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CKM MATRIX & UNITARITY TRIANGLE

Vud Vus Vub
VekM = | Veg Ves Ve
Vie Vis Vi
Vid ij + Vg V:b + Vig Vt*b =0 v gl p—
e Overconstrain UT apex through .
diverse measurements | S E
. :
e goal: precise measurement of all UT g 3
angles and sides g
e Test the Standard Model and probe CKMfitfer
o | o (25739
e Tree-dominated decays: Provide 2 (86.2+3'9)O
clean SM constraints ;33 o
¢3 (65-9—3.5)

e Loop-dominated decays: i 3
Sensitive to BSM contributions |Veb| (41'6—0:6) x 10
V| (3.731554) x 1073
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http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html

CHARGE-PARITY VIOLATION (CPV)

INDIRECT CPV
1-x2/2 A AN(p—in) | e Measured through interference
— 2 2 -
Vekm = A 1=X/2 AA between mixing and decay
AN (p—in)  —AN? 1
e Time-dependent CPV (TDCPV)
DIRECT CPV o r (B°(At) - f) I (B(At) - f)
Ace™ (A = FBo(ar) 5 1)+ 1 (B9(BY = §)
e Originates from interference between ,
litudes =S -sin(AmgAt) — C - cos (AmgAt)
two amplitu S = |sin(2¢)| = Mixing induced CPV
C = Direct CPV
Ay B® — B° mixing

m Ver Vea
b 3 d

b t
B f W‘W ﬁ
u d 3 - b X B ;

Asexp(igp + 6) Vie V3
Angle | Relation Measurement Channels Tree/Loop CPV Type
#a() | arg <7 53&2) BY s, B® s ptp- Mixed (Tree/Loop) | TDCPV
¢3(7y) | arg (7 5‘;:5:::) Bt — DOK™ with various D° decays | Tree-dominated Direct
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B PHYSICS AT BELLE Il

3

e ete collision at T(4S) [10.58 GeV]

%” 1 BF(Y(4S) —» BB) > 96%
e Coherent production of BB pairs 5
. T 10 'S
e Clean environment o Y S
. - = o’ m:) ‘ﬂia;) ;rs‘s‘)“." et
. Domlnant baCkground: e e % qq 944 9;6 II}‘,DDID‘,M lill]d 1I)f37 1\1‘!4 10:5! 10.62
. — Mass (GeV/c')
e Spherical BB events can be
discriminated from jet-like gg 'v“
e Continuum suppression using ‘{é’ *
Multivariate Analysis (MVA) p XUDA
p(B) = 0.3GeV/c
e Kinematic constraints: well-known

ete” — T(4S) — BB

beam energy

e AE: Reconstructed B and beam
energy difference
o M,.: Beam constrained mass

03 02 01 0 01 02 03 52 52 524 52 528 53

AE (GeV) M, (Gev/c?)
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FULL EVENT INTERPRETATION (FEI)

e Essential tool for decays with missing kinematic information
e eg: Decay involving neutrinos

o FEI algorithm reconstructs second B meson (By,,) in ~ 10k
channels

e Infer kinematics of signal B using well known initial state of T(45)

[ Pet+ T Po— = PBgiq + Pgtag ]

Purity
Efficiency
Inclusive Hadronic
B — anything B — hadrons G
e~ 0O(100%) e~ 0(0.1%)

ComputingandSoftwareforBigScience(2019)
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https://www.researchgate.net/publication/331339102_The_Full_Event_Interpretation_An_Exclusive_Tagging_Algorithm_for_the_Belle_II_Experiment

FLAVOR TAGGING

e Distinguish between B° and B°

Coherent

. . re evolution Bsignal
e Signatures of flavor-specific decays _ !
. ] e (7Gev) etacey) !
grouped into 13 categories !
. i ipta

e Quantum correlation allows ! :B e
identification of signal B flavor based e
Az~150 pm

on tag B
o = (31.68 +0.45)%
Graph-neural-network flavor tagging (GFlaT) PhysRevD.110.012001

Belle Il simulation
9000

e Updated from category-based algorithm

8000 —— B, GFlaT
. n — B° GFlaT
e Improved performance by accounting for s 89, category-based
i Y H g BY, cat -based
correlations between final-state particles & o category-base
+J 4000
e ¢=(37.40+0.434+0.36)% g oo
© 2000
o

e 18% increase in efficiency 1000

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
aqr
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012001
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ANGLE ¢;3(7)

¢3 is the phase between b — uCs and b — ciis transitions
Accessible using B — DK

D APrr (B~ —DOK ™) ;
o — rei(0s—53)

[f]DK_ Afavor. (B— —SDOK— )

B
\DOK‘/ e Common final states give access
to phase via interference

B-—D'K
Vo e Tree level: No (large) BSM
favored| | <"~ K~
b e SM benchmark
Bi‘ui—vl)“
Method Decay Mode
GLW D% — KTK—, K970 (CP eigenstates)
BPGGSZ | Self-conjugate multi-body decay, e.g., D° — KOhTh~
GLS D® — KOK=7F (singly Cabibbo-suppressed decays)
ADS D% — KEn¥F
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¢3: Belle + Belle Il combination

B decay D decay Method Data set (Belle + Belle Il)[fb ~!]
B* — Dh* D — KSOTrO. K=K+ GLW 711 + 189 Bellell
B* — Dh* D — Ktr, Ktr— 70 ADS 71140
B* — Dh* D — KPK’WJr GLS 711 + 362 Bellell
B* = Dh* D — KO h* BPGGSZ (m.i.) 711 + 128 Bellell
B* - Dht D — Ko7 7tx® BPGGSZ (m.i.) 71140
Bt — D*KT D* — D% D — Ko7 K%,
KO, K- K+, 7=nt GLW 210+ 0
B+ — D*K+t D* — Dr®,Dvy,D — Kln~nt BPGGSZ (m.d.) 605 + 0
Experiment ¢3 (°)
Belle + Belle Il (75.2+7.6)
e First combination of all Belle and LHCb LHCb-CONF  (64.6 +2.8)
Belle Il ¢3 measurements Dominated by LHCb
Belle + Belle II (2024)
e 59 input observables and 18 free 10
parameters - o8t .
o . L. O o6} . ()
e Belle + Belle Il is improving the precision! .
04T 68.3%
JHEP10(2024)143 02t
95.4%

0.0

50 100 150

$s[°]
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https://link.springer.com/article/10.1007/JHEP10(2024)143
https://cds.cern.ch/record/2905625?ln=en

0,0) (1,0)
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geod | oop i LA
n, dgt p*
W . P b dn*,p \ Mg“ T
- s o LD
b i BO Nr fars

EXTRACTION OF ¢, : ISOSPIN ANALYSIS

L

n,p Ug=,p
d—— > d

V2

A(B" = 7' 2), A(B" — ' x")

TDCPV measurement

b — uiid: sensitive to ¢y e Isospin symmetry allows for separating

o tree and penguin contributions
b — d loop contributions add an pens

e Determining ¢, from B — 7w requires
BFs and Acp of B — ntn—,
Bt — 779 BY — 7070

extra phase A¢;

Interference of tree and loop:

S = sin(2(b2 + 2A¢2), C 75 0

o 1070, ptp° ptp~ requires 7°
Key Observables: reconstruction:
Tt pTpT BF, S, C
’ St e Belle Il has an advantage.
ata0 ptp BF, Acp 8
7019, p%°  BF, Acp or C e pp with smaller loop contribution

S (only for p°p°)

dominates ¢, precision
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¢o: B — 700

e Experimentally challenging: 4

photons and no tracks

e Updated measurements of BF

and Acp with full Run-1

statistics:

e GFlat for flavor tagging

e MVA dedicated for
photon selections

e Fit to four variables

BF x 107° Acp
BelleIl 1.26 +0.20 +0.12 —0.06 + 0.30 + 0.05
WA 1.59+0.26 0.30+0.20

e World best BF

e Acp comparable with WA

e Paper in preparation
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[ Belie it preliminary
fransme

Ho8

Candidates per 32 MeV

Candidates per 4 MeVic?

Belle Il preliminary
[Latw sz

hlbowa

Normalized
residuals

3 0z 01 0 01 0z 03 04 05

AE [GeV]

Normalized
residuals

2 521522523524 5.25 526 5.27 5.26 5.29 5.

M, [GeVich)

3

as| Belle lf preliminary
Lat=3azm’"

Candidates per 0.8

Candidates per 1.0
®

[ Befle Il preiminary

La-aan'
~ o
— Totsi i resun
Rt ]
' BB background
Continuum

Bw 3 Be

EE ; ' ;;g HE S ———————
b1 Sl 5 7
Transformed continuum ¢ Transformed v

suppression output

wrong flavor tag probability
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¢2: B — ptp”

Small contribution from loops: gives most
stringent constraints on ¢»

Reconstruction: p — 7+ (7% — ) o 'ql \
MVA to identify real photons in 7° Wf,
qq suppressed by TabNet (arxiv:1908.07442) /n_ '
Psuedoscalar — Vector Vector decay:

e Longitudinal and two transverse polarization states

e The fraction of longitudinal polarization f; determines the sensitivity

of the CPV parameters
e f; is extracted from the helicity angle 6,

B(Long.)
B(Long.) 4+ B(Trans.)

f =

| CKM and CP Violation at Belle and Belle Il
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https://arxiv.org/abs/1908.07442

¢2: B — ptp~

e Improved precision by GFlat flavor-tagger
and better selection criteria

e Fit to 6 observables to extract B and f,

—— Long.signal  ---- Selfcrossfeed w - t Data

== Trans.signal - Peaking backgrounds BB —— Total

o
3

Belle IT preliminary

[ Belle IT preliminary
/E dt = 364 fh!
t

e
S
S

/C dt = 364 fb!

@
3
L
5
3

o
S

pun  Events /0.01 GeV
5]
g

Pull Events / 0.01 GeV/c?
o
S

|
wowo

|
wowo

|
0.8 1.0
AE[GeV] Mo p[GeVc?]

5= (200133 431) <10°°
fiL = 0.92170 023+ 0 017
S=(—0.26 + 0.19 + 0.08)

0.06
C=—0.02 +0.12+:9

o
@
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Belle IT preliminary s potaq

_/c dt = 364 b ¢ B'tag ]

Events /1.0 ps
N
3
T
!

0.3 F |
) —-—-lr—l—l-—Ltl |

Asymmetry
o
& o
T
Al

At [ps]

$2(B — pp)
WA (915%%3)
WA + New Results (szﬁfﬁjg)

6% improvement by Belle Il
results!

Consistent with previous
measurements

Paper in preparation




(0,0) (1,0
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DETERMINATION OF |V,| & |V

e |Vyp| and | V| are important to constrain 48
. S 46k Exclusive [V A= 10contows
CKM unitarity = a4b Exclusive [V, | “"Jj:;zzw 3
. . . . Y e O Ve 3
e Precisely measured via semileptonic B decays. — ", Bl e / E
e Significant tension between inclusive & zzg Jal -
exclusive determinations 34F A/ £
32f E
3E HFLAV &
B
Z.SE PoO=89%
Il Il 1 Il 1 hu

36 38 40

42 44
v, | [10°]

Exclusive | V| Inclusive | V)|
Exclusive |V, : B — nli, Inclusive |V,p| : B — X,(7
Exclusive |V,,| : B — D{iy, B — D*(i, Inclusive | V| : B — X (7
B o< |VgyF? B = [Vapl? [F(b = qtm) + 725 + s+ .. |
f— Form Factors Heavy Quark Expansion
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|Vep| from B — D*£i,

e |V, from angular analysis of B — D*{,
o Full Belle dataset (711 fb~!) with hadronic B
tagging
e Reconstruct both charged and neutral B
e B° — D**¢p,, D** — D7t /D*7°
e B~ — D*%p,, D0 — D70

w = Ep./MJ

e Four-dimensional differential decay rate for B — D*(; can be
expressed in terms of 12 functions
e Angular coefficients obtained from data in bins of the hadronic

2 2 2
mg+mpx —q
2mgmpx

e Measure 12 angular coefficients J; in four bins of w

recoil parameter w =

e Determine signal yields by fitting the mass of undetected neutrinos

2
in the event: M2, = (pe+ + Pe- — PB,,, — PD~ — Pe)
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|Vep| from B — D*£i,

Belle Ldt = 711 b
P P B
3 2 A= 5
2 2 A2
0 0 3
0 0
B -2 2 N
2 32 S —+—
< e E H
B SN =2
3
s s L2 I
=4 X4 —— F) t —
@2 &2 &
-2
0 0
2 2 2
] = oy — Y
X 0 X 0 + X 0 —
= — ] = —+
-2 -2 -2
115 125 413° 150 135 125 413 150 135 125 413 150
100" a5 €5 <M s e 100 <M a5 <G < s e 1004 Y s <G e s e

Phys.Rev.Lett.133(2024)131801
|Veblgr, = (41.0 £0.3£0.4+£0.5) x 1073
|Veblopy = (40.9 £0.3+£0.4 £0.4) x 1073
e Agrees with the latest and most precise determinations of
inclusive |V ]
e Results in agreement with fits to 1D partial rates on the same data
set PhysRevD.108.012002 as well as on Belle Il data
arXiv:2310.01170v2
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.131801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012002
https://arxiv.org/abs/2310.01170
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|Vub| from B — =4ty &

The rates of b — u decays is
proportional to |V,

Full Belle Il Runl dataset of 364 fb-1,

untagged

Extract signal yields from fit to binned ¢

MC templates

e 2 kinematic variables in bins of g s

simultaneously for mfv and plv
° q2:(PB_P7T/p)2
Background suppressed using BDTs

Total branching ratio is the sum of all

the partial AB; in each g bin

| CKM and CP Violation at Belle and Belle Il

IS

w

103 Events / Bin

Belle 11 [cat=364fb"1

1BopLv:

B-omiv:
B Signal WM Other 88 } Doto | =M Sigral  mm
== X,fv  EER Continuum AT

= ! =

Belle Il 1 _ -1
Bomiuv {Boplv: Jedt=364t
= Signal  mm Other 85 4 Data | W Signal wmm Otherss

= Xty = Continuum = x,v  EE Continuum
- I

=




| V| from B — n= ¢+, & BT — p%*y,

arxiv:2407.17403 [PRD]

B(B® = 7 (*v;) = (1.516 + 0.042( stat ) + 0.059( syst )) x 10°*

0 Consistent with PDG
B(B* — p%"v,) = (1.625 £ 0.079( stat ) £ 0.180( syst )) x 10*

Belle Il Jrat=36amt [ Belle n By,
o - -1
S [ BO ity N_u_[cdt 3641b
i i
% % 10F
Sef <]
& & 8fF
=) =)
= =
X 4F X sf
g LQCD + LCSR g af
[ 2F — BOL 30 ) LCSR
° - 1o § Data © o2r — BSz wm 20 § Data
20 - 10 30
oL, L . L | L Oy Lo O T T .
0 5 10 15 20 25 00 25 50 75 100 125 150 175 20.0
g2 [Gev?] q? [GeV?]

BY — m £t |V | = (3.73 £ 0.07(stat) + 0.07(syst) = 0.16(theo)) x 10~ LQCD-+LCSR constraints
Bt — p%F vy |V 5| = (3.19 4 0.12(stat) + 0.17(syst) = 0.26(theo)) x 10~ LCSR constraints

e Consistent with WA

e Comparable precision with Belle/Babar

Ansu | CKM and CP Violation at Belle and Belle Il


https://arxiv.org/abs/2407.17403
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SUMMARY

e Belle Il has already recorded a total of 531 fb~! of data

e Precise measurements of CKM angles and sides are crucial for
increasing the constraining power of the Unitarity Triangle fit.

e The new GNN-based flavor tagger has achieved an 18%
improvement in effective tagging efficiency

o ¢p: B— 1070 BY — ptp~
e New results with improved precision, the first ¢, extraction
with improved precision
e ¢3: First combined Belle and Belle |l analysis, achieving improved
sensitivity
e Belle and Belle Il continue to produce updated and improved
measurements of |V| and |V

| CKM and CP Violation at Belle and Belle Il



Thank You!
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BACKUP
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@3 : BT — DcpK* in Belle + Belle Il Data

OAservabIes Direct CPV in B Ratio =
Py = e,
B(B~—=Dcpr K~ )—B(B*—Dcpr KT)
B(B~—Dcpr K—)+B(Bt*—DcpL KT)

* Reps =
B(B~—Dcpr K~ )+B(B*—Dcpr Kt)
(B(B~—Dgay K—)+B(B*+—Dqay K*))/2
e Dcpy: CP-even decay
(D — KtK™)
e Dcp_: CP-odd decay (D — K970)

e Dy,,: Flavor-specific decay
(D — K=x¥) Recp+ =1.164 £0.081 £+ 0.036,
Rept = 14 rd+2rg cos dgcos ¢3 Rep_ = 1.151 + 0.074 + 0.019,
Acp+ = £2rgsindgsin ¢3/Rcp+. Acpy = (+12.5+5.8 4+ 1.4)%,
— (_ 0,
JHEPO5(2024)212 Acp_ = (—16.7£5.7 £ 0.6)%,
GLW method 30 evidence for Acp_ # Acpy
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https://link.springer.com/article/10.1007/JHEP05(2024)212
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ANGLE ¢:(5)

Time-dependent CPV
e Oscillation-induced CPV as a function of At

e Boosted CMS to measure At from decay
length

r(B°(At) — f) — T (BY(At) — f)

I (BY(At) — f) + T (BO(At) — f)

=S -sin(AmgAt) — C- cos (AmgAt)

A (At) =

S = [|sin(2¢1)| = Mixing induced CPV
C = Direct CPV
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¢1: B = J/yPK

PhysRevD.110.012001

Belle 11 [Ldt =362 fb~"

e b — cCs transition

— Fullfit

10° e BOJ/WKE + c.c.

mmm BB+qg background
t  Data

Uses the GFlat flavor-tagging algorithm

Yield extraction fit to AE

Fit background-free At for parameters of

Candidates / (0.010 GeV)

interest -0.10 -0.05 0.00 UA%S[GU\}? 0.15 020 025
e
H 1 H 0, 500 Belle Il
e Improved statistical uncertainty 8% (S) and otz f | Bm@m D
400 - ) Bl (g=-1)
7% (C) compared to category-based FBDT BOJlyk? f ol

flavor tagger

S5 =0.724 £ 0.035 + 0.009

) Candidates / (0.5 ps)

o

— 1= (232+ 1.5+ 0.6)° H AN
o3[o8 t
C = — 0.035 = 0.026 + 0.029 g | I
-10 -5 At [OpS] 5 10

Ansu | CKM and CP Violation at Belle and Belle Il


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.012001
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d——g "
CKM & color-suppressed tree-level b — ccd
Constrain the loop contributions in B® — J/K°
(b — cCs) to determine ¢,

Fit AE & m(ll) for background subtraction and
extract yields
Fit At to extract CPV parameters
1°t 5 o observation TDCPV in this mode
BF = (2.00 £ 0.12 + 0.10) x 1073
Scp = —0.88 £0.17 £ 0.03
Ccp =0.13+0.12+0.03
Most precise and comparable with previous

measurements
| CKM and CP Violation at Belle and Belle Il

arxiv:2410.

120

2[PRD]

Candidates per 14 MeV

0862

7 MeV/c?

Candidates per

Asymmetry Candidates per 2.0 ps



https://arxiv.org/abs/2410.08622

¢1: B = n'Ks

BM contribution? g Belle Il Preliminary  [rde=362 "
l ¢ n' > 60— Fir "= Signal 4o, Belle Il Preliminary Jeot=362 !
AN o e T ——
b 5 o . 4 Btag
w K. m 40 H Sw t Brg
: 830 g
d d > g”
g Ex
e Dominated by the Loop process: BSM  gx
ol - 0
could shift S & C 2 f
. . . & ~0.06 -0.04 -0.02 0.00 002 004 27“,3 B I aa e
e Relatively large BF and limited 8 [GeV) atlsl
Contribution from tree amplitudes Bell::l Preliminary Sg[z‘az:mm'l :znz:(wia‘:w Jmt;z:l\rlﬂ
SN punyrananag ey e o TE o P
] 2 oo T 2 b
compared to other b — sqg z z
™ 80 g
’ ’ T Do
g
o n = n(yy)rm &n — p(rm)y §
.. £ 2 °
e SM prediction: N e
: C Sl T SF
|sin(2¢1) —57]/K5| =0.01+0.01 &z c—/= T T

~0.06 ~0.04 —0.02 000 002 004
AE [GeV]

° C ,KS - 0 Measured WA

e Fitsto AE, My, CopT & At Syko | 0674010004 | 064005

C”/Kn —0.19+0.08 £0.03 | —0.08 +0.04

arxiv:2402.03713[PRD)]

o Agreement with WA and compatible

with Belle/Babar precision
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https://arxiv.org/abs/2402.03713

¢2: B - ntx~ and BY — w0

800

Belle Il - BYsntn +c.c Belle Il —-- BYantn+cc

- SLdt=36210 -0k cc 4000 A ) gt - 362 5 -k e
2 o0 Background Background
o
S
2 400
5
2
8 200

0
= 2s
] e —]
225

Z030 005 0:00 010 015 020 08 10

0.05
AE [Gev]

PhysRevD.109.012001
BY — 7mf7n~: BR = (5.83 £0.22+0.17)107° e Good agreement with

previous measurements

Belle Il —e- BTomtn®+ Belle Il s Btontn®+ it N
R oSt s e RSy o e Sensitivity is comparable
g mmm 85 background g 1000 W BB background
Continuum background Continuum background M N

g = i e S wo e s with Belle using only half of
= T 600
5 H ’
5 § a0 Belle's datal

. —

] B ———

AE[Ge\I] c

Bt — w70 BR = (5.10 £ 0.29 + 0.27)10°
Acp = —0.081 £ 0.054 + 0.008
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.012001
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|Vep| from B — D*£i,

Belle Il

Belle Il fean

B

o] B0 D,

§§

i (%10 Gev)

AT 0T s 0% 0 om0k 0 1o
coso,

N

Belle Il Jear

AT e g ot 0% 05 0% 100
costy,

|Veb|pay, = (40.57 +0.31 + 0.95 + 0.58) x 103

w, cos 0y, cos

0, and x

inclusive determinations

o Using 189 fb~! of Belle Il data

e Partial decay rates are reported
as a function of the recoil
parameter and three decay
angles

B(B° — D*"e ) = (4.917 £ 0.032 + 0.216)%,
B(B® = D*"pu,) = (4.926 £ 0.032 & 0.231)%,
B (B® = D**¢" ) = (4.922 + 0.023 + 0.220)%,

|Veb|orn = (40.13 £0.27 £ 0.93 £ 0.58) x 10~3

e Signal extraction with fit to cosfgy and AM in bins of

e Good agreement with the world average of the exclusive and

e Agrees with the recent Belle measurement PhysRevD.108.012002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012002

