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&> The Belle Il Experiment

Belle II

KL and muon detector

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

— |h (end-caps , inner 2 barrel layers)
EM Calorimeter

Csl(TIl), waveform sampling electronics

\

electrons (7 GeV)

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

Vertex Detector , |
2 layers Si Pixels (DEPFET) + ! li"
4 layers Si double sided strip DSSD g/ b

A

: positrons
Central Drift Chamber (4 GeV)

Smaller cell size, long lever arm

DEPFET Layer 1 r=14 mm
pixels: Layer2 r=22mm

double- Layer3 r=39mm

sided Layer4 r=80mm
strips: Layer 5 r=104 mm
Layer6 r=135mm
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Q(B Super-KEKB runs at the Y(4S) resonance

Belle II

Super-KEKB collider:
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Q(B CKM Matrix and Unitarity triangle

Belle I
VJchd + V:chs + V;b‘/cb =0
V*V. V*V, V*V, =
@ Vai Vas Vs | [ d e v
s | = | Vea Ves Vi || s Ut=1= | el l et T =
b' Vi-:d Vi-:.s ‘/;;b b u*s ud + c: cd + ti td
VitVaua T VaVea T VieVia = 0
Vu*qus + ‘/CZV-CS + ‘/;l;‘/)-ts = 0

ViV ) < ViV, ) ( Vo Vaa )
= ar o) = ar s E N, = ar S —
¢, (B) = arg <—‘Q’£‘Qd ¢, () = arg | —phyi ¢3 (7) = arg Vv,
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D . . . elle
] CKM Unitarity triangle HO

Belle I

VEaVia T VEVea T VEVig =0

B > nn ntn’ [ 2°7°
B = ptp lptp’ 19
B> prx

B - a,(pn)* ©

B > rndtvy
B> X, v
Bt —>1tv

Ay =>plv

B~ — D™ p K- B' = J/y K

B — Dgp K™ B > J/y K,

B- — DO(K*) K- B’ —> v’ K

B — DO - B" = x. K

B- = DO(Kg ) KO- B 5> D¢y B® = 1. K

B > D(°r ) K- B > X, Zv (Zenergy, hadron B > DOk

B - D(K; K*7) K- mass moments) B® = (¢/n’/2°f*)K°
B > X, y (y energy moments) B" - (KiK' p*/0)K
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=3 B'— f decay time distribution:

Two B mesons are produced electromagnetically . i 0\ 730\ __ |30 0
in an antisymmetric (C = —1) state: Y = V2 ('B )| B”) —|B")|B >)

Signal (CP) decay

electron Y(4S)
(7 GeV) resonance

A
positron\ -

4 gev) D2

Flavor tag

AZ ~140 um U
AzZ~CByAt

For self-conjugate (CP eigenstate final state:

_ N(B'>f) — N(B' = f)
- N(§°—>f) —|—N(B°—>f)

A(t) = Ssin(AMAt) — C cos(AM At) —sin(2¢, + 4,)

—sin(2¢, + 9,)
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QD B Oﬁ‘ p+ p_ 365 fb~7, arXiv:2412.19624 (submitted to PRD)

Belle II

Two unbinned ML fits: )

® fitto AE, M(x*2°), cos&(p*), BDT output 7; to determine branching fraction
(from event yields) and fraction of longitudinal polarization (f, )
d>T 1—f 0
2 2 L)\ .:n2 . 2 o+
o cos“0 ., cos“0 _ + sin“ 0@ ., sin“ 6@ _ >
dcos @, dcosO Ie P P ( P P B
N ,OJr rest frame
® fitto At, q (flavor tag) in 7 bins of r (tag quality) to determine S and C T
== Long. signal -=== Self-crossfeed qq B8R T { Data
===: Trans. signal === Peaking backgrounds BB — Total
> [ Belle IT preliminary © 150 FBelle IT preliminary 4 = 150 FBelle IT preliminary -
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o [ ] 600 | . 600 |, -
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cos B, cosf,-
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QD B Oﬁ‘ p+ p_ 365 fb~7, arXiv:2412.19624 (submitted to PRD)

Belle I
—=Long. signal ---- Self-crossfeed BB BBR T { Data
===- Trans. signal  ==--* Peaking backgrounds qq —— Total
100
60 __Belle II preliminary BY,(q= +1) 1 60 __Belle II preliminary B, (g= —1) ] EBelle II preliminary & Btag
" I/C dt = 365 b1 08m<r<toy :/L dt = 365 fb! 0875<r<104 = 80 ;'/L dt = 365 b ¢ B'tag ]
2, . 2, i ] a, [ ]
o 60 o 60 N © 60
— — B — B
2 40 2 2 40f
St 2 2 -
&3} 3 = W 20
20 | 1 [
i : oF
0 o -
3k E £ oosf
= . —_— i = g
3 B8 = & —0.3
P IR ETR | Lo < | | 1 | |
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
At [ps] At [ps] At [ps]
Results:
0 + +0.23 +0.29 -5
B(B — P P ) - (2‘88 —0.22 —0.27) X 10 1o Belle I preliminary B—pp (WA + Belle II (2024))
_ 40.024 40.017 N +4.570 :
Jp = 0.921 —0.025 —0.015 i 92 =[92.673] ]
S = —0.26 £0.19 £+ 0.08 08 1 ]
_ 40.06 I ]
C = —0.02 £0.12+99¢ sl ;
&) |
i

More precise than Babar (349 fb~'), and less precise than Belle (711 fb-7) s | 68,39 1
/nputting these reSU/tS intO an iSOSpin ana/ySiS, along Wlth the measured [ D0, S L

branching fractions and S, C values for B~ and BT —»p™* ives: 02 F .
P . |
.......... 9540 e o]
(’02 = (92.6 ti?)o 000 20 20 60 80 100 120 140 160
' $2[°]
CKM Fitter 2023: ¢, = (86.2173:2)0
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Q(B Other recent CPV analyses 1

Belle II

B> %70 3651 Belle Il, 126 + 20 signals ~ new osf]

arXiv:2412.14260 (to appear in PRD) result o2t
Branching fraction,time-integrated CP asymmetry Acp measured. 832 i
Can perform the same isospin analysis as done for B°— p*p~ to Toaf
determine ¢, 03 |

0.2 F
0.1F

B'—> oo 711 b~ Belle, 60.3 + 10.8 signals O o
PRL 133, 081801 (2024)

First observation of this decay, and first measurement of fraction of longitudinal polarization (f,) and CP

asymmetry Aqp. Results for B and f, disagree with LO pQCD but agree with NLO pQCD. This might

explain the measured f, for B°— p°0°, which disagrees with LO pQCD. No CP violation observed.

Belle II EaN ¢ B
[ fede=365f | SN . g
B — J/yr® 7

—
(=3
[=}

B> J/wn® 36517, 392 + 24 signals

PRD 111, 012011 (2025)
Branching fraction, CPV parameters S, C measured, first observation of CPV in this
mode. C and S constrain penguin contribution to B'— J/w K, which limits the precision

on ¢, .

ot
[=}
T

80 8
Belle Il

[Ldt=362 fb?

Asymmetry Candidates per 2.0 ps

B> K’y 362 fb-1, 556 + 33 signals

PRL 134, 011802 (2024)
World’s most precise measurement of CPV parameters S, C.
Nonzero values would indicate right-handed currents (new
physics). Measured values consistent with no CPV.

Asymmetry
AN
——
+
B
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Q(B Other recent CPV analyses I1

Belle II

B'> K¢ K K 362 fb~' Belle Il, 220 + 17 signals
PRD 109, 112020 (2024) ;

Asymmetry
o

Challenging first measurement from Belle II: no tracks from B vertex. CP ,
parameters S should be very close to sin2¢, (and is, but uncertainties are larger o5l Bellel
i Ldt=3621b"
than Belle/Babar) L
e 4 2 0 2 4 s B
At [ps]

B> J/w K 362 fb~" Belle Il, 392 + 24 signals

PRD 110, 012011 (2024)
CPV parameters S, C measured using new graph-neural-network flavor tagger
(18% improvement in effective tagging efficiency, 8% improvement in S precision).
Flirst Belle Il published result for Sin2 ¢,

500

Belle Il
| [cdt =362 fo?
BO-J/yk?

} t Bl (g=+1)

400 AW Egag (= —1)

300 |

N
o
o

[y
o
o

Belle Il [cdt=362fo?

[ B%=n'Ks Background
¢ BOtag

B> n’ K 362fb, 829« 35signals " D o
PRD 110, 112002 (2024)

b — sqgbar penguin-dominated decay, CPV

parameter S should be very close to sin2¢, (and is,

but uncertainties are larger than Belle/Babar)

oy Candidates / (0.5 ps)

0
tag
O
T

) = N(BY,)

0 Y+ N(B
o

N(B,
N(B,

At [ps]

B'— Py 71117+ 365 b (Belle + Belle 1), 213 + 19 signals, arXiv:2407.08984 (submitted to PRD)
b — dy penguin-dominated decay, measure CP asymmetry A-p and isospin asymmetry
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<o

Belle II

Inclusive vs. Exclusive |V, |, |V, |

Heavy Flavor Averaging Group (HFLAV), arXiv:2411.18639 (2024)

B(A,—pp~ D) )

- | T T T I T T T I | T ]
= Exclusive IV | 68% CL contours -
- Exclusive IV ;| Inclusive 3
C IV IV, IV, l: GGOU -
- IV |: global fit —
C \: Average { =
= : - LHCb 2015
= = Vel
= | 2023 | -
. 1 I 1 1 1 I 1 1 1 I 1 1 I 1 I -
36 38 40 42 44 ;
VI [107]

Exclusive (x 1073)

Inclusive (x 1073)

B(A,—AT u—p)

| %4
7“”| = 0.079 4 0.003 £ 0.004

Difference

|Vl 40.2 + 0.6 (D"¢tv, BGL form factor) 41.97 £ 0.48 (kinetic scheme, 2.30, 3.60
38.9 £ 0.7 (Dtv, BGL form factor) M, + E, + g2 moments)
|Vl 3.75£0.06 £ 0.19 (ntv, BCL form 4.06£0.12£0.11 (GGOU 1.20
factor + LQCD) kinetic scheme)
A. J. Schwartz CPV and CKM measurements at Belle/Belle I1 LLWI 2025 11
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¥y Belle + Belle II exclusive |V )|

Belle I

: 0+ _
Exclusive |V )| W l X
Veb V De
BH@ e, A A |

(U
e~ /
U D vy i
,
B'—> D* 4ty 711 fb~" Belle
PRD 108, 012002 (2023);
PRL 133, 131801 (2024 M2 + M? — g2
(2024) w = vg-v, = BZMJ\D4 1 q? = (Ps - Pp)?
B D
189 fb~" Belle 11
PRD 108, 092013 (2023)
Partial decay rates are measured in bins of w, cosd,, cosé,, Belle Il _ Jeamoon - Bellell Jearzroon?
v, and these spectra are fit to BGL and CLN form factors. _eop TP S lep BoPT
o Sul bt e
Boyd, Grinstein, and Lebed, PRD 56, 6895 (1998) 3 ol P, Lo Y <a
Caprini, Lellouch, and Neubert, Nucl. Phys. B530, 153 (1998) ‘33()' e X
Also: take (1) = 0.906 + 0.013 from LQCD [FNAL MILC, PRD89, %20* b o
114504 (2014)] S it
@ Experimental data 2r
Results: 0lAO 1.1 1.2 " 1.3 1.4 1.5 —01.00 -0.75 -0.50 -0.25 C(;:(;l 025 050 075 1.00
Be”e |‘/Cb|CLN — (40.2 :l: 0.9) X 10—3 S,B;"i:ll_7 [cdt=189fb1 21»B_e0"e*il - [cdt=189fb1
|V, |er. = (40.7 £1.0) x 107° <, . R
TS 3r§_. ———— ._Q_‘ 3 12F —— +._§_.
Belle I | |Vilcin = (40.13 £0.27 +0.93 £ 0.58) x 1072 23} ] S
|V, |sa = (40.57 £0.31 £0.95 £ 0.58) x 1072 51| :

0 1 2 3 4 5 6 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
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(D Gambino, Schwanda, PRD 89, 014022 (2014)

- - Alberto, Gambino, Nandi, JHEP 01 (2014) 147
/O Belle (II) inclusive | Vcbl Mannel, Turczyk, Uraltsev, JHEP 11 (2010) 109
Belle I
ot B— X, lv, where X, denotes final state hadrons containing charm
W+ v

®* Experimentally, no specific final state is reconstructed. Statistics are high, but

_ _ backgrounds are high
b keeezﬁ ¢ * Theoretically, one calculates a b — c transition, not a <D*| #(B> matrix element
d 04 d (parameterized by form factors).

BO

Strategy: the inclusive b — clv decay rate is calculated via the Heavy Quark Expansion. This is a double expansion in
as and (Aqcp/My ). The expansion depends on unknown B matrix elements of local operators. However, these matrix
elements also determine moments of the lepton energy and recoil hadronic mass M, in B— X [v. These moments have
been measured (Belle, BaBar, others), and thus one can fit the moments and the measured width for B—» X [v to extract
|V,,|. To order (1/m, )3, there are 4 hadronic parameters (~matrix elements) fitted for; to (1/m,)* there are 13.

S
max dar : 3
|7 aB, (Bo" —— .
< En> — Ecut dEg Ud_
¢ /Emax dr
Ecut £ d—i
New Strategy: Fael, Mannel, and Vos, JHEP 02 (2019) 177

Use g2 moments (mass squared of 4v system)., which are “reparameterization invariant.” These moments depend on a
reduced set of nonperturbative HQE parameters: to order (1/m,)* there are 8.

()™ = 1 qf“a"dqz (qz)"d_r (r _ Gi‘lvchmEAEW)
| dq? 0 19273

A. J. Schwartzg CPV and CKM measurements 13



(9?) [GeV?/c*]

Belle I

Q(B Belle II inclusive |V

| via g moments

Two measurements of g2 moments in B— X. lv:

Belle Il mprovements w/r/t Belle:
q? threshold is lowered from 3.0 GeV? (58% of phase space) to 1.5 GeV? (77% of phase space).
® full reconstruction of tag side based on new boosted decision tree algorithm [Keck et al., Comp. Software Big Sci.
3, 6 (2019)]. ~10000 decay chains considered. effic. = 0.3-0.4%.

® @2 resolution improved by performing a kinematic fit to the entire decay chain e*e-— BB—> By, X, ¢ v,

imposing (Pi,g)? =

Results:

(background-subtracted by weighting events based on My)

mg? and (Ps,g) = mg2.

711 b~ Belle, PRD 104, 112011 (2021)
63 fb~" Belle I, PRD 107, 072002 (2023)

x103

Belle I
r JLdt = 62.8fb!

o

o]
T

~
T
-

$a ¢ Measurement
da 8 X Model 4

90 |
Belle Il

[Ldt = 62.8b!
80

~
o
T

(a%) [(GeVv?/c*)?]
w o
o o

I
S
T
-

30k

¢ Measurement

8 x. Model

(a°) [(GeV?/c*)?]

700

600

500

400

300

Belle 1l

| [Ldt = 62.8fb!

¢ Measurement
8 x. Model

(a®) [(GeVZ/ch)%]

ai, [Gev?/c*]

2 3 4 5 6 7

8 2 3

5 6
ai, [Gev?/c*]

7

8

Simultaneous fit of Belle and Belle Il g2 moments:

Bernlochner et al.,

JHEP 10 (2022) 068

Compare to fit to E, and My moments:
Bordone et al., PLB 822, 136679 (2021)

A. J. Schwartzg

4 5 6

qi, [Gev?/c*]

7 8

©

~
T

)]
T

w
T

EN
T

w
T

N
T

[Ldt = 62.8fb71

¢ Measurement
& X Model

V.| = (41.70 £ 0.69) x 10

V.| = (42.16 £ 0.51) x 103

CPV and CKM measurements at Belle/Belle I1

LLWI 2025

5
g2, [Gev?/c*]

6

7 8

very close
= consistent with
exclusive values

but central values

still higher
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https://www.sciencedirect.com/journal/physics-letters-b/vol/822/suppl/C

D

¥ Belle (Il) |V ,,| analyses

Belle I

[ Belle Jcdt=364fb"1

BO—>m ity

B> w~/*v, Bt—> p/*v 364" Belle i

AT(B—mlv)  G2[p,|? arXiv:2407.17403
(Bomby) _ Gelbal s (o) AN (submitted to PRD)

dB/dg? (x10°) [GeV2]

dq? 243 “
| LQCD + LCSR
Take form factor f,(q?) from LQCD [FLAG, EPJC 82 (2022) 869] and -
light cone sum rules [Leljak et al., JHEP 07 (2021) 36] . Fit partial op o\
branching fractions as a function of g2. o e ®
V., =(3.73 £0.07 £ 0.07 £ 0.16) x 103 30 | Mmoo Memho o Mem e
%: 300 F //;/ 35:””- X2/ndf = 13.8/(24-3)
© 250 | 0= ooren
B> 7w {tv, B> X,V 711 1 Belle e
PRL 131, 211801 (2023) S ool , %
Fully reconstruct the tag-side B. Classify signal side by number of n* reconstructed. 5 100 |
FlIt g2 spectrum for both exclusive, inclusive signal yields. Take form factor f.(q2) from | “ _ i
LQCD [FLAG, EPJC 82 (2022) 869] ; take inclusive partial rate AI/\V,,| from Gambino et . — 2
al., JHEP 10 (2007) 058. S SRETREESTASAETASEES
Vil exer = (3.78 £0.23 £ 0.16 £ 0.14) x 103 _ Sacnfcacnte oot
Vsl inet = (3.88 £0.20 £ 0.31 £ 0.09) x 103 5 °
B"— ttv 3651, 90 + 38 signals e e
g [ Belle II Preliminary Sig Bkg Unc. Belle II Preliminary Sig Bkg Unc.
arXiv:2502.04885 (submitted to PRD) e N T

N

o

S
-
o
S

Events/Bin
[=2} ©
o o
Events/Bin
(=2 -]
o o

G2 2 272 120F b
B(B* —rty) = ~EE T {1 - (:T> ] ‘ ﬁ%%
B F =

Take fz from LQCD [FLAG, arXiv:2411.04268 (2024)]. Fit

, 4 |
et

distribution of extra energy deposited in ECAL for signal yield. | rt—>etvy 20 Tt utvy
| Vub| = (441 +0.74 —0.89) X 1 0-3 8.0 ) gég{a (Ge({ﬁ o8 1.0 8.0 ) gég{a (Ge({ﬁ o8 1.0
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] Summary

Belle II

The full Belle data set of 711 fb~1 continues to be analyzed, many
relevant results for both CP violation and CKM matrix elements |V )|,
| Vubl'

With ~400 fb-" of Belle Il data analyzed, many CP violation and |V,
|V,,| measurements have been performed. Despite less data than
Belle/Babar, Belle Il sensitivity is competitive. This is due to an
improved detector and reconstruction algorithms (full reconstruction
of tag side, better flavor tagging, kinematic fitting, continuum
suppression.

Belle Il is behind schedule in accumulating data. However, the
SuperKEKB accelerator has set world records for instantaneous
luminosity and daily/weekly integrated luminosity, and several
improvements to the accelerator are planned.

®* Goal is to ultimately accumulate 50 ab-"

®* However: a large amount of physics will be
done with ~5-10 ab~", perhaps uncovering
new physics

A. J. Schwartzg CPV and CKM measurements at Belle/Belle I1

B*— 7tV (36577

»

SM SM
|Vub|uxc |Vuh|inc
T :\: T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
i, Belle II (365 fb~!, hadronic)
H 1.24 £0.41 £0.19 Preliminary
L4 o BaBar (417.6 fb~!, semileptonic)
ii 1.7 £0.8 £0.2 PRD 81(2010)051101
il
i __,  BaBar (426 fb~!, hadronic)
i 1.83%333 £0.24  PRD 88(2013)3,031102
"
_,F Belle (711 fb~!, hadronic)
it 0.72%327 £0.11  PRL110(2013)13,131801
[N}
iy Belle (711 fb~!, semileptonic)
i 1.25 £0.28 = 0.27 PRD 92(2015)5,051102
| ‘ Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
0 2 4 6 8
B(BT —7tv,.) (x107%)
LLIWI 2025 16




Extra
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Z: Performance to date

Belle II

Belle Il Online luminosity Exp: 7-35 - All runs Peak instantaneous luminosity:

s Recorded Weekly (new world record in 2024)
15.0 4 ffRecorded dt = 57547[fb—l] ..................................................................................

—
~—

- 500
12.5

- 400

10.0 - Integrated luminosity: 573 fb~"

- 300

7.5 1 495 fb~" recorded at ¥{4S),

which decays to BB ~1/3 of the

- 200 time

5.0 A

Total integrated Weekly luminosity [fb~!]
Total integrated luminosity [fb™

100 59 fb~1 recorded 60 MeV below
114S), for background studies

2.5 A

0.0 -

19 fb~" recorded at 10.75 GeV
for exotic hadron searches

Updated on 2025/01/06 16:16 JST
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w1 NMajor accelerator upgrade (KEKB — SuperKEKB)

Belle II

ete~ collider running at the Upsilon(4S) [and Upsilon (5S)] resonances with 7 GeV (e-) on 4 GeV(e*) beams.
New e* damping ring, new e* storage ring, new IR optics, Superconducting FF, new RF

beam size:

100 um(H) x 2 um(V)
— 10 um(H) x 89 nm(V)

Belle-ll Goal:

30 x Belle = ~6 x 10%°

Super-KEKB

Positron ring

collision point

<~

A

Electron ring

E (GeV) B*, (mm) B*« (cm) (0] 1 (A) L (cm2s?)
LER/HER | LER/MER | LER/MHER | (mrad) @ LER/HER
KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 | 2.1x10%
SuperKEKB 40170 €0.27/030) 3.2/25 415 |C 3.6/2.6 )| 80x10%
factor 20 factor 2-3

A. J. Schwartzg

CPV and CKM measurements at Belle/Belle I1

Positron damping ring

LLWI 2025

Belle II detector

Electron-Positron
linear accelerator

19



W=y Exlusive |V ,| from B— DOlv

Belle I

£+

W M2 + M2 —
Veo, Vi w = vV, =
B+ ? 2M M,
@) —
o /DY
2
B— Dlv dr _ Gy M3 (M 2/, 2 3/2 2, 2 2
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F*(w) =  h3, (w)!2 A= 1+ Ri(w)(w — 1)| + |1+ (1 — Ry(w)) P
where r = M,,./Mg,

Caprini, Lelouch, h, (2) = h, (1) [1 — 8p%z + (53p® — 15)22 — (231p% — 91)z3]
Neubert:

R (w) = R,(1) — 0.12(w — 1) + 0.05(w — 1)?
R,(w) = R,(1) —0.11(w — 1) + 0.06(w — 1)
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