

4 . ) ;
B physics |ntens|ty Frontier 92 Charm Lifetimes D meSOnS, Charm

Y(5S,6S \uon 17 o) Branchi
guet— Ypg |5 N\ hing ractions, Daiiz an
ar glu Ps,//o,)/sf ) (N P Sea rCh by " S) "%?Aﬁ actions, Dalitz analyses

New hadron’states Zb's, b bb:

s Lo
(% Pto 3 5
New Chg, % N flavor violation

NeW ha * rO m’%‘% '\&"%" preC|S|0n & ./?emarmdecays o easurements _ B mesons

C D New a‘rlo,, X \ measu rement) ’ > ytd/Vts from penguins
Q baryons "\ \ \ ’ L) ) \\lcb,\lub) ~—Exdlusive measurements _ CKM matnx

New XS
e+e- —->ISR, pi+ pi- cross-sections ('230 7 Hadrons e‘(\e‘\ “\O/*
a—— O 0 | | @ %,
S 497 f (\* < lepton universality
ion FUNS & "766 : ; \‘\0“ - :
Spin Fragmentation. \)Q"é?.' Dar ,, sll"e,,’ . (x&& o, Det2: gamma tl m e
S Axion-Lj o, ep 2 20 Y
Linac en%' ike Pary; & ls Direct T violation
....... o /e > & ent Measurements : d d t
Invisible 7 . o Time Depend W phys; epen en
eLs 4 Belle Il Data <S.phases in b->s: B->phi ks, Raeta' ks
Dark Higg el - v
Dark Sector ey
Heavy tau neutrings
S)
A4 . o Direct CPV, isospin sum rules
LLPs (Long WNE=Z00S7 - 2, oK pLRLP
,CMQ(\ (@.. /.G 2 S
Magnet! e & 002
¥ e / [/ QS
Gazel‘?-\\:' 3 / e"eys \e&&o K* gamma and radiative penguins, B-->K(*) nu nubar a re
------ 0--> B
o B
| e to n Tau mag ¥/ g By, d
XY V: rig
T p X 3 > 'é’ S, light-handed currents, triple products ecayS
Tau Spectral Funct, ”o) SN N (‘fro
ions N of > e
LFV s § ;
) ), =JIiNs: p..
Lepton Flavor Violation (LEV) q;q. °}~o bo>s 4y, Ie NP
mass measurement 7 & e,
© 3 C

X
e MomE>

E D M Tau Electric Dipo!

__SIN2 they,

« : [l [l
e 2% 2= EW physics with
mews®”  polarization beam

amma determinations

deca}'s b_)C
Ne”'/ch
Jarmed resonances d ecays
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T B* - K'vv g

Belle I

Bt - Ktvv
 Two neutrinos in the final states.
v" Unique to e*e™ collider.

0
. oy . b - <— 3
« FCNC process: EW penguin, sensitive to the New Physics. ° N Z
* B.F. precisely predicted in the SM.
. . . v v
v Uncertainty dominated by hadronic form factors. / ’/"
€+
B(B*—K*vv) = (0.56+0.04) x 105 [PRD 107, 014511 (2023)] e -
_ S UGt
including long-distance effect of B*—>t* (K*V ) v h— 443
u » u
ﬁyeﬁarage [PRL 127, 181802 (2021)
| ; ; o BP”P”())H In(hmxe)
o Belle (711,15 ", SL)
e Belle i1 Had)
e Babay (429, Had+SL)
OJ‘l‘élllélll‘IGIIéII‘lO

10° x Br(BT—K T vi)

|
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D

= B* - K*vv $)s
New analysis by Belle Il with Run1 data (362 fb™") [PRD 109, 112006 (2024)]
Inclusive Tag Analysis (ITA) Hadronic Tag Analysis (HTA)
- Comp. Soft. Big Sci 3, 6 (2019) = 5
KT % K
y - y
B~ . Bt B ‘ Bt _
7 Me 1z
Erag = 100% K'/ \7; 3 PBiig = Pete— — PBiqg
- Newly developed at Belle || Bag = 170
v Used in the search with 63 fb". « Conventional method.
» Reconstruct signal B (pick up K*) only, » Reconstruct the tag side B with
exploit the rest of the event (ROE) to hadronic mode.
suppress backgrounds. » Lower b.g. — validation of ITA.

 More sensitive than HTA.
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D Supe-

QD B+ % K+VV ” KEKB

» Two BDTs to suppress background (ITA). 0.9 oo o0 g 10

» Control sample B* — Jhy K* (removing J/v). 3000 : :
 Detailed studies of other B decay modes,

Belle IT prchmmar\ :
JLdt= (ifJZ-Q—éLZ)ﬂ)l [ B*%K*m}

" " " " § ' i I:l B(]B(]
especially with K, in the final states. z =
Ca; : : t Data
* ITA and HTA results are combined. S 1000 :

v Common events are removed from

ITA (~2%) )
. 5 :
15.0 = ok
Belle II preliminary SM Ay e | | : | | : | | : | |

5= R0 1 A9 —— HTA
12.5 [L£di=(362+42) [b! -1 4 8 251 4 8 291 4 8 251 4 8 25

— ITA
et | ‘
g 10.0 b Combination q12'ec [GCVQ/C4]
~ I
—~ [
=10] [
= |
C‘\] b B

BB > K*vp) = [2.4 + 0.5(stat) T2 (syst)] X 107

* First evidence of the signal (3.50)
» 2.70 deviation from the SM prediction.

BB — Ktuvp)

- RBsm(BT — K+ui)

Shohei Nishida (KEK) . KEKSSP
Jul. 22, 2026 Belle Il Experiment 20



= LFU at B — D™)I*v Yzz=

" " ~ 04 1 T T T T T T T T

Lepton Flavor Universality (LFU) ?g _ FLAY ' 68% CL contours :

N - .

kS i) —

R(D(*)) _ B(B — D( )TL/) 0.35 ”Kf\R a

0.3 \ Belle’ < \ " - |

({ =e or ) : -

- L LHCDH o

t 0.25 = ’ ’j}

L A re—

w- vr onf TS Belle - :

2 R(D*) = 0.254 % 0.005 o 2 g il)(’:’if’]v‘.ﬂ =

b —» > C B 'I'L-I({)(,L')D FLAG24 (NE=2+1 for R(D*)) ?‘J).())_,;72 2812 0.011,,, s

- — - = IRIDL} ~0.2582+ 0.0051 l P(x%) =27% I i
d < < d d 0.2 03 04 0.5

R(D)

 Lepton Flavor Universality: Interaction at the SM does not depend on the species
of charged leptons.
v Branching fractions differ due to phase space or helicity suppression.
v" SM prediction: R(D™)) = 0.30 (0.25)
 3.8c deviation between the measurement and the theory prediction.
« Contribution from BSM particles (lepto-quark, charged Higgs)
* Recently, Belle Il presented a new measurement. More results will be coming.

KEKSSP
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5 Dark Matter )=

: . Enomg<«—— ordinary
Dark matter cannot be explained in the SM. dark 5% matter

* Dark matter is an unknown matter that exists in the Universe. matter dark
« 5 times more than the ordinary matter.
* It's not an SM particle, but its nature is unknown.

" energy

Rotational curve of spiral galaxies
 Quter stars rotate faster than
the expectation of Kepler’s law

Planet in solar

svatern ittt Collision
y||| P B Bl of cluster
b, 75— o%al = /\/\\m—- of galaxies.

ﬂﬂiﬁﬁ =

* Red: ordinary matter

r

74 10 2 xxe. = .
SR e (stopping due to the friction)
xﬁﬁfa\bmﬁé’%ﬁé‘éx%ﬁ] ' e Blue: dark matter

M3L(7> FoAXER) OEEICEREEHRY BN oroberts) [
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Dark Matter D)

Dark Matter Mass (GeV)
1040 [0-30 |Q0-20 [Q-10 [QO0 [QI0 [Q20 Q30 Q40 |00 [Qs0 [Q70

ScRESL | 2 ) r i T T T r
FollcE SR -E;ﬂi.i% (;ﬁ) &\t‘ﬂ? % N aﬁ%i . Eﬁmiﬁ $E?‘B%®%§‘D

WD THEBR BE3S THERR

Gl
Accelerator

 WIMP (Weak Interacting Massive Particle) was considered to be promising.
v' Massive particle (~ O(10-1000) GeV) interacting with a force with similar
strength as “Weak Force” in the SM.
v" New Physics (NP) is expected around this mass scale in relation with
hierarchy problem.
v" LHC or other detection experiments find no signal so far.
* Recently, various searches have been performed by various experiments.

|
Shohei Nishida (KEK) KEKSSP
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B Dark Matter at Belle Il D

Belle I 6}

» Search for Dark Matter (DM) at Belle, Belle Il.
v CM energy is ~10 GeV — mass region up to O(1) GeV (“light DM”)

mediator

7’2 ™
~1 { Dark Photon? ™
- ._ s Dark Matter

Standard Model -

 Typical process
v et + e — SM-particles + Mediator
v B (or other hadron) — SM-particles + Mediator

Shohei Nishida (KEK)
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5 Belle 1l Plan ez=

Near term (physics) T = — = ___270—._(;
« More results with Run1 data in 2024: é 6— [—Ig}:szsr:::mmmos”y W/f:;; | T— // ............. —;60 _/g
with Run1+Run2 data in 2025 %, sp [——nEe o , 150 ;a:
v R(D), R(D*) P LI N | ER-

v B> puv § / 12

v B - Kuy 2 S ———— / _____________________________________ 0 L

v I PR ¥ N Y - A o 3

- World leading results even with smaller L A N ;}
or similar data set compared to Belle. - il W -

0= - Jan 2024 Jan 2029 Jan 2034 Jan 2039 Date

Toward long term

* Increase the luminosity and accumulate the data.
v' Exceed Belle dataset.
* Plan for upgrade (LS2) to be decided.
« WIth 50 ab™, sensitivity is expected to be
AR(D*) ~ 0.5%, AB(K*vv) ~ 9%, B(t —» ppupn)<0.36 x107°

KEKSSP
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Backup
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CP Violation 3

FHOMEREK

FHOMA LAY —
f sHERER TPBEORE

BODE
34005 5

N

137{8 4

* When the Universe was created by
the Big Bang, the number of matters
and anti-matters are the same.

« However, only matters exist in the
present Universe.

There exist some difference between
matters and anti-matters (CP violation)

CP violation ~ difference between
matters and anti-matters

C:Charge conjugation
P: Parity
T:Time

C,P,T are basic symmetry

* Discovery of parity violation (1957;
C.S.Wu)

» CP remained considered to be
conserved ...

* Discovery of CP violation in K mesons
(1964; Cronin, Fitch)
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<D CP Violation and KM theory 8) e

Belle I

« CP violation: a key for the matter-antimatter asymmetry.
» Kobayashi-Maskawa theory (1973)

v' CP violation in the Standard Model (SM)
v' Complex phase in the quark mixing matrix

CKM (Cabibbo-Kobayashi-Maskawa) Matrix

Vud Vus Vub

From the unitarity of the matrix:
VigVur™ * VeaVer + VigVyp =0

 Triangles in the complex plane.
 Other triangles exist.
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