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Cabibbo-Kobayashi-Maskawa matrix e

» Mass eigenstates # eigenstates of weak interaction

! d v V.. V d
» Superposition described via complex CKM matrix , ud  us ub
. . . S = VCKM s - 1/cd 1/cs Vcb s
» Quark transition proportional to matrix elements Y b Vg Vis Vi b
S
» Irreducible phase of CKM matrix = source of CP
violation
» Unitarity of CKM matrix: 07 — S S
8 Am & Am 3
* * * = d S -
VudVabTVeaVa tViaVip, = 0 08 =1 % am, K s
* 03 g sol. wi cos 2::»‘(0 ?
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The Belle |l experiment

» Asymmetric collision of ete™
» Center-of-mass energy mostly at 7°(4S) resonance
> 1(4S)— BTB~ (~51.5%), 7(4S)— B°B° (~48.5%)

KL and muon detector

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

(end-caps , inner 2 barrel layers)

EM Calorimeter
Csl(Ti), waveform sampling electronics

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

electrons (7 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

- positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm
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e+ 4 GeV3.6 A
A

Belle Il

New IR

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” —
N/

Low emittance gun

Positron source
————

New positron target /
capture section

Low emittance electrons
to inject
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o Duke
Luminosity
Belle Il Online luminosity Exp: 7-35 - All runs » From 2019 to 2022 collected 428 fb_l of data
17571 ntegrated luminosil
- IlletcfrdetddV\:eekly v ) 600 > 365 fb~! at the 7(4S5) resonance

= 387M T(4S) decays

Tg 15.0 s [ LRocored dt = 575.47 [fo™11 005
= 7
2 ' / 2 » 61 fb~! below and above the 7(4S
o 125 >
. (r—— 2
£ 400 g resonance
5 g
> 10.0 | £ .
% 00 2 » Several analyses combine the Belle and Belle Il
5
z s | N S | | N H data
Q o . —
g 200 & = adding 711 fb~! on resonance data
g so 5 . . .
= b » Data taken in run 2 since 2024 is currently
B 2.5 Jmm Nl — S| B || ... 100 analyzed: first publications expected later this
00 . summer
s & & & &

Updated on 2025/01/06 16:16 JST
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Determination of |V,| using B— D{*v, Decays at

Belle Il

to be submitted to PRD
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Concept

2 2 2
mp+mp—q

» Differential measurement of B— D¢T v, decay width as a function of recoil variable w = pry——

» w boundaries
» wmin = 1 for D at rest in B rest frame

mE+m?

50 =~ 1.59 for lepton at rest in B rest frame
BMD

> Whax =

dl'(B— D{T )
dw

x (w — 1)3/2 n%w (1+ 58’0) QQ(w) ‘V::b|2 Phys. Rept. 245, 259 (1994)

» 7ew: short-distance QED correction
> 52’0: long-distance QED correction
» G(w): form factor

» BCL (Bourrely, Caprini and Lellouch) parametrization [PRD 79, 013008 (2009)]
» CLN (Caprini, Lellouch, and Neubert) parametrization [Nucl. Phys. 8 530, 153 (1998)]
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https://doi.org/10.1016/0370-1573(94)90091-4
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Reconstruction of w
» Due to undetected neutrino direction of B unknown
2EbeamEY*m2Bfm%/

» Cone around Y = D/ system: cos gy = -
2|pBlIPY|
» Assume several configurations of B -momentum on cone — calculate w

» \Weighted average over all configurations using weight %(1 — Py - Proe) sin? 05
» Prog: unit vector in CM frame of sum of all particles in event not used in Y reconstruction

» 0%: angle in CM frame of B meson wrt beam axis
Py=Py*P,

CKM matrix related measurements at Belle |1 09.06.2025
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Signal extraction

vV VvVVvy Vv VvVYyypwy

Impose tight PID cuts for electron and muon

Reconstruct D™ — K+t7n 7~ and D° — K~ n ™

Require minimum vertex fit quality

Apply vetoes against Feed-down background from B— D*¢*u,
No exclusive reconstruction of second B meson

Reduce contamination from continuum and BB backgrounds
Find 87000 B® — D~ ¢*v, and 136000 BT — D" v,
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Signal extraction

» Maximum likelihood fit to 10 bins of cosfgy in range [—4, 2]
» Simultaneously extract signal yield in 10 equidistant w bins for neutral and charged modes
» Fit templates from MC for five components:

» B— D(Ty, signal

» Feed-down background from B— D*¢*u,

» Combinatorial background with correctly reconstructed D meson

» Combinatorial background with fake D meson

» Continuum background

Bl preininar £ 651

7000 x10" Belle I1 preliminary [ £dt =365 b '
B'Dev, X7/ =335.4/318 = o-00
Postfit

B+ —Dletv, X /mdf=335.4/318
1.2 Postiit

G000
5000

Z 4000
Z 3000 H
2000
1000

0 i

3 t s 3
t t B 2 t t
i‘;‘q’ﬂﬂﬁwﬁuw,wﬁnww‘w%ﬁwuwﬁ#mﬁ*ﬁrﬂﬂ%mﬁg‘m% e W#Q;H—{HL."H%

t
20 10 60 80 20 a0 60 80
(cos By, w) bin (cosbipy. w) bin

AT, _ N;
Aw T NpB(D)e;Th (1+5§'0)Aw

» Signal yield converted to differential decay width via
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Determination of |V,,|
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» Truncate BCL expansion of vector and scalar form factors at N = 3 — five free parameters

> Minimize x? =

210 AT,
1,7 Aw

AT; gcL —1 (AL
- Aw Cl] Aw

AT
77BCL) + Zk 1(ck — ek riac) Dy (a1 — cifiac)

» Coefficients of BCL expansion constrained to FLAG average [arxiv:2411.0426] of FNAL/MILC [prD 92, 034506
2015)] and HPQCD [pro 92, 054510 (2015)] calculations of B— D¢* v, form factor

Belle IT Preliminary [ £ dt =365 fb~!

Values

ap  0.89594 0.0092
a; —8.03 £ 0.15
ap 493 £ 3.1

by —0.7813+ 0.0073
by —3.38 =+ 0.15

1

Frank Meier (Duke University)

40
Io New|Ves| x 103 =39.4 + 0.8
350 2% x2/ndf = 9.7/9
30
. .. 301 BCL (N=3)
Correlation Coefficients I~ o L) .
% . ¥ Data 3
o 25
0.26 —0.38 0.95 0.51 S ¥
1 0.17 0.33 0.86 ‘3 ¥
1 -0.31 0.16 P (3
1 0.47 ; 10 3
1 R :
3
ofF —%
7") I‘U \‘l 1.2 I“! l'l 1.5 1.6
w
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https://doi.org/10.48550/arXiv.2411.04268
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https://doi.org/10.1103/PhysRevD.92.054510
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Summary of uncertainties on |V,,|

v

Statistical uncertainty: 0.9%

v

Theoretical uncertainties: 1.3%

» Lattice QCD inputs: 1.2%
» |ong-distance QED: 0.5%

» Dominant systematic uncertainties

» Number of 7°(4S5) candidates in data sample: 0.7%

» Kaon identification: 0.6%

» Branching fraction of B(D— Kx(m)): 0.5%

» Tracking efficiency uncertainty of 0.24% per track: 0.5%

» Allowing templates to vary within their simulation sample size in each bin: 0.5%

v

Total uncertainty: 2.1%

Frank Meier (Duke University) CKM matrix related measurements at Belle II 09.06.2025 11/24



Results

[|Vcb| = (39.2+ 0.4 (stat) £ 0.6 (syst) £ 0.5(th)) x 10_3]

» Signal branching fractions from sum over w bins:
B(B°— D™ £Tv,) = (2.06 £ 0.05 (stat) = 0.10 (syst))%
B(BT — D0t vy) = (2.31 £ 0.04 (stat) & 0.09 (syst))%

WA: 2,12+ 0.06% (B°— D™ ¢"w,) / 2.21 £ 0.06% (BT — D% wy)

» Test of lepton flavor universality:

B(B— De'v.)

22T € Vel 1020 4 0.020 (stat) = 0.022 (syst)
B(B— Dutv,)

Frank Meier (Duke University) CKM matrix related measurements at Belle II
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Inclusive global fit 2024
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Exclusive HFLAV 2024
——
2023 Belle B—= D" A
2023 Belle 1 BY - D"+ fu
., B
L . . . .
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|[Va| x 10%
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Measurement of BT — 7Fv,. branching ratio with a

hadronic tagging method at Belle |l

arXiv:2502.04885 (submitted to PRD)
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https://arxiv.org/abs/2502.04885
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Introduction

(GeVv?/ct)

2

M;

v

Belle II Simulation

0.0

ke

2 2 2\ 2
In the standard model B(B* — 7*v,) = SE75™ (1 - Zé) [V |* 75

Allows direct measurement of |V,,,| independent of exclusive and inclusive semileptonic B— X, fv, decays

Branching fraction enhanced (or suppressed) in beyond-the-standard-model physics like models with
charged Higgs or Higgs Doublet Model

Reconstruct 7t — etvev,, 77— ptv, v, 77— 770, and 77— pT T, (72% of 7 decay modes covered)
Reconstruct other B meson in hadronic decays using Full Event Interpretation Comput. Softw. Big Sci. 3 (2019)
Extract branching fraction from 2D fit to residual energy in calorimeter and missing mass squared

Belle II Simulation
0.30 25]] m——

Belle Il Simulation

M, (GeV2/c?)
M2, (GeV?/c*)

T 0.15
o~ 0.15
>
m
0.08 o
8 0.10
0.05 0.05

0.00

02 0.4 0.6 08 10 0.00 02 0.4 0.6 0.0 02 0.4 0.6 08 10 0.0 02 0.4 0.6 10 0.00
EGY® (GeV) EG (GeV) EEY? (GeV) EE4 (GeV)

» signal e channel » bkg e channel » signal 7 channel » bkg m channel
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Full Event Interpretation Comput. Softw. Big Sci. 3 (2019)

» Fully reconstruct one of the B mesons (tag-side) in many exclusive modes

» Train BDT for each stage
= signal probability

» Fraction of 1°(4S) events with correctly
reconstructed charged Bi,g candidate = 0.30%
with purity of 29%

» Reduce misreconstructed events with
requirements on beam-constrained mass My
and energy difference AE

My = \/ (EI:eam)2 - Iﬁ?ag|2

AE = E;ag - El);eam
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M2, >10 GeVZ/ct

T
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T
Belle II Preliminary
140 f£dt =365 b1

T = u* v,

T T
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T
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—— Bkg + Data
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+
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0.8

Floating parameters in fit: B(B+—>
and background yields of each category

Signal yields related via efficiencies

Source Syst. (%)
Simulation statistics 13.3
Fit variables PDF corrections 5.5
Decays branching fractions in MC 4.1
Tag B~ reconstruction efficiency 2.2
Continuum reweighting 1.9
70 reconstruction efficiency 0.9
Continuum normalization 0.7
Particle identification 0.6
Number of produced 7°(45) 15
Fraction of BT B~ pairs 2.1
Tracking efficiency 0.2
Total 15.5
09.06.2025

uke

UNIVERSITY

Simultaneous binned maximum likelihood
fit to all the four 7 categories

Tt vr)

16 /24



Results e
Decay mode N B (107%) —
[Vublexe [Vubline

Simultaneous 944+ 31 1.244 0.41 L Belle 11 (365 -1, hadrono

1.24 £0.41 £0.19 Preliminary
etv v, 134+ 16 0.51+ 0.63 - 1

BaBar . ~1, semileptoni
'LL+1/'“PT 40:‘: 20 167:l: 083 1_6; fO.étO.Z PRSDem(ZOelfJ))O?HOCI)
G 31+ 13 2.28+ 0.93 —+_ BaBar (426 fb-, hadronic)
p+f7. 6+ 25 042Zl: 1.82 1.83%033 £0.24  PRD 88(2013)3,031102

ol Belle (711 fb~!, hadronic)

0.72%847 +0.11  PRL110(2013)13,131801
» Assuming SM and fg = (190.0 £ 1.3) MeV
- Belle (711 fb~!, semileptonic)
1.25 £0.28 £0.27 PRD 92(2015)5,051102

(Waalisr, = (415858 x 102 | | —

0 2 4 6 8
B(B* —7tu,.) (x107%)

> |Vulsm (exclusive): (3.75 £ 0.06 +0.19) x 1073
> |V.,lsm (inclusive): (4.06 +0.12 £0.11) x 1073
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Measurement of the branching fraction, polarization,
and time-dependent CP asymmetry in B'— pTp~

decays and constraint on the CKM angle ¢,

PRD 111, 092001 (2025)
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https://doi.org/10.1103/PhysRevD.111.092001

Measurement of B and polarization

» B%— pTp~ is pseudo-scalar decaying to two vector mesons — three helicity states

> Longitudinal fraction fr, = |Ho|?/(|Ho|? + |Hy|? + |H_|?) measurable from p* helicity angle

distributions
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=== [ong. signal

Trans. sianal
Self-crossfeed

-==== Peaking backgrounds
qq BR T { Data
BB —— Total

> Belle IT © 150 FBelle IT 1 % 150 FBelle 1T
2 200 F = =
S /L‘ dt =365 ! & /Ldz =365 3 /L dt = iiss [
3 150 fr° it = 100 | 4 = 10f |
S S 0 2
N S S
2 7 50 piti Tt ty 2 s0
: 5 n C-
e g m~
& g = ~ & g — ~. 2 g
= E = E | =
e = ] SRR PEy—
ESpT =TT oA adpet) e B : ‘
-0.1 0.0 0.1 0.6 0.8 1.0 0.6 0.8 1.0
AE [GeV] e [GeV/e? M- [GeV/e?]
Belle IT Belle IT Belle IT
" 600 [- 600 [-
200 —/L dt = 365! 4 = /Ldz =365 - /L dt =365 fb!
< =} S
e ~ 400 =
7 2 8
H 5 g
g £ 20N &
a e,
8 g bl — L bt g
R | T S S———— 3 — —_ - 3 E— = E
ER | Stmiomednutos: JICE | soun; Seces esotes: LR | stueet. Soventer.
00 02 04 06 08 1.0 -1.0 -05 0.0 0.5 -1.0 -05 00 0.5
Te cos,

Frank Meier (Duke University)

cos,

B(B® = ptp) = (2.89*0'23

fr=0.921

—0.22

+0.024
—0.025

(stat)fgigg (syst)) x 107°

(stat) 0015 (syst)
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Time-dependent CP violation measurement

q
p —
> CP violation in the interference between ~ B° ——— B’
> i d
direct decay N » A,
» decay after mixing
fop

(E“(A/) — fcp) — F(B()(A/) — fcp)
(BY(AL) = fep) + T(BY(AL) = fop)
Initial flavor — flavor tagging

A(At) = ? — Sy sin(Am At) — C; cos(Am At)

v

» Introduces diluting mistag fraction
» Proper-time difference — reconstruction of distance between Bsq and Biag vertices

» Requires description of proper-time resolution, often via per-event uncertainties oa¢
» (P observables — parameters of interest

> Spsumda = V1 — C?sin(2¢2 + A¢p2): loop amplitude obstructs clean extraction of ¢

v

Mixing parameters — from external measurements
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Time-dependent CP-asymmetry fit
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¢ B'tag
¢ B'tag

2 4

== Long. signal ---- Self-crossfeed BB B8 T t Data
===: Trans. signal === Peaking backgrounds qq —— Total
100
[ Belle IT B&g(q: +1) ] [Belle IT B?g(q: 1) ] [Belle IT
80, ] 80 | e m -
w  [[cd=365m" 08B <r<lod T g =365m 0875 <r<104 80J£a=3%m4
o, [ ] 2 [ ] a, [
o 60 [ 4 <60} 4 <= e0f
- [ ] - [ 1 - [
N 1 2 12
m 3 1 m 3 1 m 20
20 - ] o ] .
i ] i ] of
o H P R R BRI SRR I
sE E £ osf
3 - e E £
E%Fm — w=m m ] I
-3 = E E 4 % -03F
Bt B4 < = IR SRRV SV A
-6 -4 =2 0 2 4 6 -6 -4 =2 0 2 4 6 -6 -4 =2 0
At [ps] At [ps] At [ps]
S =-0.26 +£0.19 £ 0.08 C = —0.02£0.12750¢
. . . . . —0.05
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Constraining CKM angle ¢9

» |sospin analysis based on Gronau-London isospin
relations [PRL 65, 3381 (1990)]:

1
V2
1

V2

» Combining results from Belle, BaBar, and LHCb
for B, fr, and CP violation parameters for
B°— ptp~, B®— p°°, and BT — ptp°

Ay + Ago = Ao

A+7 + A=Ay

» Uncertainty on ¢2 dominated by S parameters of
B®— pp

Frank Meier (Duke University)

CKM matrix related measurements at Belle |1
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10 Belle IT B—pp ( WA + Belle 11 (2024))
¢o=[92.6737]° ]
0.8 |- {
4 0.6 1
(@]
~ oal ]
o CL=0.683 ;
0.2 —:
_________ CL=0.954  h
00 l l l L 1 l l L
0 20 40 60 80 100 120 140 160

» two solutions, though second excluded by
é1, ¢3, and unitarity

> po=(926130)° Agy=( 24153)°
» — E}¥?4tig}o é — E Qgi—g;}o
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Conclusion
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Conclusion

» Measurement of |V,,| using inclusive tagging:

[V.p] = (39.2 + 0.4 (stat) 4 0.6 (syst) £ 0.5(th)) x 1073 ]

> Measurement of B(BT — 7%v;) using hadronic tagging:

f

B(B" = 77v,) = (1.24 4 0.41 (stat) 4 0.19 (syst)) x 10_4]

.

» Measurement of ¢o using B® — pTp~:

[ 5, = (92-6ti:§>°]

.

> Analyses often statistically limited (365 fb™!) but thanks to better resolution and improved analysis
techniques precision already better than expected

» More data already collected and ready to be analyzed
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Conclusion

» Measurement of |V,,| using inclusive tagging:

[V.p] = (39.2 + 0.4 (stat) 4 0.6 (syst) £ 0.5(th)) x 1073 ]

> Measurement of B(BT — 7%v;) using hadronic tagging:

f

B(B" = 77v,) = (1.24 4 0.41 (stat) 4 0.19 (syst)) x 10_4]

.

» Measurement of ¢o using B® — pTp~:

[ 5, = (92-6ti:§>°]

.

> Analyses often statistically limited (365 fb™!) but thanks to better resolution and improved analysis
techniques precision already better than expected

» More data already collected and ready to be analyzed

Thanks for your attention!
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Backup
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Measurements of the CKM angle ¢,
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Measurement of CP asymmetries in B®— 1/ K2 decays PRD 110, 112002 (2024)

vVVvyVvVYyVvYvYyyYy

BY— /K is b— sqq transition that proceeds via loop amplitudes

comparison of CP observables with sin 2¢1 probes beyond standard model contributions

reconstruct ' — n(— yy)rTx~ and ' — p°(— 7

)y

perform B vertex fit and remove multiple candidates via best fit probability

continuum suppression with BDT (validated on off-resonance data)

UNIVERSITY

four components in maximum-likelihood fit: signal, self-cross-feed, ¢g background, and BB background
perform maximum likelihood fit to beam-constrained mass M., energy difference AE, BDT output CSgpt

Belle Il Preliminary [rdt=362 !

Belle Il Preliminary [cat=362 1!

[rat=362 fb!

%270

5.275 5.280
Mo [GeV/c?]

Frank Meier (Duke University)

5.285

5290

-5

~ Belle Il Preliminary
Q7
‘S oF_— Fit Signal %) 60 F — Fit Signal 40 | — Fit Signal
@ 60 -- Continuum W SxF (6] -- Continuum W SxF g -- Continuum  WEM SxF
o -~ BB { Data m S0f—— 88 t Data =S -~ BB { Data
— 50 =} o 30f ]
=1 S a0 -
p 40 o ]
= Qo ]
w30 } @ 0 o 20
) a ]
S 20 w20} ¢
i { 2 210 ]
L 510 { i
BN e o i L iy 5 )
£ o vt o T i 0
wn 5 T T w 5 0w 5 T T T
=) S o 5 o%l-_l.._____l_l___-_._l___i
o a a _g

—0.06 —0.04 -0.02 0.00 0.02 0.04

AE [GeV]
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https://doi.org/10.1103/PhysRevD.110.112002

Measurement of CP asymmetries in B®— 1/ K2 decays PRD 110, 112002 (2024)

Belle Il Preliminary [rcdt=362 b1

vV VvV VvV VvV VvyYy

add proper-time difference as fourth fit observable

flavor tag and proper-time uncertainty conditional observables
resolution function determined with B® — D)~ gzt decays
358 =+ 20 signal in ' = n(— yy)n 7~ channel at 79% purity
346 + 21 signal in ' — p°(— 7777 )7 channel at 24% purity
largest systematic uncertainties from

P fixing shape parameters
» At resolution model
»> motion of B-meson in 7°(45) frame

results of CP observables in agreement with current world
averages

sensitivity approaching that of Belle and BaBar

Frank Meier (Duke University)

350 F

Entries per 0.64 ps
S
8

w
o

[T
G o

S o o o o
S o
% 8

Asymmetry

@
o

uuuuuuuuuu

Bo—)ans

+
+

Continuum
BO tag
B° tag

ﬁ|+

0
At [ps]

Sy = 0.67 % 0.10 +0.04

n

C KO = 0.19£0.08£0.03

CKM matrix related measurements at Belle |1

» correlation(S, C): 3.4%
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https://doi.org/10.1103/PhysRevD.110.112002

_ . Duke
Measurement of CP asymmetries in B° — QSKQ decays with Belle Il
PRD 108, 072012 (2023)

» B%— ¢K? proceeds via penguin diagram = sensitive to physics beyond the SM
reconstruct $— KK~ and K — ntn~

restrict sample to narrow region around ¢ mass = quasi-two-body analysis
continuum suppression via BDT

vvyyy

unbinned extended maximume-likelihood fit to four dimensions:
» beam-constrained mass M. and transformed BDT output O’CS to separate signal from continuum
> helicity angle cos 8z to distinguish non-resonant B® — K+tK~ K?
» proper-time difference At to extract CP observables

160 - - - T 100 B
- 059K 0L, 6KO
10| Belle 1 (Preliminary) - Bn 2 s Belle Il (Prefiminary) M B°-¢K? Belle Il (Prefiminary) W B¢k
r 777 BY-K*K-K? 77 BO-K KK 77 BO-K* KK

G [cdt=36210"1 -~ g7 background so| Jrdt=3621" , © ] [rdt=36210"1 _
S 10 aq backgs 1 ~ ----  qq background ~ ----  qq background
® Total fit g — Totalfit Q —— Total fit
= 100 4+ Data st 4 Data ?
%) 1 S ol 4 I}
a Q 60 o
Q & q 3 2
173 = -—
2 S wf 1 ]
T 60 ] 2 2
kel = €
S I
c 40 1
8 O ol ] o

20 9

o ) ) ) % 0 - o oA -
520 5.22 5.24 526 5.28 -100 -75 -850 -26 00 28 50 75 100 050 -0.25 000 025 050 075 1.00
/
My [GeVic?] Ocs cos 6y
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Measurement of CP asymmetries in B — ¢K? decays with Belle Il
PRD 108, 072012 (2023)

o771
| Belle Il (Preliminary) ¢ B (q= +1) ]
» found 162 + 17 signal candidates a H = -1 = 1
g 360-f£dt 362 fb 5 B (q=—1)
Spxo = 0.54+0.26755 5 | ]
Cyxo = —0.31 4 0.20 £ 0.05 2 40|
5
P largest systematic uncertainties arise from -g L
20
> fit bias 871

» neglecting BB backgrounds

and for C also

o
no

P> treatment of multiple candidates
» non-resonant background

Asymmetry
o
o

» results compatible with previous measurements

05 1
» no significant shift wrt sin 2¢; observed _é‘ ‘ ‘_4‘ ‘ ‘_2‘ - 0 - 2 - 4 N 6
At [ps]
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Measurement of CP asymmetries in B® — K?7%y decays PRL 134, 011802 "

» b— sy proceeds via one-loop diagrams at lowest order br SL
= sensitive to physics beyond the SM ;

» weak interaction couples to left-handed fermions B 127 0
= for B® decay photon predominantly left-handed

» interference between B and B° highly suppressed d <

ul

» select highest energetic photon and reject potential 7° and n combinations with BDT
. . 0 non—ME MR1 non-MR1
» define two mass regions, around K** and o L AE : lel b g

i?la Juae. B {
everywhere else & a0

» separate signal from background with fit to M. £ s ~
and AE Sonqe i, Tl N e e
Myq [GeV/c?] My [GeV/c?] AE [GeV)

» extract CP observables from simultaneous fit to At and time-integrated rate
> most precise results to date

» E and p scale as well as SK*o —0.001Y .2740.03 SKO — 0.047945 1 .10

BB background asymmetries —0.26-0.04 —0.44
dominant systematics CK*OW =0.10£0.13+0.03 CKO = —0.06 & 0.25 £ 0.07
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Improvements of flavor tagging

» so far used BDT-based two-stage approach of categories that are then combined

&) 0
Categories Targets for B° o
Electron e~ B> D" g, _.®<w—
Intermediate Electron et L, D? -+ m—>
Muon o
Intermediate Muon ut L x x- ——
Kinetic Lepton = { in Lepton f——sy
Intermediate Kinetic Lepton s B - Dt (K) ] — e
Kaon K- . [ Keom | g
. L Logo,, o :
Kaon-Pion K- 7 &
i .
Slow Pion m
Maximum p* o, BY — AT x-
Fast-Slow-Correlated (FSC) AN L4 o+ =
Fast Hadron ™, K~ aom
Lambda A Ly
QD] |

» effective tagging efficiency:
Eeff = Erag(1 — 2w)? = (31.68 +0.45)%
» only kept best candidate per category so lost potential tagging power
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Improvements of flavor tagging

» feed up to 16 tracks into graph neural network

» input features of tracks: output of 13 former categories + momentum components + PID variables

» coordinates: initially point-of-closest approach to IP, then position in feature space

Input features, Charge multiplier Global pooling Last MLP layers
NXCy
multiplication | _ S N
o3
2 2 g ; s g
Q Q < @ qr output,
) o i £ = Ello 1
o) o 3 $ eli218||g|le
: ) -] E>-@F 2llg||g | 2||E 1
Input coordinates, w w Charges, = g sl |2 |82
NXC 0 0 Nx1 8 = a |s||»n
» = C
= = 5 5
o o £ £
1 c - -
4 £
1 T
1 = -
-1

> effective tagging efficiency increases to eer = (37.40 +0.43 +0.34)%
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Validation of new flavor tagging algorithm PRD 110, 012001 (2024) 77777

Belle Il (Preliminary) [Ldt=362fb"

—— Combined Fit
cees B0 + c.c

perform CP violation measurement in golden channel B® — Jhp K?
reconstruct Jp — pTpu” and Jp — eTe” and K — ntaT

fit energy difference AE and calculate signal weights

= 55 + gq background
I Data

vvyVvVyy

Candidates / (0.010 GeV)

fit weighted At distribution = only signal parameterization needed

e
2% MBelle 1 (Preliminary) R
S i KO = 0.724 +0.035 + 0.014 o | fese=3e2 00 | e, (q— +1)
Q 400 § Bl (q=—
CJ/ng = —0.035 £+ 0.026 + 0.012 9 B
g
» results in agreement with previous measurements & 20
o
» statistical precision 7.9% / 7.1% better than with old flavor & wo

tagging algorithm

o

P largest systematic uncertainty from tag-side interference

Asymmetry
o

|
-

-100 -75 -50 -25 0.0 25 50 7.5 100

At [ps]
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Measurements of the CKM angle ¢»
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Measurement of the branching fraction and CP asymmetry of B — 7070

PRD 107, 112009 (2023)
» ¢ least known CKM angle

challenging reconstruction since final state are just 4 photons
signal photon selection via BDT

another BDT to suppress continuum background

vV VvyVvVvyYyy

signal yield extraction with 3D fit to beam-constrained mass My,
energy difference AE, and transformed BDT output

B(B°— 7%7%) = (1.38 £ 0.27 £ 0.22) x 1076
Acp(B?— m97%) = 0.14 £ 0.46 £ 0.07

» same precision on branching fraction as Belle with only 1/3 of data

Frank Meier (Duke University) CKM matrix related measurements at Belle II

if only tree-level b— u processes B® — 77~ would allow extraction of ¢
however significant loop contributions present so combine multiple charmless B® — hh modes

Events per 0.021 GeV

Pull

Events per 0.021 GeV

Pull

uuuuuuuuuu

Belle Il

_ .
20 ,J'me 1899 f

BO

«Data
~Total fit

B® . nn0
Continuum
BB

4

; 01 02
AE [GeV]
.
E e
oF <]
-4
40 Belle Il
elle *Data
3k 50
- 4 ~Total fit
30,J'Lu|71399n: B gl

Continuum
BB

0.1 0.2

’ AE [GeV]

°E ]
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https://doi.org/10.1103/PhysRevD.107.112009

B — mrr results

.

ke

UNIVERSITY

First measurement of B® - n%xz0 at Belle Il , B® - n'n® w0 B > n°
N E Belle Il eData E Belle !l «Data
umgue chanr;el tlo Belle Il 5 5F [Lacmon “Toain, A [P Ty
4 photons in final state g osf Conmum | & 25 Continuum
large background S 8 g 2 o
9 g 3 2
B(B® — 7°7°) = (1.38 % 0.27 £ 0.22) x 107 g : [ 3
0 00 N AL T DY S -
Agp(B” = ) = 0.14 % 0.46 £ 0.07 %3 %02 o1 0 01 02 %32 o1 0 01 02
L. . AE [GeV] AE [GeV]
same BR precision as Belle with 1/3 of ~ < . . . . = iR et |
data a | & N . CRR E ¥ PR ¥ |
Phys. Rev. D 107, 112009
B’ > ™ Bt > wtn®
Belle Il (Preliminary) - BYsntn +c.c. 250 Belle Il (Preliminary) —- Btamtn®+c

Cand. / 10 MeV

Pull

[Ldt=1362fb!

- 5 -Ktrtcc
= Background

Cand. /10 Mev

Jrde=362 10" . B oK+

200 0
. 55 background B(B

150 = Continuum background BB
'ACP(

—7tr ) =(5.83+0.22+0.17) x 107°
%) =510 £ 0.29 £ 027 x 107°
— xta) = —0.081 + 0.054 + 0.008

25
-2.5

Y T DD

————

AFE [GeV]
Frank Meier (Duke University)

-0.3

-0.2 —0.1 0.0

AE [GeV]

0.1 0.2 0.3
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+ compatible with world averages
 worlds best BR(B® -» n¥n™)
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Measurements of the CKM angle ¢
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Concept of tree-level ¢3 measurements

vVvy VYVYY

‘/'ub
b u o
c
B
S
K-
u—+— 70
Vay |
b c o
u
B “a
= s
K~

interference between b— u and b— ¢ transitions
dp: strong phase difference, rp: ratio between favored and suppressed amplitudes = o4,

rp and dp may require external charm input

GLW: D decay to CP eigenstates, like D— KK~ or D— 7@~ pLE 265 (1991) 172, PLB 253 (1991) 483
GLS: singly Cabibbo-suppressed D decays  pro 67 (2003) 071301
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http://dx.doi.org/10.1016/0370-2693(91)90034-N
http://dx.doi.org/10.1016/0370-2693(91)91756-L
https://doi.org/10.1103/PhysRevD.67.071301

GLW measurement of ¢ using B* — Depy K+ decays JHEP 05 2024, 212
» using full Belle data (711 fb™!) and first half of Belle Il data (189 fb™!)
» reconstructed D final states: K~ 7" (flavor-specific), K{7° (CP-odd), and KTK~ (CP-even)

» measured CP asymmetries
B(B_%DCPiK_) — B(B+—)DcpiK+)

ACP+ = BE—Depa k) T BB Depo k)

» K- separation based on PID likelihood
» continuum suppression via BDT
» extraction of signal yields

» 2D fit of AE and transformed BDT output C’
» simultaneous fit in 12 subsets split by
B charge, D final state, bachelor hadron

» found peaking B— KK TK~ background using D

mass sideband

» fix shape from MC and yield from data

Frank Meier (Duke University)

B(B~—Dcp+ K~ )+ B(B*—=Dcp+ KT)
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=
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https://dx.doi.org/10.1007/JHEP05(2024)212
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GLW measurement of ¢ using B* — Depy K+ decays JHEP 05 2024, 212

Reps = 1.164 4 0.081 + 0.036 » significance for CP violation: 2.00 (2.8 ) in CP-even (CP-odd) mode
Rep— = 1.151£0.074 £ 0.019 | » 3.50 evidence for Acp+ # Acp—

Acps = (+12.5 £ 58 £1.4)% | ) R 2.2 ¢ larger than world average
Acp_ = (—16.7+ 5.7+ 0.6)% Py 2201809 J

» good agreement for Rcp— with world average

» convert CP asymmetries to angle ¢3 via

Rep+ =1+ 7”]25 +2rp Ccosdp CoS ¢3 Acptr = £2rp sindpsin ¢3/Rep+

0_917 Belle + Belle Il 091 elle + Belle I
0gf [razouswae 0.8 || fro=wuswon: > large R — lar
- . * CP+ gers
0.7¢ 0.7 .
o6l 506 = low uncertainty on ¢3
(? 05F 9 0.5 0, i
S04 404 > at 68.3% CL three intervals for ¢
03F————————F————\———— 03Ft——————
02 02 > [8.5°,16.5°] U [84.5°,95.5°] U
0.1 0.1
ST fy eI S S [163.3°,171.5°
o 01 02 03 04 05 06 0 20 40 60 80 100 120 140 160 180

B %
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GLS measurement of ¢ JHEP 09 2023, 146
» BT DK® and BT — Dx* with D— KOK*#¥ using Belle and Belle || data
> split into same-sign (SS), i.e., charge of B same as charge of K in D— KSK*x¥F, and opposite-sign (OS)
» seven observables: four CP asymmetries and three branching-fraction ratios
Dh _ NDPh~ —NDh* DK/Dr _ NDK~ 4 NDK*
Ngh +N£h N'r%ﬂ +N£7r

SS

16F Belle 1T SS B'— DK’

» K-m separation based on PID likelihood

» continuum suppression via BDT

Events / 0.04
Events / 10 MeV

» extraction of signal yields

» 2D fit of AE and transformed BDT output c’ 010203 4%50.6 070809 1 B0 003 (g 005 01015
» simultaneous fit in 16 subsets split by
B charge, OS/SS, DK /D, Belle/Belle Il

» two configurations:

50F Belle 1 05 B o o1

Events / 0.04
Events / 10 MeV

» full D phase space
> D— K*FK* with K** — Kon*

- AL
-015 -0.1 -0.05 0 005 0.1 015
AE (GeV)
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GLS measurement of ¢ JHEP 09 2023, 146

ke
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full D phase space SS oS K** region SS oS
APK -0.089 £ 0.091 + 0.011  0.109 = 0.133 4 0.013 APK 0.055 + 0.119 4 0.020 0.231 + 0.184 + 0.014
ADT 0.018 4 0.026 = 0.009 -0.028 = 0.031 = 0.009 ADm 0.046 + 0.029 = 0.016 0.009 = 0.046 =+ 0.009
RPK/Dm 0.122 £ 0.012 £ 0.004  0.093 + 0.013 + 0.003 RDPK/Dm 0.093 £ 0.012 £ 0.005 0.103 + 0.020 + 0.006
RET o 1.428 + 0.057 + 0.002 RE 0 2,412 + 0.132 + 0.019

» values consistent with LHCb's results

» measurement statistically limited

» on their own results do not allow unambiguous determination of ¢3 but help in global fits

P largest systematic uncertainties

» fixing shape parameters from MC

> assumption that efficiencies of D— KOK~ 7% and D— K2K* 7~ are equal

Frank Meier (Duke University) CKM matrix related measurements at Belle II
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Event selection of B— D¢tw, analysis

Impose tight PID cuts for electron and muon

Reconstruct D™ — Ktn~ 7~ and D° — K~ 7" with p(D)cws < 2.4 GeV/c
Require minimum vertex fit quality

Apply vetoes against D** — D°z+, D** — D*#° and D**— D%#°

No exclusive reconstruction of second B meson

vV vyVvyVvVvyyeyey

Reduce contamination from continuum and BB backgrounds using seven variables:

> Modified Fox-Wolfram moment H3p, my, Pmiss, MROE, PrOE, COS ZL(L,W), £(D,L)
» Use simulated annealing (simultaneous optimization of multiple variables using Markov chains) to pick
rectangular cuts that maximize geometric mean of expected signal significance across all w bins

» Find 87000 B°— D~ ¢*wv, and 136000 BT — D%¢* v,
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Systematic uncertainties

Source Uncertainty [%] >
Statistical 0.9
Systematic 1.5 >
BY~ lifetime 0.1
Signal form factor 0.1
B— D*(*v, form factor 0.1 >
B(B— X lvg) 0.3
B(D— Kn(rm)) 0.5
Tracking efficiency 0.5
Nrus) 0.7 >
foo/ f+- 0.1
I 0.4
Background w modelling 0.3 >
E§ — my reweighting 0.3 >
Lepton identification 0.3
Kaon identification 0.6
Vertex fit x? correction 0.3 >
Simulation sample size 0.5
Theoretical 1.3
Lattice QCD inputs 1.2
Long-distance QED 0.5
Total 21 >

Frank Meier (Duke University)
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Duke
Irreducible external inputs

0.24% uncertainty per track for data-MC efficiency
differences

Background w modeling determined from control
samples (wrong-sign combination, sideband, inverted
D™ veto)

Particle efficiencies and misidentification rates
determined in momentum and polar angle bins

Correction from control sample B— K*¢

Templates allowed to vary within their MC statistic in
each bin

Assume long-distance Coulomb correction to be
6&° =0, but add nuisance parameter with width of
0.023 for 62

Negligible systematic uncertainties
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