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Belle Il Physics Program
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SuperKEKB and Belle

Belle Il: general purpose detector situated at the in-
teraction point of SuperKEKB.

SuperKEKB: asymmetric e — e~ collider operating
at T(4S) resonance.

Aim:
» £Pek — 6 x 10%5cm~2s7 " (30 x Belle)
» £ =50ab" (50 x Belle)

5
8

2.00

n° resolution [MeV]
Py
g
’
"
»
«
+
+

KEKB e*/e”

SuperKEKB e*/e-

1.05
E (GeV): 3.5/8.0 E (GeV): 4.0/7.0 g ' A by
& 1.00 ot
s | {
095
High Efficiency ti
0.90 High Purity r® - ratio

Justin Skorupa jskorupa@mpp.mpg.de  °° o3 1o



Belle Il Collaboration

Five largest countries by members / institutes

: W UGrad M MSc [ PhD M Phys M Tech # Institutes

© 27 countries Germany i)

© 123 institutions oy o

© 1151 members ey i
China 12
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Data Taking Status

Belle Il Online luminosity Exp: 7-26 - All runs
17.5 ¢ Integrated luminosity
— mmm Recorded Weekly
» Belle Il continued B 150 | == [Lqecoegdt = 4277911071} / L
operation throughout the b 1os %;
pandemic E 008
> 10.0
» Recorded ~ 424 fb~! g ;f
(on-res ~ 360 fb™") 3 78 0 g
» Achieved world record: S 5.0 ;
L=47 x 10%4cm—2s! é . 100 8
(more than twice of -
KEKB/Belle) 00" u o
R R e R
oo
Date Updated on 2022/06/22 18:14 JST
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Data Taking Prospects

» Long shutdown (LS1) until

Fall 2023

» Target scenario:
Extrapolation including
expected improvements

» Base scenario:
Conservative extrapolation

» Time-frame of LS2:

2026-2027

Justin Skorupa
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Charmless B Decays

» Hadronic B decays, where b — u,d, s but notb — c; dﬁ\<
b u

» Cabbibo-suppressed b — u trees;

» Non-negligible contribution from b — d, s penguins.
» Highly sensitive to non-SM physics; b d,s
» Probe non-SM dynamics in all three CKM angles.

Exp. challenges: B ~ O(10~°), large contribution from e*e~ — gg background

Belle Il charmless program:
» Test Standard Model using isospin sum rules
» Improve precision on CKM angle ¢, («)
» Investigate localized CP asymmetries in Dalitz plot of three-body decays

Justin Skorupa jskorupa@mpp.mpg.de



Km puzzle

K puzzle: unexpected large difference between A,% _and AK+ 0-
Isospin sum rule provides null test of standard model:

BKOWO
BK*T{'*

Byo+ TBo. By z0 4

AK*Tr 'AKO7r+ 2./4 ~0

2./4 00
BK*W* TB+ K+ m0 BK*W* TB+ K

Belle Il is a unique place to measure all involved decays!

Previous tests of sum rule at Belle Il

Measurements of B — K*7~, B* — Kr ™+ ,
BY — K37Y and Bt — Kt 70

Today: Measurement of B and A" of B+ — K* 7% and B® — K97"

Justin Skorupa jskorupa@mpp.mpg.de



B* — K*7%and Bt — 7+x0 Analysis

N

—p
‘/'
» Reconstruct Bt — K*7% and Bt — nt#0 events \
using common selection .
Spherical
» Large background from ete™ — qq ete” = Y(4S) —» BB
= Reduced with multivariate algorithm
» Divide into pion- and kaon-enhanced sample
» All fit shapes but BB are controlled from data k
using off-resonance data and B — Dr decays 'W
Jet-like
e*e” > qq

Justin Skorupa jskorupa@mpp.mpg.de



Bt — K*7% and BT — 779 Result

3D (AE, M., BDT output) fit simultaneous to pion- and
kaon-enhanced sample
N(K*n%) = 887 £ 43, N(n* =) = 422 + 37

AR ;= 0.014 + 0.047 (stat) & 0.010 (syst)
Byi0= (1430 + 0.69 (stat) + 0.79 (syst))-10~°
ACP ;=-0.085 + 0.085 (stat) + 0.019 (syst)
B.i.o= (612+0.53 (stat)+ 0.53 (syst))-10°

# Candidates [a.u.]

WA: ACP -0 =0.030+0.013, ACP 0 =0.03=+0.04

Pull

AE ([)GOeV]
Justin Skorupa jskorupa@mpp.mpg.de 9



B% — K970 Measurement

» Key challenge, reconstruction of B® — K270
decay vertex
= Find intersection between K flight
direction and IP

» 4D fit: (M, AE, At, BDT output);

> Tg, Amgy and Scp constrained to world
average to maximize precision on Acp.

Results:

Events / (0.015)

Events/ (0.5}

» B = (11.0£1.2 (stat.)+1.0 (syst.))-10°
> Acp = —0.4175:30 (stat.) +0.009 (syst.)

Justin Skorupa jskorupa@mpp.mpg.de

F Belle Il (preliminary)
g5F @ Data N
F— Total Fit Ldt=189.8 b
sof B 5Kl
F —BB
25 Continwum  *

[ e Data
E — Total Fit
B =K
F—BB

Continuum

Belle Il (preliminary)
Let = 1898 fb”
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Measurement of o

CKM angle a accessible in combination of sets of three decays:

B - xtr—, Bt = 7t#% B? — 7970

» Most challenging mode B° — 7%, very hard for LHCb

» Background from fake photons suppressed using dedicated multivariate
algorithm

» Using Flavour Tagger to get direct CP asymmetry
» 3D fit simultaneous in 7 bins of the flavor tagger quality

» Extract data-simulation correction factors using B® — D%(— K~ n+79)70

Similar determination of « using B — pp decays, see J.Skorupa @ ICHEP2022

Justin Skorupa jskorupa@mpp.mpg.de



B% — 7979 Result

Results competitive with Belle with a data set of less than one third!

ACP=0.14 + 0.46 (stat) + 0.07 (syst)
B =(1.27 + 0.25 (stat) + 0.17 (syst))-10°

WA: AP = 0.33 £ 0.22, B = (1.59 + 0.26) - 10~°

— S 60 [ Belle Il (Preliminary) o« Data 50 F gelie (Preliminary) Data
3 35 T 8 s0f [La-jsoon e L dt=180.9 1o P
% % Sorinom S sof | Earinm o 40 Juat=ae. “Eoriniam
[©) 88 S 40H B8 2 B
N 25 S 8 30F
Q 20 } 2 30 2
v 15F £ T 20f
2 Belle I J’Prenmmary) g 20f g
5 10F 35 © 10k
@ 5 ,ILmziee.sm‘ E L s S S TS I SR AN
0 L I L o o et . . o e 5 N
526 5265 527 5275 528 5285 529 -03 02 -0.1 0 0.1 0.2 -3 -2 -1 0 1 2 3
. M, [GeV/c?] ) AE [GeV] o T,
DE‘ 4.4 " beopebgerbecbosigbigy o .} ———?——¢———‘———‘———‘———4——5————‘——4—1———,———0—4——4 éjﬁ oE—H—H—*rwrﬂ'*'U'r‘T;7"w""c}"ru'“"
” L
N(sig) =93 +18
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Rk Status

B(B = K®putyu~)

M =2 " PPy
KO = B(B = K®ete~)

BaBar
0.1 < ¢? <8.12 GeV¥/c*

i, Belle
1.0 < ¢* < 6.0 GeV/c*

ot LHCb 9 fb!
1.1< g2 <60 GeVY/ct

Right image: S. Schmitt @ ICHEP2022

@ Ry [Nat. Phys. 18, 277-282 (2022)]
9 Ryy [PRL 128, No. 19]
Ry [PRL 128, No. 19]

ellp

0.5

W Ry [JHEP 08 (2017) 055]

Ry [JHEP 05 (2020) 040]
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Rk Prospects from Belle

» Similar efficiency for muons and

electrons .
» Access to both the low-g? and Belle Il Physics Book
high—q2 regions Observables Belle 0.71ab™' Belle Il 5ab™'  Belle IT 50ab™*
» Lepton identification is main ST r e o
systematic rel. uncert. ~ 0.4% e EE"l’fjﬂ;f\jl’;) ol o o
> Stat. limited with 50 ab~" o -
» Confirm Rx anomaly with 50 with
20 ab™"

Justin Skorupa jskorupa@mpp.mpg.de



Towards Rg: B*(B°) — J/yK*(K2)

» Important control channel for Ri
» 2D fitin My, and AE

> >
- : () imi -1
% 800 Belle Il (Preliminary) .[Ldt —~1891b" E 800 Belle Il (Preliminary) J.Ldt - 189 fb
s + + + o s B* S K'Y P
& 600 B" > K"Jy(e"e) € 600 yu' 1)
2 ¢ Data 2 ¢ Data
g 400 ===« Signal g 400 = === Signal
© Background T Background
3 B - 1 Jy(ee 5 B - 1 Jy(u'n)
S 200 —m -t Jy(e’e) & 200 —n
0 L L 0 L
Z0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.1 -0.05 0 0.05 0.1 0.15 0.2
A E[GeV] AE[GeV]
Observable Belle IT Belle (2021)

Ry+(J/) 1.009+0.022£0.008 0.994 £ 0.011 & 0.010
Ryo(J/¥)  1.04240.042+0.008 0.993  0.015 & 0.010

Lepton ID systematic < 1%, improved compared to Belle

Justin Skorupa jskorupa@mpp.mpg.de
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Towards Rx«: B — K*¢1¢~

» Discovery of B — K*¢+ ¢~ first step towards R«
» Here, K* denotes K*(892)%(— K*77)
and K*(892) " (— K2+, K*x0)
» Dilepton mass vetoes to suppress charmonium
resonances

» 2D fitin My, and AE

Mode Observed events  Branching Fraction (x10™°)  World Average (x10~%)
B-K*e e 22+6 1.42+0.48 £0.09 1.19+0.20
B— K*utu~ 18+6 1.19+0.3179% 1.06 +0.09

Justin Skorupa jskorupa@mpp.mpg.de

Entries / [0.0033 GeV/c?]

Entries / [0.0033 GeV/c?]

[ Belle II (Preliminary)
J £ dt =189 fb? .
[ = signal
[ ==:Background B d K ee
= Total
—#- Data

.2 521 522 523 524 525 526 527 528 5.29
M, [GeVic?]

I Belle II (Preliminary)
F[Ldt=189 bt
— signal B — K*/L,u

| = =1 Background
| = Total
[ -# Data

% |

.2 521 522 523 524 525 526 527 528 529
M, [GeV/c?]
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BT — Kvv

v

Search for b — suw is complementary to b — s¢¢ W‘W,
Predicted B(Bt — KTvp) ~ 5 x 10° ) e
uct
Sensitive to new physics
(leptoquarks, dark matter, axions) b m s/d
Z

Existing measurements relied on semileptonic or hadronic tagging
= Suppresses background
= Lower signal efficiency

Use inclusive tagging for the first time

Justin Skorupa jskorupa@mpp.mpg.de
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B* — K™vw Inclusive Tagging

x10~2 i . g
81 Belle IT g ;eutmll}
" = Charged B
ERy = ]
. . L 3 3
» Signal candidate: track with highest-pr =l —p
L ¢ Exp8, Run3123
» Combine remaining tracks and energy deposits ¢ |
to reconstruct accompanying B meson
0

» Train two sequential BDTs to remove or(K*) [GeV/e]

backgrounds
» Test BDT performance using B — K*J/v as H_» P
control channel o i -k |

s ; = Neutral 5
» 2D template fit in bins of pr and BDT2 & 200 ; “dm
100 scaled by 2 ]

0
05 2.0 24350520 2.43.5052.0 243.5052.0 2.4 35
pr(K*)[GeV/c]

Justin Skorupa jskorupa@mpp.mpg.de
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BT — KTvv Result

ﬁelle II prelliminary __l_. Expecteld

e, [Ldt=(63+9) L

0.8 |3
Expected+20
g —— Observed
= 0.6
>
5 0.4 90% CL

Expected: 2.3x10°°

B Expected+lo |

Observed: 4.1x107° ]

0 2 6 8
B —K*wu branching fraction

Justin Skorupa

x107°

SM

ﬁﬁ(?}i age

9

Belle H (63 b1, Incluswe)

" This work, preliminary

Belle (711 fb!, SL)

10+0.6 PRDY6, 091101

e Belle(711 fb!, Had)
3.0+1.6 PRD87,111103

Babar (429 tb! Had+SL)

0.8+0.7 PRD87 112005

2 4 6 8 10
10° x Br(B*—K T vi)
More sensitive per integrated luminosity
compared to tagged methods:

— 20% better than semileptonic tagged
— 350% better than hadronic tagged

jskorupa@mpp.mpg.de 19



Prospects Rp, R},

~ 05—————7T——— 17—
[a]
E:’ Belle Il Projection
0.45 —— Belle Combination
—— Babar
LHCb

o 0red T T T B 4E 7;\’;”(1904931)"‘?:;?)92 054410 (2015), PRDS5 094025 (2012) ]
e d HFLA Ax*=1.0 contours 0. E : precietion: 2019) ©o12) =
~ [ preim 202 | ] C ]
035 BaBarl2 = C 7
aal ] 0.35— -
L LHCb18 ] C i ]
03~ V LHCb22 0-3} {
025 ‘:f“*Bt“sx ] 0.25 = —
N B [ 1o contours ]
' Bellel? Average = C ]
02 furav sw v RDh =035 +0010 £0005 ] 0.2 ‘ ‘ : ‘ ' : '
i Y o iaon ‘ R ovo R0 T 025 03 035 04 045 05 055 0.6
r RIDH=0254£0005 [0 Pl =32% |
S PR o | b R(D)
0.2 0.3 0.4 0.5
R(D)
5ab~! 50 ab~!
Rp  (£6.0£3.9)% (£2.0+2.5)%
Rp-  (£3.0£25)% (£1.0+2.0)%
P,(D*) +0.184£0.08  +0.06 + 0.04
Justin Skorupa jskorupa@mpp.mpg.de 20



Torwards B — X/(v

» LFU test via inclusive decays
complementary to exclusive
studies:

R(Xr/0) = Hg-xi)
» Unique and high profile goal of Belle

Last measured by LEP

v

— . Incl. SM Pred.
HH LEP b — X1v

HH D + D* HFLAV Av.

» Large background from less 20
constrained X system

» Precise modeling of B — X/v is
critical

» Today: R(Xe/p) = %

2.2 24 2.6 2.8 3.0 3.2 3.4
B[B - X.v] (%)

R(Xcz/0) gy = 0.223 £0.004

R(Xe/u)g, = 1.006 +0.001

Justin Skorupa jskorupa@mpp.mpg.de
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R(X7/¢) Reconstruction

/ Signal Side \

£ .

Hadronic Tag . B
pra

’
7’

@
¢
K+

tag quality
Tight p; cut to suppress
€= 0(0.1%) * hadrons faking leptons (“fakes”)
Precise knowledge of * secondary leptons from b = ¢ — (£, s) cascades (“secondaries”)
Bi,g kinematics * B-oXwv

[ + Reconstruct \

Y(4S) - Brgt™
Y(4S) -» By, £*
* p;>1.3GeV
¢ Only basic quality
cuts on tracks and

calorimeter signals

« Tight constraints on

[53% (e) / 66% (u) of selected B — X2V is retained]

Slide from H. Junkerkalefeld @ ICHEP2022

Justin Skorupa jskorupa@mpp.mpg.de
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R(XT/¢) Reconstruction

Slgnal Slde ¢ Reconstruct

Y(4S) - Bggt*
Hadronic Tag Y(4S) > E&g#

* p;>1.3GeV
* Only basic quality

cuts on tracks and
calorimeter signals

* Tight constraints on

tag quality
Tight p; cut to suppress
€= 0(0.1%) e hadrons faking leptons (“fakes”)
Precise knowledge of * secondary leptons from b = ¢ = (£, s) cascades (“secondaries”)
Biag kinematics * B-oXw

[53% (e) / 66% (u) of selected B = X#v is retained]

Slide from H. Junkerkalefeld @ ICHEP2022

Justin Skorupa jskorupa@mpp.mpg.de



R(XT/¢) Reconstruction

( Signal Side \ [ + Reconstruct \

Y(4S) - Bgt*

Hadronic Tag Y(4S) > Bi, tt

* p;>1.3GeV

* Only basic quality
cuts on tracks and
calorimeter signals

* Tight constraints on

tag quality
Tight p; cut to suppress
€= 0(0.1%) * hadrons faking leptons (“fakes”)
Precise knowledge of * secondary leptons from b = ¢ = (£, s) cascades (“secondaries”)
Biag kinematics * B-oXw

[53% (e) / 66% (u) of selected B — X#v is retained]

Slide from H. Junkerkalefeld @ ICHEP2022

Justin Skorupa jskorupa@mpp.mpg.de
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R(X7/¢) Sample Composition

Belle II Preliminary

Jedi=189fb"!

3 =4
2 5

Events / (0.1 GeV)
5
s

BYAY S Xety

sig

Events / (0.1 GeV)

o ol
s O

Noaa = Ny

|V

b
n

050 075 1.00 125

150 175 200 225 250

P/ [GeV]

Belle II Preliminary JLdr=189(b7!
i ng — Xty i = f”f” I X
H =y .
i | =l || == D74
i ! S, || . Do
[ = e B Dry
= e I Other X.Zv
+ D = X
[ Other BB
[ Secondaries
[ Fakes
F HE Continuum
: A MC all. unc.
5 ¢ Daa

050 075 1.00 125

ps [GeV]

Slide from H. Junkerkalefeld @ ICHEP2022
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R(Xt/¢) Background

Incorrect 14000
charge
B 12000
sideband!

10000
8000

6000

Events / (0.1 GeV)

4000

2000

Belle II Preliminary JLdi=189fb"" Belle II Preliminary JLdr=189fb"
= = -
By > Xe ™y 1000 |BYT = Xu~v -
=
12000 i
- =
?} 10000 == o
[c] = s
= - r
8000 -
£ 6000 $0
5
2
o
4000
2000
.. , e
. L .
. * . o ..
. .o

<cqpooannnn

Xt

Dty
D¢y

12147

Other X.£v
X v

Other BB
Secondaries
Fakes

Continuum

MC all. unc.

Data

=25
050 075 100 125 150 175 200 225 250 050 075 100 125 150 175 200 225 250
. [GeVl P} [GeV]

Fakes + Secondaries background constrained by wrong-sign lepton charge

samples

Slide from H. Junkerkalefeld @ ICHEP2022
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R(XT/¢) Result

I Xev

Post-fit:

MC all unc.

E Xpv
[ e: Background [ pu: Background
I e: Continuum [EEE p: Continuum

¢ Data

Belle IT Preliminary

[Ldt=189fb"

0,4 +
BSig — X0ty v

8000
> R(Xe/u) ==1.033+0.010+£0.020 £
. 6000
» In agreement with SM: 4
~
1.006 =+ 0.001 o
£
Source of uncertainty LeptonID X fvBFs X fvFFs Statistical Total M 2000
Rel. unc. of R(X/,) 1.8% 0.1% 0.2% 1.0%  22%
0
2.5F .
T oo feat e I g .
g o o . O
=loskd . . . . .
1.3 155 1.8 205 2.3+/1.3 155 1.8 205 23
p; [ GeV
Justin Skorupa jskorupa@mpp.mpg.de
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LFV 7 Decay Searches at B Factories

§ iy PP st Ve I Ihh BNV
» B Factories are S 1075 3 B PEETTOIT e e .. E
also 7 factories & fer " e ]
§ 10 ° . E
= 0(66 — 7'7') ~ e F . v 47+ CLEO
— E L . - T v " 1. aTLas
o(ee — bb) Sl el v B L P Tl 1. cus
. & e .t ettt Y .2+ LHCb
» Neutrinos = I S L e N ‘ot v BaBar
.. Q0ten,,, et st res P , v Belle
missing energy 5 E". T e, et s e T Bellell (5 ab™)
® r LR 7. Belle Il (50 ab™)
» Low background R I EFTIE e e
>nghreSOIU‘tlon L I L1 \H. L1 Ll H\H\\Hi

1ol L |

1
0 \\a13(&»tc»«mansa&k&&ﬁvﬁm‘m‘:,qww.yx>¢~;—x¥&w~~;—kr¢</¢<wwvw~
P03y PX0ICICALIGY py Y q”’”‘ii&"'kkkekkki‘g@"*”*&kk kk"g.-wtlaa
2303030303 bt0koy 00 0% Rk 8
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T = o

» For a any non-SM invisible particle

» Best upper limit from ARGUS (1995) 2
14| Belle Il T-ea(0.0 GeV/c?) , T-nnnv
» 3 x 1prong event topology e e
7 Other backgrounds

» Construct 7 pseudo restframe:
pr~ _|g:3|, E, ~ s X, =E:/m,
» Template fit of x,

Pseudo-rest Frame

Events / (0.02[GeV/c])

P3n

Sz et
000 025 050 075 100 125 150 175  2.00
Pps [GeV/c]

Justin Skorupa jskorupa@mpp.mpg.de
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7 — fa Data-MC Comparison

+
T—>€e a
16000F = e
Belle Il Preliminary —+— Data 16000F Belle Il Preliminary —+— Data
14000F _‘ MC total uncertainty P MC total uncertainty
Jrdt=6281" eV 140000 [Ldt=6281 \ Ty
..J - a's® %oy
. 12000} y A Other ~ 8\ Other
- 3 N —>ea, M, = 1.6 GeV/ic® ~ 120001 . N T—pa, M, = 1.6 GeV/c®
S 10000} . T-ea, M, = 1.2 GeV/c® 2 L0000k s T->ua, M, = 1.2 GeV/c?
= S —>ea, M, =0 GeV/c® g " N T—pa, M, =0 GeV/c®
@ 8000F 3 £ sooof A
8 o & S 3
000 \

> N > 6000 &
m w

4000f -.'\ 4000F L

2000F \\\ 2000 \\

% 08 1 12 14 16 18 2 % 08 1 12 14 16 18
Xe Xe

Justin Skorupa
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7 — ¢ Result

» No signal excess = set 95% CL upper limits on B(7B8l«)/B(TBlvr)
» Most stringent limits in these channels to date

T ea

s x10°
[ Belle Il preliminary
| [Ldt=62.8 10"

B —ea)/B{r =€V, v,)

| S

35x10°
—e— Observed UL 305 Belle Il preliminary
Expected UL :del =62.81"
Expected UL = 1 std. dev. 25 F
Expected UL = 2 std. dev. F

BT = pwa)B [ —=wv,v,)

T U

—e— Observed UL

----- Expected UL
Expected UL = 1 std. dev.
Expected UL + 2 std. dev.

Justin Skorupa
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7 — fo Result
10° T eq| 10 T = ua

F [ Belle Il preliminary —— Observed UL =z —+— Observed UL
= Pfpacess Expected UL pe Expected UL
‘o o Expected UL = 1 10, d. by Expected UL = 1 std. dev.
t Expoctod UL = 2 sd. dov. 1 Expoctod UL = 2 td. dov.
v ©
2 2
z =
© 2
t t
3 *
Q o -
: ¥ E 0 05 07 112 14 16
M, [GeV/c) M, [GeV/c?]
109 T eal 109 T ua
- ——
? 3sf — Belle Il preliminary ¥ 3sf — Belle Il preliminary
o =

1> it 1> S

‘o ARGUS b ARGUS
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» More details: F. Tenchini @ ICHEP2022

Justin Skorupa jskorupa@mpp.mpg.de



Justin Skorupa

Thank you

jskorupa@mpp.mpg.de
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