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The Belle |l experiment

» asymmetric collision of eTe™
» center-of-mass energy mostly at 7°(4.S) 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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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
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StatLIS uuuuuuuu
Belle Il Online luminosity Exp: 7-26 - All runs
17.5 integrated iuminosity
- mmm Recorded Weekly / 1
o 15.0 e [ ey dt = 427.79 1] 400 » from 2019 to 2022 collected 424 fb™" of data
3 155 g > 363 fb~! at the 7'(4S) resonance
E il 3003 = 387M BB pairs
z 100 E » 61 fb~! below and above the 1'(4S)
% 75 J ... | X ... zoo% resonance
Q [= .
g £ » several analyses combine the Belle and Belle Il
2 5o IR ) (| — Niew £
£ 100 2 data
s = . _1
8 25 — = adding 711 fb™" on resonance data

0 o » hadronic B decays used to measure CP

m&mmwﬁ asymmetries and branching fraction (ratios)

ate Updated on 2022/06/22 18:14 JST
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CP violation in the SM quark sector
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mass eigenstates # eigenstates of weak interaction d d Vud V.,s Vub
superposition described via complex CKM matrix Sl =Vekm | s | = Vg Ves Vau s
quark transition proportional to matrix elements b b th Vts th b
unitarity of CKM matrix:
* * *
VidVap + VeaVey +VigVp, = 0 07 — ———— ;
§ 0 Amd&Ams s E
V % 0.6 é 3 £K Spnnngr ?
— d " cb 8 B
¢1 = B = arg <_ ‘/vc C*> 05 § solwicos 29, <0 ?
td "’ tb 04 % (exchalCL > 0.95) E
V, Vi = E3 a E
$2 = a = arg (—th“*’ 03 2 % 3
ud " ub 02 % =
V.V : E
— d’ ub =
¢3 =7y =arg <—‘/1:L 1; o1 p 9, 3
cd” cb 00 B P, BT 0ol 3
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
P
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Measurements of the CKM angle ¢
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Concept of tree-level ¢3 measurements
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interference between b— u and b— ¢ transitions
ép: strong phase difference, rp: ratio between favored and suppressed amplitudes = o4,
rp and dp may require external charm input

B

GLW: D decay to CP eigenstates, like D— KTK~ or D— w7~ pLB 265 (1991) 172, PLB 253 (1991) 483

GLS: singly Cabibbo-suppressed D decays  pro 67 (2003) 071301
> Belle + Belle Il result (arXiv:2306.02940) in backup
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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
http://arxiv.org/abs/2306.02940

GLW measurement of ¢ using B* — Depy KT decays arXiv:2308.05048
» 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
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http://arxiv.org/abs/2308.05048
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GLW measurement of ¢ using B* — Depy KT decays arXiv:2308.05048

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
b = fy NI 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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Time-dependent CP violation measurements
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Basics of time-dependent CP violation measurements

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) = 11: = Sysin(Am At) — Cy cos(Am At)

v

» introduces diluting mistag fraction w
» proper-time difference — reconstruction of distance between Bsy and Biag vertices

» requires description of proper-time resolution, often via per-event uncertainties oa¢
» CP observables — parameters of interest

> SJ/ng =sin2¢1 in SM if no direct CP violation

» mixing parameters — from external measurements
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Measurement of CP asymmetries in BY — 1/ K decays

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)
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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!

Belle Il Preliminary

[rat=362 fb!
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Measurement of CP asymmetries in BY — 1/ K decays

vV vVvyVvVvVYyey

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
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Belle Il Preliminary [rcdt=362 b1
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Continuum
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B° tag

025}
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Sy = 0.67 % 0.10 +0.04
Cyyo =019+ 0.08 +0.03

n

» correlation(S, C): 3.4%
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Measurement of CP asymmetries in B° — QSKQ decays with Belle Il
arXiv:2307.02802

» 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 T T T 100 T T T
0-0K0
Belle Il (Prefiminary) " B°2¢KS Belle Il (Preliminary) WM BO-¢k? Belle Il (Prefiminary) ™ B°-¢K?
[ BO-K*K-K? ] B2 BO-K*K KO 7771 BO-K*K~K?
[ [rdt=362f"" N _
---- qg background

—— Total fit

§

[cdt=3621"

Jedt=3621"1

®
3

---- qg background
—— Total ft
+ Data

---- qg background |
— Total it
4 Data

| |

®
3

3

3
2
3

«

3
5
3

Candidates per 0.07

Candidates per 3 MeV/c?
5]
Candidates per 0.67
N
5

N
3

X X % 0 — - o
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http://arxiv.org/abs/2307.02802
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Measurement of CP asymmetries in B®— ¢K? decays with Belle I
arXiv:2307.02802

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]

Frank Meier (Duke University) Hadronic B Decays at Belle Il 28.08.2023 14 /24



http://arxiv.org/abs/2307.02802

Measurement of CP asymmetries in B — K27%y decays

>

>

uN\szs\rv

s
b— sy proceeds via one-loop diagrams at lowest order
= sensitive to physics beyond the SM ;
i i i K*O

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

interference between B and B° highly suppressed d < d

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

e AN et
and AFE v ”MK"[ééwm B e
extract CP observables from simultaneous fit to At and time-integrated rate
most precise results to date

E and p scale as well as S —0. OO+0 .2740.03 S —0. 04+0 45 4 0.10
B : K*0~ —0.26—0.04 KQ70 —0.44 :
BE background asymmetries | oy 1 10+ 0,13 + 0.03 CKO — —0.06+ 0.25 + 0.07

dominant systematics
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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 et |

» 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
Q
2 2 g ; s g
Q Q < @ qr output,
o o 3 £ = E|lo 1
=] (=] & & 22 la||L]|@e
: T T E>>®% 2llg||5(|2|E ]
Input coordinates, w w Charges, = g sl |2 |82
NXC, J J Nx1 8 = al|ls||®n
3 = .
= = g &
o o £ £
1 c - —
E £
1 T
1 = - —

> effective tagging efficiency increases to eer = (37.40 +0.43 +0.34)%

Frank Meier (Duke University) Hadronic B Decays at Belle Il 28.08.2023 17 /24



Validation of new flavor tagging algorithn. e
Belle Il Preliminary) [Ldt = 362 fo~!
» perform CP violation measurement in golden channel B® — J/p K 5" T g%:f;i;m
» reconstruct Jip — ptp” and Jib — ete” and K2 — nh ™ e
» fit energy difference AFE and calculate signal weights gov _______
>

fit weighted At distribution = only signal parameterization needed

e
2% MBelle 1 (Preliminary) AP
SJ/w KO = 0.724 £0.035 + 0.014 o | fese=3e2 00 ot oo
Cpps 0 = —0.035 £ 0.026 = 0.012 2 )
g
» results in agreement with previous measurements 5 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

» further new B — 77 results in backup

> first results on BY — pp in arXiv:2206.12362 and arXiv:2208.03554

Frank Meier (Duke University) Hadronic B Decays at Belle Il

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
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https://doi.org/10.1103/PhysRevD.107.112009
https://arxiv.org/abs/2206.12362
https://arxiv.org/abs/2208.03554

ke

UNIVERSITY

K puzzle
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Isospin sum rule

» significant difference between direct CP-violating asymmetries in B® - K*7~ and BT — K #°
» large hadronic uncertainties

» isospin sum rule for B— Km decays

B(K7%) Tgo B(K*7°%) Tgo B(K°7°)
Ikn = - e S N AR o T8 9 L
K Agtr— + Ago+ BK r ) s A g+ 70 BT ) 71 A ko0 BK )
» null test of SM (Ix~ = 0) in the limit of isospin symmetry and no electroweak penguin contributions

» Belle Il with unique access to all K7 modes

e B KT HCc Looo | Belle Il (Preliminary) - B+ kgt +c.c. 400 [ Belle Il (Preliminary)  —-- B'=K'm0+c.c. o ?'"'J' (Preliminery) -~ Kin® signal
- +c.c. > Jrde=36207 _— KK Hcc > JLdt=362 1o - tcc > qoof dLdE=362 = 55 background
= Background 2 a0 =55 background 2 = 55 background 2 Continuum background
o == Continuum background = W Continuum background o %
2 S S
2 z "
: - 3 i,
- e £ w0
5
[§] 8
© 2

.
g 2 25
AE [GeV] AE [GeV] AE [GeV]
— 0 0_0
B> K'r BT K*x° B — K{r
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Results on K7 puzzle

uuuuuuuuuu

B(B°— K*7n~) = (20.67 4+ 0.37 £ 0.62) x 1076
Acp(BY— K*77) = —0.072 £ 0.019 & 0.007

B(B* — K*7%) = (13.93 £ 0.38 £0.71) x 106
Acp(BtT — K*7%) = 0.013 + 0.027 + 0.005

B(B* — Kd7%) = (24.37 £ 0.71 £ 0.86) x 1076
Acp(Bt — K97F) = 0.046 + 0.029 + 0.007

B(B®— K97%) = (10.40 & 0.66 & 0.60) x 10~°

Acp(B®— K97%) = —0.06 £ 0.15 % 0.05

vy

results agree with current world averages

precision comparable to the current best results

combine B® — KI7° with previous time-dependent Belle || measurement (~50% overlap of candidates)

arXiv:2206.07453

[ACP(B°—> K7%) = —0.014+0.12+ 0.05]

P> most precise measurement of single experiment to date

inserting results into isospin sum rule

competitive with world average of Ik, = 0.13 £0.11

[IKﬂ — _0.034+0.13+ 0.05]
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https://arxiv.org/abs/2206.07453

Conclusion e

various measurements of CP asymmetries in hadronic B decays

time-dependent CP violation measurements using B — 'K, B — ¢K2, and B® — Jh K9

¢3 measured with GLS and GLW methods

analyses still statistically limited (362 fb™!) but thanks to better resolution and improved analysis
techniques precision already better than expected

| 4
>
» branching fraction and CP asymmetry measurement of B® — 7070 towards ¢2
| 4
| 4

» new flavor tagging algorithm based on graph neural network increases effective tagging efficiency by
18%

» restart of data-taking planned for January = more data coming

» in the meantime combined measurements with Belle data
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B — mrr results
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40 B® > n'n 189fb ~1
Belle Il

First measurement of B - 7%#° at Belle ll , B® - n'n®
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. 55 background B(B

150 = Continuum background BBt
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25
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GLS measurement of ¢3 arxiv:2306.02940

» 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*
'Am = m__ m - m = m___ m -
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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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
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