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Probing the next scale
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so far, but deviations still allowed in CP-conserving CP-violating
most of the suppressed processes. observables observables

Name of the game is precision.
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Boosting the reach

Energy-asymmetric e te “collisions at the Y (4.5) from SuperKEKB.

Unprecedented luminosity 4.7 - 10%*cm™2s

From Belle: structure, magnets,

calorimeter crystals, K; & u detector.

Excellent vertexing and tracking.
Good PID and neutrals.

Run 1: collected 387 - 10° BB pairs.

Starting Run 2 after
improving vertex detector.

First Run 2 collision: 20 Feb 2024, 22:12 JST.
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Vertex Detector
Vcrtex resolutlon 15 um

EM Calorimeter
Energy resolution: 4%-1.
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Particle identification
ber \

eff. 90%, fake m rate 5%
Spatial resolution: 100 gm

dE/dx resolution: 5%
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B-factory basics

Signal
Continuum

BB background

. Well-known |
jbeam energy }

N

52 522 524 B2 528 53 103 .02 -01 0%_,01 02 03
My, =514 = p* (V) AE = Ex — /572 (©¢V)

Low-background of 30 (now)—

[ Signal

600 (design) BB per second. [ Continuum

. BB background

Threshold B production from

point-like colliding particles,
ete” - Y(4S) — BB.

Kinematic well constrained.

The asymmetric collision gives the boost to measure the displacement and tag the flavor.




CKM angles and CP violation
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BY = 77" towards ¢,

¢, = arg [— thV:l;/VudV;‘b] less precisely known angle: limit global testing power of CKM fits.

Determine from B — pp and B — nxisospin analyses.
Unique Belle Il capability to study in consistent way all B — #x.

Updated measurement of BY — 7979,

(‘ AB°— 1°x°)
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- input for ¢,
- suppressed, sensitive to non-SM
- tests/improves pheno models of B->had amplitudes

\
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K(é—' nn)=AB 11"

Challenges:
- rare, small BF (10-6)' 5ﬁ Belle Il (simulation) il
- only photons in the final state — dominated by N 3 Partner- i 6°

1 Partner-B is B°

signal-like background,

w

New flavor tagger

- A ~p: flavor from partner B (flavor tagger).
cP P ( gger) efficacy=37%

N
T

Arbitrary units

. . . . 1=2 2
Optimize photon selection and light-quark bkg N £( w)
suppression, extract signal by fitting kinematic, event-

Shape, and tagg|ng Observables, Validate on B+ — K+]Z'O. —-1.00 —0.75 —0.50 —Igl.;\sloroboStCO(xS 050 075 1.00



BY - 77" towards ¢,

Extract signal from fit to AE, M, ., CS, w.

Improvements wrt early Belle Il:
- doubled sample size,

- improved suppression of backgrounds,

- better flavor tagging algorithms,
- improved systematic uncertainties.

_ -6
B = (1267929 £0.11) x 10

World-best 9 determination. A-p on par with world best in spite of smaller sample.

126 + 20 signal events
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B’ = p*p~ towards ¢,

Reconstruct B! — ptp~, withpt — 777’ and 7° — YY.

I'(B° - f-p) —T(BY = fp)
[(BO — fep) + T(BY — fcp)

A p(Al) = (At) = S sin(AmAt)—C cos(AmAr)

S =14/1—C?sinQ¢p, + Ag,)

Main offenders:
— background modelling
— Data-MC mis-modelling

—===l.ong. signal
=+ Trans. signal

-- Self-crossfeed
Peaking backgrounds

qq R T {
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Consistent with the SM predictions.




CKM couplings
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V.|and |V, ]

SL B decays ideal to extract CKM matrix elements |V

| V., | limiting the constraining power of global fits.

Important inputs to predictions of SM rates

for ultra-rare decays.

Significant tension between inclusive and exclusive

determinations poses a longstanding puzzle.

ol and |V . |.

F 4,8 T T T I T T T [ T T T I T T T I T T T [ L

. : - Exclusive [V AY* = 1.0 contours 3

EXCl USIVe 121 46 :_ cl ) ‘! Cb|| Inclusive —:

—. 4.4 - Exclusive |Vub V_: GGOU ]

r | | | | j :>'§ 4 2 E v b|/|V b| |Vcb|: global fit E

B — &, plv B — DY¢L - TE HFLAV Average .

4E of =

AB x| be |2FF2 form factors 3.8 ;_ ’’’’’ _;

. NS ) 36p ,,’ E

] 3.4F Sl 3

Inclusive E g -

- ~ 3.2 — E

[V, |V, 3 HFLAV

— 2021 .

B — Xuz,”y B — Xcz,”y 2.8 = POA)=89% 3
Heavy quark expansion 1 1 1 3'6 1 1 1 318 1 1 1 4I0 1 1 1 4I2 1 1 1 4I4 -13

= |V, I* |0 = qfv,) + Umy+a,+ . .. VI [107]
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Dealing with missing energy

All SL analyses covered here are UNTAGGED:

Rest of

~ No systematic related to B tagging efficiency, Event (ROE) et

important for BRand |V, |. X
g P
: -0

~ High efficiency compensate for low resolution of

approximated B kinematics.

U7rT1tagged
DO

(

No discriminating B peak for signal.

o Leverage M(D) and AM = M(D*) — M(D) narrow peaks.
- M,.and AL.

~ use available kinematic constraints:

KR n2 a2
2ESEY — mp — my

cosOn,, =
o 21 pi | | pi |

missing energy

Belle Il
[ BO»D"*u~v,
| PRD 108, 092013

[cdt=189fb!

25.0

20.0

150

10.0F

103 entries / bin

50



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.092013

|V, | fromB’ - D¢ v

Rich phenomenology due to different decay amplitudes encoded in angular distributions.

Reconstruct B - D¢, with D™ - D[ » K~ nt|z*

soft” / B rest frame
Reconstruct the kinematic variables: r 7
. \Y
w and 3 helicity angles, cost,, cost, and y. 0, ¥, 0, g
Z T Z
Extract the signal yields with fit to cosOzy and AM !
in bins of w, cosf,, cosf, and y, to reconstruct 1D
signal distributions. w = Ep«/ M}
Belle Il [ dt=189fb? Belle Il [rdt=189fb1
2501 == signal B°»D"*u~v, 4005_ B->D"*tu~v,
| @ True D* background ' , 0
Unfold the reconstructed 200/ mmm Fake D" background % e y AM=MDT)-MD)
. . . £ ¢ Data 77 £ 30_03- *
distributions from 2 Vs meunc o PRD 108, 092013
experimental effects 877 820 (2023)
. . . < T 20.0F
(efficiencies and resolutions). @ ,,} CHN
S [ '“3 15.0f
5.0 100}
| sof
) B

0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV]
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.092013
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.092013

Unfolded distributions

Belle Il [rdt=189fb! Belle Il [rdt=189fb?
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Fit the unfolded distributions with different form-factor model to obtain |V, |.


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.092013

Results

BBV - D*+f_Df) : (4.922 £ 0.023(stat) = 0.220(syst)) %
Compatible with the current WA: (4.97 £0.12) %

| Vel gy = (40.57 £ 0.31(star) £ 0.95(syst) + 0.58(¢h)) - 10~
Compatible with the exclusive (inclusive) WA: 1.56 (1.30)
| Vol o = (40.13 £ 0.27(star) = 0.93(syst) = 0.58(th)) - 107

Compatible with the exclusive (inclusive) WA: 110 (1.60)

Use FNAL/MILC lattice QCD data at zero recoil (w = 1) for normalisation.
BGL truncated using nested hypothesis test: BGL(1,2,2).

LFU test by comparing separated results for electrons and muons:

R,;, = 0.998 £ 0.009(star) £ 0.020(syst)
AAp = (—17 £ 16(stat) £ 16(syst)) - 107
AF; = (0.006 = 0.007(stat) = 0.005(syst)) - 107

No deviations observed from the SM.

Measurement limited by systematic uncertainties:

1) slow-pion reconstruction efficiency = 1.5% on |V, |
HB(Y(4S) - BT™B")

2)f+0 — —

AB(Y(4S) — BYBY)

>1.3%on |V, |
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|V, | fromB — Dtv

More simpler on theoretical side : only one form factor.

Reconstruct both BY and B decays from D° — K7

and D~ — Kz final states.

Exploit isospin symmetry to analyze B and BTdecays
simultaneously and reduce experimental uncertainties.

Extract signal yields from fit to the cos@z, in 10 bins of w.

Unfold the reconstructed w distribution of the signal.

Preliminary result

V. = (3828 £1.16) - 1073

b |BGL

Obtain a total uncertainty on |V, | of ~ 3%.

Update to 362 fb™! ongoing: expected ~2% on |V, |.

Belle Il Preliminary [cdt=189.2fb~!

Signal =
=S B*-D%*v.

mm D'ty Fi
12000 F o e D z Post-Fit
B False D
10000 LI Continuum
: w7 MC all. unc.
. ¢ Dat
S 8000 ?
~
0w
£ 6000
Q
>
% 4000
2000
0
L5
(") ~NE
21230. . o ° d ont g L[] .....
‘2 N§ . L ® . * - o *”
=S ¢
T4 -3 -2 -1 0 1 2
cosOgy
Belle i
Preliminary
a0l — BGLN=3 B*-D°u*v, |
- 1o x2/ndf: 12.3/14 -
~ 20
o 30} 30
©) | ¢ Data
m |
|—II |
o 201
— [
g I
e 10_—
= |
o) [ ]
o arXiv: 221013143 1
M ST R P SRR PSR RS SEr RSP ETA B S
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

w
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https://arxiv.org/pdf/2210.13143

|V .| from B — z/plv

Simultaneously extract signal yields via binned 3D fits using beam-constrained mass M, . and energy

difference AE in bins of ¢* = (pp — pﬂ)z.

Large backgrounds from ete™ — ¢g processes and other semileptonic B — X v decays.

Take into account cross-feed signal yields and correlations between backgrounds.

Mo = /B2, ~ 73

103 Events / Bin

Npata — Nuc
Opata

AE = Eg o Egeam

5F .. ! 7| . T
- Belle Il preliminary i [ dt=364fb Belle 11 preliminary i [ dt=364fb1
- B-omnlv: 1 B->plv: 6F B-mnlv: ' B->plv:
4 - =9 Signal EEm Other BB '\ ¢ Data | EEE Signal mEEE Other BB - EEE Signal EEE Other BB ¢ Data | EEE Signal EEE Other BB
L 3 X,f{v EEE Continuum | = X,fv EEE Continuum o 5 3 X,fv B Continuum | BN X,/v EEE Continuum
3 [ = x tv Cross—feedi 1 X Lv ~ . X LV i =3 X Lv
[ : . 4 1
: i arxXiv:240/7.17403 c | Cross-feed <
,f i £ a 2 3 i\ B—> nlv
- 1 ) !
a S 2 s
1 1
1 }
1 1
[ 1

nO

b}
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https://arxiv.org/abs/2407.17403

|V .| from B — z/plv

Convert to partial branching fractions using
reconstruction efficiencies.

Total branching ratios consistent with world averages:

4 )
BB - 77¢*) = (1.516 £0.042 £ 0.059) - 1074

BB+t - p¢ty) = (1.625 +£0.079 +0.180) - 10~
\_ J

Determine |V, | by fitting differential decay widths

using the relevant form factor expansions with
constraints from LQCD/LCSR:

: )
B - n=¢*w
Vil ocsrcsg = (3-73 £0.07 £0.07 + 1073
Bt p0£+y theory
| Vol cgr = 3-19£0.12 +0.17 + . 1073
- Y,

In agreement with exclusive world average

dB/dg? (x10°) [GeV 2]

dB/dqg? (x10°) [GeV~2]

[ Belle Il preliminary [cdt=3647b1
8 i B - n 1ty
o =
4

- LQCD + LCSR

" JHEP (2021) 36
21 — BCL 30

[ = 1o § Data

- 20
O T l 1 L 1 1 I 1 1 1 1 I 1 L 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1

0 5 10 15 20 25
g’ [GeV?]
14 |- ..
- Belle Il preliminary B* - p%%ty,
R — -1
12 [ dt=364fb
10
8
6 -
4
; LCSR
2 —— BSZ W 20 § Data
C 1o 30
O_IIIllllllllllllllllllllllIllllllllllllllllll
0.0 25 50 7.5 10.0 12,5 15.0 17.5 20.0
q? [GeV?]
arxiv:2210.04224
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https://arxiv.org/abs/2210.04224

Prospects

~ Unigue opportunity to measure the CKM angles at Belle Il. Results competitive with the

SM predictions.

|V | measurements at Belle Il

. )
|V, | and |V, | at Belle lI: n
o Aim to measure |V, |at ~1% precision with larger S | e e
X
data set (Snowmass white paper). e
e Explore simultaneous determination of inclusive 361 HELAYE exalisiie
HFLAV: inclusive
. * |V W pw P
D D
and exclusive |V . |. I
e Move towards direct measurements of 7 —
: ‘,7 S ' Bl o i
o Bl -B- untagged +7L('2(‘-D 'lll-’—)_\.'.l'.\’
[ Vsl 1 Vep |- S e

© First simultaneous analysis of B - Dfv and B —» D*{v

is ongoing at Belle Il: very promising analysis w/

different sources of systematic uncertainties.

T T T T T
0 10 20 30 40 50


https://arxiv.org/pdf/2207.06307v2

Summary

Belle (Il) is one of the primary experiments for testing the CKM matrix:

~ Opportunity to test all the UT angles: unique capability to study in consistent way all
B — nmtowards ¢,.

~ Notable involvement in the measurement of UT sides: |V .| and |V, |.

Tension between different determinations of |V, | still exists:

* From theory: improved inputs from LQCD will be fundamental

e Complementary methods must to be explored: a simultaneous analysis of B — D¢v

and B — D*{v can give an important contribution on the understanding of this

tension.
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The matrix element |V, |

High precision test of quark weak interactions (CKM): all probabilities must sum to 1 (unitarity).

d S b 07

U Vud Vus
t \\Vig: Vie

(excl.

excluded area has CL > 0.95
<2
-
N
j o)

IVubI

»[TTTI IIIIIIIII|IIII|IIII|IIII|IIII

sol.w/ cos 2B < 0
at CL > 0.95)

/ \ |Vcb| ;
L (IX l Ly e S

R
= IIIIIIIII|IIII|IIII|IIII|IIII|IIII

-0.2 0.6 0.8

=l

V., important constraint for unitarity.

Semileptonic B decays: key for V_, measurements via two methods:

1. Inclusive: considers all possible hadronic final states with charm into which the
B meson can decay;

2. Exclusive: considers the decay of the B meson into a final state with a specific
charm meson (B — Dfv, B —» D*{V).

2



| V., | measurements

|IVco| Measurements over Time

7 CKMFitter Unitarity |Veo| Exclusive
46 — EPS 2019 + PDG CKM Review
T |Veo| Inclusive B D"~ pu*y, CLN B D"~ pu*y, BGL
qu ] + PDG CKM Review Y Phys.Rev.D 101 (2020) 7, 0720047 Phys.Rev.D 101 (2020) 7, 0720047
44 — '
— “71  Inclusive
- . . S 4 9 4 o o
— 42 - | + : : + — )
NI i
: - (o) o + +
i34 EXclusive
| | [ [ | | [ | [ | [ [ |
< < < < < < S T T T T Ty O
[9) o, [9) [9) o o o, ‘0, 0, 0, 0, 0, “0
25 2, % Q Yo <> Yo Yo Vg s Yo Yo ~p

Discrepancy of the methods spoils the accuracy of the determination.
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sin 2¢), from BY — n,Kg decays

Gluonic penguin modes suppressed in SM, sensitive to BSM. Reliable theory prediction <1%.

C~0,S ~sin2¢, in SM

D0 N — 0 —
I'(B fCP) I'(B fCP) (Ar) = Ssin(AmAt)— C cos(AmAt)

['(BY — fcp) + T(B? — fcp)

A cp(Al) =

Belle Il Preliminary fEdt= 362 fb1 Belle Il Preliminary fEdt= 362 fb~!
60 F — Fit [ Signal 120 — Fit Signal
-- Continuum e SxF -- Continuum e SxF
S0F—— BB { Data 100 L —— BB { Data

Challenges:
— hadronic final state with neutrals
— large background from continuum

L0 = p@ta)y

S

o
(o)
o

/i n(r}')zr“ﬂ

[e)]
o

N
o

Entries per 3.0 MeV
N

Entries per 3.0 MeV

[
o

Ul O u;n

{ | L B T
|}
‘I

Pulls

Ul O w;m o

N
o
T
1
I
1
I
1
I
1
I
I
I
I
1
I
I
I
I
!
|
1
I
1
1
I
1
I
I
1
1
¥
I
1
I
Vo
1
——
]

0 K T T e R b7 - " -
Signal extraction via fit to AE, M, ., CS, At.
= E“"'—-'-"—'-"."I'I-"""
- - Z0.06 —0.04 —0.02 0.00 002 004 =006 —0.04 —0.02 0.00 002 004
AE [GeV] AE [GeV]
S — 0.67 i O. 10 i 004 . Belle Il Preliminary Jrdt=362 b} ., Belle Il Preliminary [rdt=362 fb1
0 B% - n'(- ny,nnKs Background " B - n'(- py)Ks Background
< °f ¢ B'tag 3300? ¢ B tag
C=—0.19+0.08 +0.03 g .
HFLAV: S = 0.63 £0.06, ¢ = —0.05 £0.04 8 2|
5 »
E 0.5}
Precision comparable with Belle/BaBar in ¢ °

spite of smaller sample. S VAN R
arxiv:2402.03713
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https://arxiv.org/pdf/2402.03713

Update to 362 fo~—1 ongoing

An analysis on the full data set collected by Belle Il between 2019 and 2022 is ongoing.
Improved selection and better control of systematic uncertainties:

Veb.BaL| (%] |Ver,BoL| (%]

Stat. Error

0.7

0.6

MC Stat. Error

Ny 0.8 0.8
00/ f+— <0.1 <0.1

B(D — Kmn(m))

Selection

B(B — X {lv)

LeptonlID

KaonID

Tracking efficiency

B — D{v, form factor

B — D*/yy form factor

cos Opy background modelling

w background modelling

Tpo/+

Total systematic
Theory PRD 79, 013008, PRD 93, 119906

0.4

0.4
0.2
0.2
0.1
0.4
0.5
0.8
0.1
0.2
0.5
0.1

0.3

0.4
0.2
0.1
0.1
0.4
0.5
0.4
0.1
0.2
0.4
0.1

Total

The uncertainty on f _/f,, cancel out by
assuming isospin symmetry between BY
and BT samples.

Theory contribution: lattice point at non-zero
recoil lattice QCD calculations.

Expected competitive result on |V, | with a
total uncertainty of ~ 2%.

Expected also competitive result on the
branching-fraction measurements.
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Prospects: |V , | at Belle

< Belle Il will double the precision on exclusive

|V, | atleast 3%, even assuming no

improvements in form factors uncertainties.

~ Move towards direct measurements of

|Vub|/|Vcb|
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~ Inclusive |V, | is very challenging: expected

to reach ~3% precision with larger sample size

and improved B—tagging.

~ Explore simultaneous determination of

inclusive and exclusive |V, |.
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Prospects: |V, | at Belle Il

~ First exclusive measurement at Belle II: exploit |V, | measurements at Belle |

statistical power of untagged measurements. ( ' )
42 r
> Inclusive effort started with measurement of PR in(|:3lt;|cli(ieng
— 40
. X
g2 moments in B — X v (PRD.107.072002) X
< 38
36 HFLAV: exclusive
© Aim to measure |V, | at ~1% precision with . HMAVInclusive
*V * IV pwW XAV
) ab ab ed W
larger data set (Showmass white paper). yte9%° <20%¢ yree?® W

~ First simultaneous analysis of B —» Dfv and B — D*{v is ongoing at Belle Il.

Very promising with different sources of systematic uncertainties respect to the

ongoing analyses.
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sin 2¢), from BY — n,Kg decays

Gluonic penguin modes suppressed in SM, sensitive to BSM. Reliable theory prediction <1%.

I'(B° - f-p) —T(BY = fp)
[(BY — fep) + T(BY — fcp)

A cp(Al) =

Challenges:
— hadronic final state with neutrals
— large background from continuum

Signal extraction via fit to AE, My, CS, At.

C~0,S ~sin2¢, in SM
(Ar) = Ssin(AmAr)— C cos(AmAr)

Belle Il Preliminary fEdt= 362 fb~1 Belle Il Preliminary fEdt= 362 fb~1

§=0.67x0.10%0.04
C=-0.19%0.08%=0.03

HFLAV: § = 0.63 £0.06, C = - 0.05 £0.04

Precision comparable with Belle/BaBar in

spite of smaller sample.

~ 60| — Fit [ Signal > 150 — Fit Signal
) -- Continuum s SxF ) -- Continuum s SxF
= 50F —— BB { Data = 100 —— BB { Data
O. / + O. ’ + -
m 40t n' = nlyyn 75—| m gof N = p@ Ty
- -
L 30 L 60
0 )]
Q 20¢r O 40
5| 5
IJC.I 10 LICJ 20 77T e e HH4
0 & | K T W e R b3 0 e L N
n wn S
= Or'_“"l"""*‘“"_‘-—"‘ = OP—-r.—-v--—--.—-.l.-'L'-
& 5 1 1 1 1 1 1 D— _5 1 1 1 " " 1 l " 1
-0.06 —-0.04 -0.02 0.00 0.02 0.04 -0.06 —-0.04 -0.02 0.00 0.02 o0.04
AE [GeV] AE [GeV]
,_Bellell Preliminary  [rdt=3621b ., Bellell Preliminary  [rdt=362fb
" B% - n'(- ny,nnKs Background " B - n'(- py)Ks Background
3'- 50 | 6 BO tag :' 300¢ ¢ B° tag
g a0l t B°tag g 250 Y B°tag
E —
&30t
3
J 20}
2
S 10}
o
P
0
£ os|
£
0.0
€
7 -05
<

arXiv:2402.03713
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¢; from Belle + Belle Il combination

(5: phase between b — u and b — c transitions.

Interference between two decays to same final states gives access to the phase:

OK-
Current WA dominated by LHCDb: / N \
[f]

$3['1= 65.9137

Various approaches — different D final states: \DOK_/

of Suppr. ( B~ — EO K—)
of favor. (B— N DOK—) o

- Self-congjugate final states D — thJ“h_(itO)

~ Cabibbo-suppressed decays D — KgKiﬂi,D — Ktz (x")

Belle + Belle II (2023) preliminary

~ CP eigenstates D - KYK~, K" o} .
_ - arXiv:2404.12817
0.8 +
First combination of all Belle and Belle |I =
0.6
(p3-measurements: o
~ ”'J‘-_’ 68.3%
0.2 F
o +7.2 ; ‘. .
— : - 95.5% . \
¢3[] 78'6—7.3 0.0 —
50 100 150

$s3[°]

28


https://arxiv.org/abs/2404.12817

