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CKM Matrix and the Unitary Triangle

CKM Matrix

Describes flavor-changing weak interaction of the quarks.

Each matrix element determines the strength of quark-level
transition.

3 mixing angles and 1 CP-violating phase.

Unitary Triangle
Unitarity of the CKM matrix leads to 6 unitary triangles.

Measurements at B Factories with B mesons
* CKM matrix elements: |V | and |V,|
* Leptonic and Semileptonic B decays
* Angles of the Unitary Triangle: ¢,/ and ¢,/c
* B—mnmn, B—pp, B—J/yr’
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CKM Matrix Elements

Determination of the CKM Element IquI via (Semi)Leptonic 4?:1.0@.“,‘1 ndmg t,m.Slfm. , ?r).(t?:2,4.11:1§6,39.:
B Decays = O T
Measurements of |V, | are crucial to constrain the unitarity > :;: N Voo 3
triangle of the CKM matrix. (T <+ 3
(Semi)Leptonic B decays are studied to determine the CKM 3-8;— —
element |V, 1. jj: E
32F =
Exclusive decays: 3E E
Single, fully reconstructed final state (e.g., B — 1t{v, B — plv, e T
B N D(*)fv) 36 38 40 42 v |£[1£1103]
. X . b cb 0+

Experimentally clean, theoretically challenging
Inclusive decays:
Final hadronic states not reconstructed 7
(e.g., B— X v, B— X tv) B+{ " >
Experimentally challenging, theoretically cleaner
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https://arxiv.org/pdf/2411.18639

Determination of the Angles ¢,/ and ¢,/a via

Hadronic B Decays

* UT constructed from CKM matrix has angles
which are well-defined (physical) quantities.

* New Physics can cause inconsistency in the
triangle parameters or inconsistency between
tree-dominated and loop-dominated modes.

CP Violation in beauty:

* ¢,/B: measured in b — ccd transitions, precision
close to effect of penquin amplitudes, controlled
with B—]/yr?

*  ¢,/a: least known experimentally, determined
from isospin analysis of B—pp and B—T7mt
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Belle II and SuperKEKB

SuperKEKB 5 TEYTETTN
« eTe™ collider with energies 4 GeV > ...

and 7 GeV operating around Y(4S)
resonance.

* Achieved world-record peak
Luminosity of L = 4.7 X 1034cm=2%s71

:ebv;"beam pipe SupeI’KE KB )

Add / modify RF systems
for higher beam current

Belle II It.gwir:‘jeer:tinanceposi(rons & .
* Nearly 4m detector coverage E— C-' m\\
. Trocking, PID and photon reconstruction —/

Low emittance electrons

capabilities
* Similar performance for electrons and muons
*  Well-suited to measure decays with missing energy, 7% in the
final state, inclusive measurement
* Ffrom 2019 - 2024, 500 fb! of data was collected.

RUN1: Data at Y(4S): 365 fbl, about 4 X 108 BB - total: 424 fb!
D025, 1t June Statistics similar to BaBar e about half of Belle

Giovanni Gaudino




|V, | from untagged B — DLV

Analysis Workflow

* Candidate B—D{v are formed from {(e, u) and a D
(D—Kn, D—Kmrt)

* Exploit isospin symmetry to analyze BY and B* decays
simultaneously and reduce experimental uncertainties.

* Signal variable using available kinematic constant

B’ - D e'y, B > D'y,
2 E E 2 2 Belle II Preliminary fﬁ dt =365fb ! Belle II Preliminary fﬁ dt =3651b!
Beam LYy — M —m mm B Div B' 5D etw 8000 | mmm B — Div B D utuw
9 - e H I
COSURBY — ol = Y ) 8000 g B Dt . Prefit == BoD y Prefit
[ | True D A [ ] True D
|pB | |pY | ;\ i [0 False D ;‘ 6000 |- == False D
2 2 2 &1 6000 e Continuum —~ I Continuum
™m —|— ™m S q S #% MC all. unc. <) #% MC all. unc.
- B D ~ t Data ~— t Data
W = = 4000 | o 4000 F
2 = =

2000 2000

* Main Backgrounds ) )

gff-= 5 ell.2 5

* = e e
¢ B_)D 51/ /L L rere eese et e teatasaa T s e et e /\ Lo
+ - —_— 3 "'5_ I I 1 L 1 S - I ! 1 ! L
. &5 &5
* Continuum eventse e — qq L T L R
cosOpy costyy
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|V, | from untagged B — DLV

1.4

1.2

Sig nal Extraction

The branching fractions of each of the two modes , '

208}

>

were measured with a fit on cosOyyin bins of w.

B(B® — D™ ¢Tuy) = (2.06 + 0.05 (stat.) £ 0.10 (sys.))% .

B(Bt — D°¢Tyy) = (2.31 4 0.04 (stat.) £ 0.09 (sys.))% -

|V .| extraction
Fit differential decay rates using Bourrely-Caprini-
Lellouch (BCL) parameterization of form factor

x10*

Belle II preliminary [ £ dt =365 fb~!

3F
1

B+ —Dlety,
I Postfit

x?/ndf = 335.4/318

N B Div

Vs |Bor = (39.240.4 (stat.)40.6 (sys.)£0.5 (th.)) x 1073

Most precise measurement to date using B — Dtv decays
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|V, | from hadronic tagged B — tv

Analysis Workflow

* Reconstruction of the tag B meson with hadronic decays
* Reconstruction of T decays using 1 prong decays (~70%)
* Build of Extra Event:

* Sum of all the cleaned clusters enerqy — Ef¢1 ®-

Pmiss = Pbeams — PBqy — Ptrack — PROE

Belle II Simulation T —et .o,

PR [ rdt =365 fb? |
=" Background
0 PDF
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Signal
. PDF

Belle IT Simulation
ER) [ cdt = 365 b1
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Signal Extraction

It is crucial to reject fake photons in the
ECL from background

We use the Extra ECL Enerqy and the
missing mass squared to extract the signal

yield
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|V, | from hadronic tagged B — tv

Submitted to PRD: arXiv:2502.04885

Branching Ratio Extraction )
Vs lexer = [343 +0.12] x 1073

3.00 with respect to background-only hypothesis SM SM Vol — [4:06 £ 0.16] x 103
T T I: T | T T T | T T T | T T T | T T T
_i.,_ Belle II (365 fb~1, hadronic)

|V ;| extraction
1.24 £0.41 £0.19 Preliminary

Assuming the SM, and using fp = 190.0 &+ 1.3 MeV from Lattice

T
1
1
I
I
|
1
i
I
QCD: i BaBar (417.6 fb~!, semileptonic)
i i 1.7 0.8 0.2 PRD 81(2010)051101
I
1 1 _ .
, , '+ __,  BaBar (426 fb~!, hadronic)
| Belle II Preliminary e Si Bkg Unc. | [ Belle 11 Preliminary s si Bkg Unc. ] 1 +0.53
108 fedi=365 1 — Bl?g + Dara 1 7O frat=365m —_ Bkgg + Data 1 L 1.83 %545 +0.24 PRD 88(2013)3,031102
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https://arxiv.org/abs/2502.04885

CPV measurements at B factories

Essential ingredients for CPV analysis

* Kinematics variables and geometry of the events.

* Taq initial flavor from partially reconstructed tag-side BY

[PRD 110, 012001 (2024 )]
* Improved efficiency with Graph-NN (31.7% — 37.4%) et @ (g€ (ndsc)) ¢*e~ - T(4S) — BB

AE = E5 —+/5/2

p(B) = 0.3GeV/c

* Exploit correlation of BOBO pairs to measure At asymmetries

* Improved At resolution from pixel detector and constraint My.c? = \[s/4 — (pLe)?
from nano-beams

—0 T ]
Beam Spot constraint — _ Biag /13+ ag side

P Uy vertex
----------------- _ a BY%; at
o LT @ K+ Sig side
—|At|/T . bl _
P(At, uag) = —- {1+ Guag(1 — 2w) [Ssin (AmyAt) — C cos (AmyAb)]| Armdt gy L <Z- vertex
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https://doi.org/10.1103/PhysRevD.110.012001

Goal: Constrain CKM angle ¢, via B® - p*p~

CP-violation from direct CP violation (C) and mixing induced
CP wviolation (S). B>—>pp dominates precision on ¢, due to
smal loop contribution

Experimentally reconstruct 270 in the final state and angular
analysis to separate longitudinalitransverse polarization in
P—VV decays.

Measurements dominated by BaBar and Belle (B, CR
polarisation)

Challenging due to presence of 4 photons in the final state.

2025, 1t June

BO4 g

b u
BY -
{d > d}p

Longitudinal polarisation fraction

2
b - 9[1(1—]1)@2 6yt

1
T d cos 8p+8 cos Op- i

.2 2 2
+sin” Oy~ + fL cos” O+ cos Qp}
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¢, from B° - p*p~: Results
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Boosted Decision Tree (BDT) based separation of photons
from hadronic clusters

Signals are discriminated from backgrounds via M, and
AE

Found 436+35 longitudinally polarized signal candidates,

from which competitive precision on At-dependent CP-

asymmetries is achieved

* ~8% relative improvement on the precision of ¢, from
B—pp isospin analysis

B(B® — p*p7) = (2.89%53570:57) X 107°
0.921+0.024+0.017

—0.025-0.015
(9L.5%23)°

Phys. Rev. D 111, 092001, 2025
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.092001

Conclusions

Belle II continues to provide essential inputs to test the
CKM structure of the Standard Model.

Several world leading results and mostly unique
measurements with neutrals and missing energy.

. ‘“M, 350 & S ’M&*{""’ﬁl’ !f,
“é iy Wh"' wor""

Other CKM Belle II new relevant results not presented today:  |{fkY SRR I S8 ¥ ‘*". o] 5 é =gy )

«  B—7%rt at Belle II— Phys. Rev. D 111, L071102 (2025) | ' ‘

«  BY—]J/ynat Belle I — Phys. Rev. D 111, 012011 (2025)

* B*— D p,K* at Belle and Belle II — [HEP05(2024)212

*  BY—Km% at Belle II — PhysRevLett.134.011802 (2025)

+  B'—n’Kat Belle II — PhysRevD.110.112002 (2024) Stay tuned for other

important results from
Belle II people
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https://link.springer.com/article/10.1007/JHEP05(2024)212
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.011802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112002

That’s all!
Thanks for the attention
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It allows you to reconstruct decays
: . y : Energm Mancante

with neutrinos (missing enerqy) in
, . . e Bty

the final state or inclusive decays at T ZEYREY g e

Belle and Belle II.

Filter out BB events with high purity.

It can provide the direction of the
signal B meson and the residual
energy (only for e*e™ colliders).

2025, 1t June

Hadronic 'lag at B factories
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¢, from B - n°1° decays

Published to PRDL: PRD 111, L071102

Knowledge of Branching Fractions and CP
asymmetries in Bl—nonY limits the precision
on ¢, extracted from the B—m7m system.

Experimentally reconstruct 2nt% (i.e. 4 photons
and no vertex) among large continuum

background

Found 126+20 signal candidates, achieving

competitive precision on Branching Fraction

and Acp

* ~30% fractional increase in ¢, precision
from B—7t7t system including this result.
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https://link.aps.org/doi/10.1113/PhysRevD.111.L071102

Missing Energy decays at Belle 11

Two different algorithms to reconstruct events with at least one neutrino in the final state

Full Event Interpretation (FEI): Inclusive Taqg or Untagged:
1. Reconstruct all the decay chain of a B meson 1. Reconstruct the signal signature, identifying the

(both hadronic and semileptonic ways) Bsig
. Search for the signal signature in the By, 2. All the remaining tracks and clusters represent

recoil the Bigg
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