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Outline

1. The why: flavour physics in e*eand Belle Il

2. The what: general methods and recent highlights
* B-physics primer
* B-physics
* CPviolation examples

 Evidence for B* >K*vv
e Search for B* >K'tt

* More than B physics
* T lepton-flavour violation
* hadronic cross sections for hadronic vacuum polarization to g-2
e Exotic hadrons

3. The future: status and prospects for SuperKEKB and Belle |l
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Part |: the why



Why flavour physics? — history of discovery

* Particle zoo of mesons and
baryons discovered in 1950s and
early 1960s lead to the quark
model

* up (u)
e down (d)

e strange (s)

S
* An allowed but rare decay such d

dasS
K (sd)— p'u

was predicted but not seen!
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Why flavour physics? — history of discovery
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Such rare virtual processes

tell you about higher
energy particles
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CKM matrix Ve Vie Vi |(d
. . . (u C t) I/cd I/cs I/cb S
* Two by two mixing matrix
v, V. V

proposed by Cabibbo : s » J\O)

* Kobayashi-Maskawa proposed
third generation to explain
observed CP violation by
Cronin and Fitch

Relative magnitude of elements

* 3 x 3 unitary complex matrix D

* 4 parameters
* 3 mixing angle and @ : =
* Intergenerational coupling \ ]
Responsible for

disfavoured
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Visualising CP violation: the unitarity triangle
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2) Exploit unitarity (1%t and 3" col.) VuquZ + Vch; + thVtZ =(




Over constraint — loop sensitivity
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

e

- Y(13) Y(45)
wh on-resonance
— I "Here be B"
=
I= off-resonance
i Y(25) "B free zone"
T 1oF : i
L Y(358)
13
"E -
N Y
LR ] _-'r'r-_,, -'-. "u
| continuum background
1) S |...;...'Ll;'..|.....|..':];'..|.......:.......:._,
044 946 1000 1002 71034 1037 7 1054 10.58 10.62

e"e- Center-of-Mass Energy [GeV]
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

* Advantages compared to proton-proton
* Low average multiplicity — neutral reconstruction
* Constrained kinematics — good missing momentum reconstruction
* Correlated BYB? - high flavour-tagging efficiency
* Open trigger — 100% efficient for almost all B decays

26/9/2024 TAPP
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Why B physics at the Y(4S)?

* The process eTe™ — Y(4S) — BB has comparable cross section to
ete” -» qq,q =u,d,s,c ak.a. continuum

 Advantages compared to proton-proton
* Low average multiplicity — neutral reconstruction
* Constrained kinematics — good missing momentum reconstruction
* Correlated B°B? - high flavour-tagging efficiency
* Open trigger — 100% efficient for almost all B decays

* Disadvantages compared to proton-proton
* Cross section — 150,000 times smaller
* No B,, B, or A, produced — can run at Y(5S) for B,
* No boost in the c.m. frame — partially overcome by the asymmetric beams
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Detectors and data samples

e Belle + BaBar collected
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay
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Detectors and data samples

e Belle + BaBar collected
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay

e SuperKEKB + Belle I|I@KEK, Tsukuba

* nanobeam scheme to increase
instantaneous luminosity by factor 30
to collect multi-ab™tsample

* World record 4.7x103* cm~2s1
e Target 6x103°> cm—2s!
« Run 1362 fb-1at Y(4S)

* +42 fb 1 off-resonance to characterize
continuum
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Detectors and data samples

e Belle + BaBar collected
0.71+0.43=1.14 ab™! Y(4S) samples

* Many achievements: confirmation of
KM mechanism, b—>ctv, direct CPV in
B decay

e SuperKEKB + Belle I|I@KEK, Tsukuba

* nanobeam scheme to increase
instantaneous luminosity by factor 30
to collect multi-ab™tsample

World record 4.7x103%4 cm~2s71
Target 6x103> cm=2s71
So far 362 fb~! at Y(4S) “ '"

+ 42 fb™1 off-resonance to characterize Belle
continuum
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Part Il: the what



B-factory analysis essentials 1 —
beam constrained kinematics

[ BB background

— [ 1 [

S L Signal

S Well-known Continuum
@ [ Signal beam energy BB background
c [ Continuum - .

-

@)

@)

- ’ ' $ ; ’ -0. . i 0.1

0.2 0.3
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B-factory analysis essentials 2 —
continuum suppression

* In the c.m. frame B mesons almost
at rest when they decay

* isotropic distribution of particles

* |In the c.m. frame continuum qqg
back-to-back

* jetlike distribution of particles

26/9/2024 TAPP

17



B-factory analysis essentials 2 —
continuum suppression

* In the c.m. frame B mesons almost
at rest when they decay

* isotropic distribution of particles

* Inthe c.m. frame continuum aq Belle Il Preliminary [cdt=362fb}
back-to-back R
* jetlike distribution of particles [ ---- Continuum W SxF

N
. g | —— BB { Data

* Shape variables, e.g., thrust and S 150
Fox-Wolfram moments, help 5
distinguish topologies "
. . )
* |deal task for machine-learning =
e Output oft used as a fit variable L5
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B-factory analysis essentials 3: hadronic tag

* Full-reconstruction of one B decay B->Dm
in a large number of high BF modes .. tagdecay
on one side U

e B> DMOmm*nn®, where m>1 n >0

* Reconstruct other B as signal with
missing energy

26/9/2024 TAPP 19


https://inspirehep.net/files/5caaf8633499c83a1088677a6a4158ff

B-factory analysis essentials 3: hadronic tag

* Full-reconstruction of one B decay
in a large number of high BF modes
on one side

e B> DOOmm*nn®, where m>1 n >0

* Reconstruct other B as signal with
missing energy

* Machine learning algorithm used to
boost efficiency as much as possible B* —= K* 1~ p*
 Comput. Softw. Big Sci. 3(2019) 1, 6

e Total efficiency < 1% but a powerful
tool

* Requires calibration Ty

26/9/2024 TAPP 20


https://inspirehep.net/files/5caaf8633499c83a1088677a6a4158ff

B-factory analysis essentials 4 —
vertexing and flavour tagging

B° T > fcp

\ 2, X ‘th‘ZQZiqbl




B-factory analysis essentials 4 —
vertexing and flavour tagging

oy
+

Coherent
evolution

A



B-factory analysis essentials 4 —
vertexing and flavour tagging

Belle Il simulation

T > fcp . S —— All
2 2[ ~ 6000 | _ RO
\ IZ/ Veal“e b S soo | e
l+ 24000;
Coherent / I~ % 3000
evolution :<‘KO g
— S O
e (7 GeV) ‘ e+(4 GeV) i
D_+ i BO-like <—— Qrgrlar —» BO-Jike
I\\ l’l |
i : : SN : Graph-neural-network
Flavour-tagging k.ey' v | approach has improved our
leptons, kaons, high v . tagging by 18%

momentum tracks etc €(1-2w) =37.4%
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arXiv:2402.03713 [hep-eX]

Time-dependent CP violation - B® - 'K

 Decay may also have a BSM phase as it is
a gluonic penguin

* alter the value of ¢, from that measured in
b — cCs transitions such as B® - J /K¢

26/9/2024 TAPP
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https://arxiv.org/abs/2402.03713

arXiv:2402.03713 [hep-ex]

Time-dependent CP violation - B® - 'K

 Decay may also have a BSM phase as it is
a gluonic penguin

* alter the value of ¢, from that measured in
b — cCs transitions such as B® - J /K¢

. Reconstructlngr] - n(yy)ntn~ and

n' = p(r*m™)y we select 829 + 35 events
in 362 fb™! sample

* 3D fit to AE, myz-and continuum suppression
output

26/9/2024 TAPP
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arXiv:2402.03713 [hep-ex]

Time-dependent CP violation - B® - 'K

 Decay may also have a BSM phase as it is
a gluonic penguin
* alter the value of ¢, from that measured in
b — cCs transitions such as B® - J /K¢

. Reconstructmg n' - n(yy)ntmn~ and
n' = p(r*m™)y we select 829 + 35 events
in 362 fb™! sample

* 3D fit to AE, mgz.and continuum suppression
output

* sin 2¢, = 0.67+0.10+0.04

e Consistent with current HFLAV average
and that from b — ccs result

26/9/2024 TAPP

Entries per 0.64 ps

Asymmetry

Belle Il Prellmlnary

chr= 362 fb~!

g B°—>nK5



https://arxiv.org/abs/2402.03713

a/¢,: BO>mo7"

* a/d, now the least precise angle of
the unitarity triangle

* Isospin relations among all B>t
branching fractions and CP
asymmetries provide constraints

* Gronau and London PRL 65 3381 (1990)

e Weakest link: B> 7ton?°
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.3381
https://arxiv.org/abs/2402.17260

D

a/¢,: BO>mOn? <2

Paper in preparation

* a/d, now the least precise angle of
the unitarity triangle

* Isospin relations among all B>t
branching fractions and CP
asymmetries provide constraints

* Gronau and London PRL 65 3381 (1990)

TO0F  Bellen preliminary

- _ .
gof [rat=sezm

L Belle i preliminary
60 | J'Ldt — 362"
50 F ——Data

: = Total fit result

Signal

Candidates per 4 MeV/c?
wuanaigares per 1.U

¢ Wea keSt “nk: Boenono é—; %;;4 59
- New result from Belle I R i b s |
el . . . .. M.,.. [GeV/cT] w
* 4-Dfit mCIUdmg tagging prObablllty Beam-energy constrained Transformed wrong-
* Graph-neural-network based tagger n°n? invariant mass flavour-tag probability
* 18% more powerful than before _
+ arXiv:2402.17260 [hep-ex] (acc. PRD) % = (1267070 +0.11) x 107°

Acp = 0.06 = 0.30 = 0.06
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.65.3381
https://arxiv.org/abs/2402.17260
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BT — KTvVv: Motivation

\‘QQZ:‘ / g+ /
W+ W=
) TR
h — - <
U > U >

* Well known in SM but very sensitive to BSM enhancements — 3" gen
e B(B>K*vv)=(5.610.4) x 107° [arXiv:2207.13371]

26/9/2024 TAPP
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https://arxiv.org/pdf/2207.13371.pdf
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BT — KTvVv: Motivation

Ghe

.
]I

* Well known in SM but very sensitive to BSM enhancements — 3" gen
 B(B>K*wv)=(5.610.4) x 1076 [arXiv:2207.13371]
* Challenging experimentally

e Low branching fraction with large background
* No peak —two neutrinos leads to no good kinematic constraint

26/9/2024 TAPP
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BT —» K*vV : Analysis strategy

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency)

* many common features except tag



B* —» K*VV : Analysis strategy .. . .
7 e s K%-u
4

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency) g p107

* many common features except tag

e Use event variables to suppress background

2 3
]

=)
(9]
=
g =
5 =
%
a

L ]
] &
i .
[T]
/
; ] -
L
1 Ep

I

fraction of events
[1-9
e
5
=
2=
=
£ =
b3
e

* Inclusive:
1. preselect events where missing momentum and signal kaon o
0.0 0.2 0.4 0.6 0.8 1.0
well reconstructed G sl

2. First boosted decision tree (BDT1): 12 variables
3. Second BDT2: 35 variables — 3 times sensitivity
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BT —» K*vV : Analysis strategy

 Two methods: an inclusive tag (8% efficiency) and
conventional hadronic tag (0.4% efficiency)

* many common features except tag

e Use event variables to suppress background

* Inclusive:

1. preselect events where missing momentum and signal kaon
well reconstructed

2. First boosted decision tree (BDT1): 12 variables
3. Second BDT2: 35 variables — 3 times sensitivity
4. BDT2 fit extraction variable in bins of vv mass-squared — g?
* Hadronic tag: single BDT for fit
e key variable any additional calorimeter energy other than K+tag

26/9/2024 TAPP
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B*™ —» K*vV: Inclusive signal extraction

Candidates

nw(BDT3)
0.92 0.94 0.96 0.98 1.0

4000 - - -

" Belle II preliminary [ +¢ B s

i simulation mm BB i
3000 | T A

- B cc [ Signal [x50]
2000
1000

0
1 4 8 2511 4 8 2541 4 8 251 4 8 25

Grec [GeV?/c]]
(3 binsing®__ ) x (4 binsinu(BDT,))

* 1 signal and 7
background templates
from simulation

e corrected using control
samples

* Profile maximum
likelihood fit inc.
systematic uncertainties

e Continuum template
constrained by off-
resonance

34



B* — K*vVv: Inclusive signal extraction

u(BDT5)
0.92 0.94 0.96 0.98 1.0

4000 * 1 signal and 7

backgr.ound t_emplates

Belle II preliminary [ +7 B ss
simulation  —my 500 i

* Two questions
e 1.Is the signal efficiency, i.e., BDT, well modelled?
"2 Is the B background understood?

e Continuum template
- - : constrained by off-

-1 4 8 2501 4 8 251 4 8 2501 4 8 25 resonance

Grec [GEV?2 /]

(3 binsing?_ ) x(4binsin u(BDT,)) 35

rec



B* —» K*vv : Efficiency validation

Rest of the event

- "
-
+
L dly B
- K+
|
Rest of the event
B~ el
L/ B+
7
K K
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B* —» K*vv : Efficiency validation

26/9/2024

Rest of the event

6000 Belle II preliminary f Ldt =362fb "
5000 4 &
9] B 8
Q 4 < 1000 |
TA000p T <
= S
ggooo/ 0 o oot et WA i
= /] 0.0 0.5 1.0
O 2000 [ BDT; (BDT; > 0.9)
/ —B" — Kt J/¢ Simulation § BT — KT J/¢ Data \
1000 / BT — K™ J/¢ Simulation § BT — KT J/¢ Data \
Bt — KTv i Simulation
O :/ | PP ] a L‘m—l—‘{:{_.\
0.0 0.2 0.4 0.6 0.8 1.0
BDT,
Ratio between selection on data and
simulation for the control sample 1
with 3% uncertainty
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BT - K*vv:
>90% background from B—>D(K*X)lv + B >D(K, X)K*

% 10P 1 KO hxl(l‘
2.0 N * Belle II preliminary - T MC 5 Belle IT preliminary I B with D—K X
i fﬁ(_]r.:;](j'Zﬂ;_r‘ I ; i)‘ - 1.25 fume [L£di=362fb" @M B without D—K; X
n 15F 1(1“' ] ! E Continuum
o DT 7/ Stat. unc. Z 100f } Data
,;FE H 0w N “«7» MC stat. unc.
= 1.0 4}; 0.75
= i = 050 Pion sideband
G ~ oy
© 05} 2
[ © 0.25
0.0 . 0.00
1 5
=l J..t) % -} :
2|8 5 0F
ﬁ_(}.Sz/é:""""""""""" D"__E...|. ..... L=«
0.5 1.0 1.5 2.0 2.5 0.92 0.94 0.96 0.98 1.00
Mg+ x- [GeV/c?| w(BDT>)

e KX system agrees well between data and MC
* Prompt K* production studied using prompt rt* from B*—>mn*X decays

* Systematic uncertainties on decay branching fractions, enlarged for D>K X
and B >D**| v
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BT — K+vv Results

#(BDT?)
V.YZ 0.94 0.96 0.98 1.0
g : Belle II preliminary B B Kt
L :  Belle Il preliminary m B* —K*w 100 - JL£dt=362b1 — Bf.t‘_} "
& P [Ldt=(362+42) 6" mmm BOBP 5 .
= 2000 ' : mm BB = -
= HEl Continuum __é l { Data
.E t Data % 50
&S 1000 O
Inclusive t?ag
5 , _
= | SRR W R—— - »
A~ _B S ! i I ! i | I i I ! ~
-1 4 8 251 4 8 251 4 8 251 4 8 25
e [GeV ]
BF;,. = (2.7 + O 5(stat) + 0.5(syst)) x 107>
— +0 8
BFy,q = ( o2 (stat)” (syst)) X 107°

BF .omp = (2.3 + 0.5(stat)f0j4 (syst)) x 107>
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+ Published by PRD
B — K vV: Results rXiv-2311 14647 (hep-ex]

#(BDT?)
U.Y2 0.94 0.96 0.98 1.0
: : Belle IT preliminary
300( : - 362 b
St ; Belle Il preliminary il Bt —K "w 100 J Ldt=362fb"
! [Ldt=(362+42)fb" =, B°B° i{
S 2000 : B BB =
E Hl Continuum __E
Fg $ Data % 50
&S 1000 O
. Inclusive tag .
5 - 2 — 5 r
= S TR I N ye— B0 e
~ _5 : | I i I | i | I ! | | —D L - L 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0

-1 4 8 251 4 8 2511 4 8 2541 4 8 25
Grec (GeV?/c]

BF;,. = (2.7 + O 5(stat) + 0.5(syst)) x 107° Combined result

BFhaa = ( 0. (stat) Xy 8(5y5t)) X 107> Evidence @ 3.50
BFcomb = (2-3 i 0.5(stat)*9> (syst)) X 1075 'gnZSI;: with SM (0.6x1075)

26/9/2024 TAPP 4u


https://arxiv.org/abs/2311.14647
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Paper in preparation

* — <O
B? - K*%t*t

* Very sensitive to explanations of PRL 120, 181802 (2018)
the other anomalies

* SM branching fraction prediction
1077

O Ry« &Ry 20
B Ryw&Rm 10
B Br[Bs—11]

B Br[B->K"11]
B Br[B-Kr1]

O Br[Bs—¢r1]

BF x 104

1.1 12 13 14 15
Ry /RM
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B? - K07t~

* Very sensitive to explanations of
the other anomalies

* SM branching fraction prediction
1077

* Hadronic B tagging

* Different of classes of tau decay

* Missing energy, no additional
energy in calorimeter,... into a
classifier that is fit to extract yield

 Limit twice improved over Belle

26/9/2024
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Paper in preparation

<O

Belle IT

K+
-1 ‘ 471'_
Belle I (362 fb ™) \/
hadronic B-tagging L= 3 T P

L

‘

0

\ Bsgn —
s T \A
.
s t=€7ﬂ-1p
) )

—0 s
Btag .
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B? - K07t~

* Very sensitive to explanations of
the other anomalies

* SM branching fraction prediction
1077

* Hadronic B tagging

* Different of classes of tau decay
* Missing energy, no additional
energy in calorimeter,... into a
classifier that is fit to extract yield
* Limit twice improved over Belle

* Improved tagging and signal
efficiency

26/9/2024

Paper in preparation $ Talk
NEW FOR ICHEP by M. Liu

Belle IT

T T T T T
BelleII preliminary ¢ Data
1?5 I B“_}Fi_h“'-'r- -
[ﬁ dt =362 fb! BB
150 | ¢¢ category gq

< Uncertainty
—— Signal B=10"2 |

—
b
w

100 | +

A AT
S

Events / bin

=]
o

o
[} ]
T T T

&2?%2}72

P /+/.-’ o

BJ
&

Pull
C‘L'ﬂDtJ‘L‘OHM [=] |
P —T—

A 0.5 0.6 0.7 0.8 0.9 1.0
n(BDT)

BF(B° - K*%t*77) < 1.8 x 1073 at 90% CL
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https://indico.cern.ch/event/1291157/contributions/5878355/

Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction

26/9/2024 TAPP
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Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction

* Third-generation therefore beyond-SM-
sensitivity anticipated
* Any observation of lepton-flavour violation
in T3, T2 Uy, T=>ld etc new physics
* SM highly suppressed

* Connections to g-2 and lepton
universality violation in b decay

26/9/2024 TAPP
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Why t physics at the Y(4S)?

* The centre-of-mass energy
of the B factories process
ete”™ - Y(4S) - BB has
comparable cross section
toete” - qq,q =
u,d,s,c a.k.a.continuum

Non Bhabha cross section in nb

ete” - uu(y)

+ ,— + o B
©e - "1‘:5()’) 0.92 ete” - dd(y)

p ..\....‘.."x.___\_..\....\ »ﬂ . 4 0 . 3 8
>~ N + .— —
/ e'e” —ss
s ()
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Why t thSiCS at the Y(4S)? Non Bhabha cross section in nb

* The centre-of-mass energy ete- = Tt (¥)
of the B factories process
ete”™ - Y(4S) - BB has
comparable cross section
toete” - qq,q =
u,d,s,c a.k.a.continuum

. . \ ete” - uu(y)
©e - ”1‘:5()’) 0.92 ete” - dd(y)

»0_4 0.38
SN te~ - s5(y
-l / ete o5
_ ‘ 1.3 ( )

e Similar cross section for
ete” -1t~
* 920 million tau pairs per

ab™! of integrated
luminosity

26/9/2024 TAPP a7



Submitted to JHEP
arXiV:2405.07386

T->3u— lepton flavour violation search

* Inclusive tag of the non-signal t TR R S, St R
to increase efficiency — P sig A
multivariate Of z 4 ’éu
-

Event

u
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https://link.springer.com/article/10.1007/JHEP02(2015)121
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https://arxiv.org/abs/2405.07386
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Submitted to JHEP
arXiV:2405.07386

T->3u— lepton flavour violation search

* Inclusive tag of the non-signal t

. . . Inclusive tagging schema ;
to increase efficiency — s e A
multivariate of s .
. < b
* Cut 'n’ count in 2D plane of Event .
* M, and AE = B3, Epeam (inc.m.)
e Sideband degrl\ll%d background
estimate 0.5Z; < events Y (Rl Pralminay) T Do MW | 5 ofBeeumiminary) i
2 wp J £dt = 424 ! i Stal = imu.ialli;;'l. 1:-.?1 Ilr'J’- : ;?clllehandg
* One event observed S SN T ——y
* World best limit ) T
« BF < 1.9x107%(90% c.l.) iE: . —
* Area of competition | M m g f * S
e LHCb BF < 4.1x1078 (Run 1 only) T IR Yidis: e M
* CMS BF < 2.9x10°8 (Run 1+2) o !, e
"?! ! J ' ‘5”' o4 ﬂ.; . + - +
N o 1 . .'»Iﬂl: \|L:c~x .“(-I_" ' S I-'-Il-l-;{;r‘-‘f‘l
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https://link.springer.com/article/10.1007/JHEP02(2015)121
https://cds.cern.ch/record/2883172
https://arxiv.org/abs/2405.07386
https://arxiv.org/abs/2405.07386

..away C—w =

|

I
Significance will likely decrease Fermilab 1+2+3

fromheavy =~ TS TE

fl aVO u r SM: e+.e- HVP World Average
T.l. White Paper (2023)
muon g-2

(2020)

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x 10" - 1165900
Plot from A. Keshavarzi talk at Lattice 2023
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...away
from heavy
flavour
muon g-2
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5.00 >

L] . L
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (202 3)
< 510 >
@ —eo—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
|
New results in tension ®
Wit White Paper (2020) SM: Lattice HVP
BMW Collab.
2020)
SM: e+e- HVP
using only CMD-3
data below 1 GeV
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° -1165900

Plot from A. Keshavarzi talk at Lattice 2023
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o(ete” » mtn nf)

Muon anomalous magnetic moment

__g-2 QED

EW.y 000

|_>Hadr0n contribution term
CD
QCD __ aMVP _|_aHLbL

Leading-order HVP rerm

;IVP LO a® (*ds . .
a‘u = FJ‘ o R(S)K(S) Hadronic R-ratio

m3 S |—>R( - o(ete” — hadrons)

VT T aete - utuo)
2"d |argest contribution to the hadronic vacuum
polarization estimate as region below 1 GeV in
c.m. energy dominates
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arxiv:2404.04915 [hep-ex]

Measured R ratm :
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https://arxiv.org/abs/2404.04915

o(ete” » mtn nf)

* |nitial-state radiation technique —
wide invariant mass range

e Partial Run 1 data set — 191 fb!
e Selection via kinematic fits

» Key challenge is ° efficiency
e Custom determination using w decay

* Background control samples for
ete” > ntn nnly,gp, ete™ -
=~ +,— +77—0
qqYisgande e = K"K 1w ysp

26/9/2024 TAPP

Efficiency
stignal — 5 dLeff
dﬂl ee—31 dﬂl
3 maTss Cross section

Signal process :e*te™ = yigrr Tt 70 (= ¥¥)
Signal spectrum

]  Belle Il Preliminary
10° FlLdt =191 ™
F } Data

L
LE]

s

0.60.650.70.750.80.850.90.95 1 1.05

M, (GeV/c®)

—_ | [ r*n*non®y &
TE‘IOA?DK*K'E”Y N -
g @ :
10° E ¢ ¥ KA
3 4 {
& d M
8107 F
= - .
o
10 |

Effective luminosity
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o(ete”

SN

0.3
i Belle Il Error (Total) .
- Belle Il Error {Syst.) Source 0.62-1.05 GeV/c?
02 F o BABAR (21) Trigger 0.1 (—0.09)
T SND (03) ) ) '
- s CMD-2 (04) ISR photon detection 0.7 (+0.15)
'~ 04k Tracking 0.8 (—1.35)
L i 7’ detection 1.0 (—1.43)
0 l:] ‘I[ 8 3w | l Kinematic fit (x~) 0.6 (+0.0)
© 0 N ! i Event selection 0.2 (—=1.90)
T v Ny . Generator 1.2
T ohn 4 -
§ -01F ]"" ;%'_f' | U B ;7 'f' 6 Jll J‘ + Integrated luminosity 0.6
b {' } % Radiative corrections 0.5
02k MC statistics 1 0.2
Background subtraction 0.3-0.5
Unfolding 0.7-15
s gy e g o 14 e 0 o 1 4 e 9 o 1 4 o 9 3 1 4 5 1 4 -
03 o7 ore 79 08 081 082 Total uncertainty 2.2-15
s (GeV) (Total correction /ey — 1) (—4.61)
a;" = (49.02+0.23 £1.07) x 10717,
a, X
2.60 tension with BaBar
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Evidence for P_(4459) paper in preparatior

* OZl suppressed decays of Y(1S) and Y(2S)
rich in gluons

* enhanced baryon production
e pentaquark production? L o

* Measure inclusive Y(1S,2S)=>J/yA + X T B
decays in the Belle sample .

sideband Signal fit
* Search m(J/wA) for pentaquark signal

* background from sideband and off
resonance

* Use LHCb mass and width from their : $
evidence in E, decay - Sci. Bulletin 66, 1278 EE LT P
I Y | SISO P ST P9t 1 IO B R
2021 3.2 4.3 4.4 4.5 .
* 3.3 standard deviation significance M(AJ/y) (GeV/cd)

e free mass and width 4 standard deviation
local significance

15

10+

Entries/10 MeV/c?

5_
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https://www.sciencedirect.com/science/article/pii/S2095927321001717
https://www.sciencedirect.com/science/article/pii/S2095927321001717

Part Ill: the future



. Evolution of peak luminosity

World-record:
4.7%103* cm2s"

LS1

Pixel exchange,
% #| TOP PMT replace,

Peak luminosity [1034 cm2s]

o = M o £ n

 Run 1(2019-2022) — similar data set to 15t generation B factory
e Long shutdown 1 —LS1 (2022-2024)

* detector improvements — mainly installation of full two-layer pixel detector (PXD2)
e accelerator improvements, e.g., non-linear collimators to combat beam background
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Peak luminosity [1034 cm2s1]

SuperKEKB/Belle Il status and plans

. Evolution of peak luminosity

World-record:
4.7%103* cm2s"

LS1

) Pixel exchange,
g ¢| TOP PMT replace,
Nonlinear collimator, $[{°

9,0\9'09 2020'0% 9020'09 02 o go'l“'gggo'&'lﬁ% :;0?9'09@023'0% 102'5‘09 202&‘0%

e Run 2 (2024 - )

* back to operation at 4 x 103*cm—2s!
» detector performance as before or better

e ....but the goal in this run is luminosity of
~103°> cm~32s7?

26/9/2024 TAPP
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[41]
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transverse impact parameter resolution [um]

o

Belle IT Ru n 2

CDC+SVD

CDC+SVD+PXD L2

CDC+SVD+PXD L1

Expected improvement
as first hit gets closer to
interaction point

N
*210g, (5, 1GeV]®
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Super
KeKB

SuperKEKB/Belle Il status and plans > Yhaimioin

World-record:
4.7%103* cm2s"

LS1

Pixel exchange,

Peak luminosity [1034 cm2s]

o = M o £ n

26/9/2024

. Evolution of peak luminosity

§ ®| TOP PMT replace, ##

ICHEP talk
by K. Shibata

e Run 2 (2024 — )

e Sudden beam loss has happened frequently
that can lead to v. large dose in the detector

 Hampering increasing luminosity
e Two such losses led to damage of 2% of PXD2
gates

e turned off PXD2 as a precautionary measure
until beam losses mitigated

* So far Run 2 has been largely dedicated to
machine studies

* only ~100 fb™! collected

 Some understanding of how the losses start
* remediation in summer shutdown

TAPP 59


https://indico.cern.ch/event/1291157/contributions/5890009/attachments/2896460/5078553/SuperKEKB_20240718.pdf

SuperKEKB/Belle Il status and plans K

» . . . Image K. Nakamura P
= , Evolution of peak luminosity Target before LS2: »7 Target after LS2:
—, World-record:
> 4.7x10%* cm2s™
=
8 LS1 Run 2 LS2
£ o . Pixel exchange P 4
:3‘ 2 § & TOP PMT replace, J# 2028 2 Iat_e-r
T Nonlinear collimator, $[i° (under discussion)
& etc..
0 ' >
10\9‘092020‘0‘31020‘09,202\‘0%202\‘09@029‘032029‘091023‘0%102’5‘09202&‘0‘3 Date

* Run 2 is long — end 2028 or later
 Steady accumulation at ~2 x 103> cm~2s~1 for several ab ~1— 2"d generation

» After Run 2 — upgrade proposal for reach design luminosity and tens of ab !
* Framework CDR arXiv:2406.19421
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https://arxiv.org/abs/2406.19421

Conclusion

* A brief tour of the why and current Belle Il physics
 Highlights: Kvv, K*tt, CP violation and tau/low multiplicity physics

e Lot’s more to be done with the Run 1 data + Belle

* Life at the intensity frontier is hard but hopefully we will
enter the 103> cm™s ' era soon in Run 2
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Belle Il upgrade

Many plans and

possibilities

Work on a

Conceptual Desigtl)q
e

Report begun to
delivered in 2023

Followed by a
Technical Design
Report in 2024

Shutdown end of
2028 or later for
installation

Accumulate 10s of
ablinto the 2030s

26/9/2024

Belle Ill + ChiralSuperKEKB > 2030+

m Upgrade ideas scope and technology m

DMAPS

SOI-DUTIP

Thin Strips

CDC

TOP

ECL

KLM

Trigger

STOPGAP
TPC

Fully pixelated Depleted CMOS tracker, replacing the current VXD. Evolution from ALICE ITS
developed for ATLAS ITK.

Fully pixelated system replacing the current VXD based on Dual Timer Pixel concept on SOI

Thin and fine-pitch double-sided silicon strip detector system replacing the current SVD and
potentially the inner part of the CDC

Replacement of the readout electronics (ASIC, FPGA) to improve radiation tolerance and x-talk

Replace readout electronics to reduce size and power, replacement of MCP-PMT with extended
lifetime ALD PMT, study of SiPM photosensor option

Crystal replacement with pure Csl and APD; pre-shower; replace PIN-diodes with APD
photosensors.

Replacement of barrel RPC with scintillators, upgrade of readout electronics, possible use as TOF

Take advantage of electronics technology development. Increase bandwidth, open possibility of
new trigger primitives

Study of fast CMOS to close the TOP gaps and/or provide timing layers for track trigger

TPC option under study for longer term upgrade

TAPP

LS2

LS2

LS2

<LS2

LS2 and later

>LS2

LS2 and later

< LS2 and later

> 1S2
>1S2
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Light dark sector searches

Dark Sector Candidates, Anomalies, and Search Techniques (

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PevV 30M,
| | | ] | | | P B ST T S e
| | | I | | I ¥ " " 1T " VTt " Y ' "] %y
€ > pe—
QcCD Axion WIMPs
<€ > € > -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
b e = >
Pre-Inflationary Axion Hidden Thermal Relics { WIMPless DM
€ >
Post-Inflationary Axion Asymmetric|DM

v

e
-

Freeze-In DM

>
SIMPs|/ ELDERS
>
Beryllium-8
>
Muon g-2
i €«—>
e el small-Scale Structure
Sr?.mll Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Ph ;sms?f—\cceierators Microlensing
P I N N N R R N T S N N .
‘lllllll]"l"l"l"l"ldl
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30M
26/9/2024 TAPP

e Can access the mass range
favored by light dark sector

e Possible sub-GeV scenario

64



Light dark sector searches

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PevV 30M,
1 | | | | N TS s hares e B ) | >
| || I I I F T " 7T " VT " 7 ' " § v
€ > pe—
QCD Axion WIMPs
<€ > € > -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
— <€ >
Pre-Inflationary Axion Hidden Thermal Relics { WIMPless DM
P € >
Post-Inflationary Axion Asymmetric|DM

L 4

s
-

Freeze-In DM
>

SIMPs|/ ELDERS
k4
Beryllium-8
-
Muon g-2
t €«—>
e ke et small-Scale Structure
S:mll Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic thb:LS‘.rALL(:‘EI:‘!'d!I'J“J Microlensing
P I B B S R S D T T O N T
"‘llllIlll"l"l"l"l"lel
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30M
26/9/2024 TAPP

e Can access the mass range
favored by light dark sector

e Possible sub-GeV scenario

* DM weakly coupled to SM
through a light mediator X:

 vector (Z’/dark photon),
axion like particles (ALPs),
scalar (dark Higgs) or
fermions (sterile v)

 Some links to anomalies,
e.g., g-2
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Invisible decay of Z’ to dark matter

e Search for narrow peak in the recoil mass of dimuon pairs

26/9/2024

Voo X

p"+? rU].l.,T’ X
e*te—>pu*yZ’; Z'- invisible

Candidates / (0.5 GeV?/c?)

TAPP
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B ete sefeputus Belle l [Ldt=79.7 fb~?
. ll cte =177 (V)
10" F o ete-—spu*u-(y)
4 Data

10°
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=
o
-
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Invisible decay of Z’ to dark matter

100 ¢

e Limitson Z’
coupling g’ and
mass

* g,-2 region ruled

out for masses
from 0.8 to 5 GeV

o 1072

10~

Phys. Rev. Lett. 130, 231801 (2023)
10~¢

26/9/2024

Fully invisible Lp -Lt

1071 |

-
Belle Il, 0.276 fb~* L

|
b

M, [GeV/c?]

- Belle Il [Ldt = 79.7 fo~%, 90% CL UL ;

[ — 7 =0 Expected =10 Expected +20
- [2=0.1Mz

o 1 2 3 a4 5 7 8



Paper in preparation

v/&d,: power of Belle + Belle |

e Standard candle in the SM A v
* Tree-level only + no theory unc. W

S

b c
* LHCb leads the way: v=(63.8i3.6)°B_O vV, Npv B

 LHCB-CONF-2022-003 p

26/9/2024 TAPP
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https://cds.cern.ch/record/2838029
https://link.springer.com/article/10.1007/JHEP02(2022)063
https://arxiv.org/abs/2306.02940
https://arxiv.org/abs/2308.05048

Paper accepted by JHEP

v/&d,: power of Belle + Belle |

* Standard candle in the SM A Ve -
* Tree-level only + no theory unc. WS 8

b c b
* LHCb leads the way: v=(63.8i3.6)°B_O vV, ODo B_O
e LHCB-CONF-2022-003 Y @

u

* Several Belle (711 fb™1) + Belle Il

measurements (varying sample i 02 — Belle + Belle
size) — total O(1 ab ) - il igh woree procison 2023 (preliminary)
» D-> K%hh - JHEP 02 (2022) 063 )45 | M WAvalee
* D K%K - accepted by JHEP
* D> KO% % KK - arXiv:2308.05048 i %
* + Belle-only D->Km and others 0.1
* A few ab 1 will give a good cross : y=(78.6+7.3)°
check of this SM parameter 0.05 shold 68%, 96% CL | L
0 50 100 150
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https://cds.cern.ch/record/2838029
https://link.springer.com/article/10.1007/JHEP02(2022)063
https://arxiv.org/abs/2306.02940
https://arxiv.org/abs/2308.05048

Phys. Rev. D 109, 012001 (2024) and Phys. Rev. Lett. 131, 111803 (2023)

B—>Km isospin sum rule

* Relates these various penguin modes to give a null test of the SM
with O(1%) SM precision — PRD 59, 113002 (1999)

B(K°n™*) 1o B(K*w°%) 7po Yy B(K7?)
B(K+tn—) g+ B(K+n—) g+ K B(K+m—)

e All inputs measured at Belle Il including ‘no vertex’ time-dependent
CP asymmetry for B> K°nt® — 362 fb! sample

Ixr = Ag+n- + Agor+ — 2AK+70
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.113002
https://doi.org/10.1103/PhysRevD.109.012001
https://link.aps.org/doi/10.1103/PhysRevLett.131.111803

Belle Il paper in preparation and PRL 131, 111803 (2023)

B—>Km isospin sum rule

* Relates these various penguin modes to give a null test of the SM
with O(1%) SM precision — PRD 59, 113002 (1999

B(KO?T+) TRO

M. Dorigo’s talk — WG5

Ixr = Ag+r- + Agor+ -

B(K+n~) T+
. . . { ’ H
e All inputs measured at Belle Il including ‘no vertex’ time-dependent
CP asymmetry for B> K°nt® — 362 fb! sample 10F e qorn Bl
260f _ —o
400 |- Belle Il (Preliminary) ——— B*=K*m®+c.c. j B = (142 i 0.4 i 09) X 10—6 ?)503 Y B, (q=-1):J_,...
L dt =362 fb~? . Bt-ntn®+c.c. 0 . . %405_ 3
wf B = K0 mm e orge 1 efficiency syet P
200 g 202
Ago = —0.01+ 0.12 + 0.05 LB KOm? Ty
o Combination of time-dependent aE?U-g: t
25 ] and time-integrated analyses Emsm
-2'30 3 -02  -01 0.0 0.1 0.2 0.3 _ 6 4 2 0 2 4 6
| AE [GeV] | TAPP At [ps] 71



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.113002
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.111803

Belle Il paper in preparation and arXiv:2305.07555 (accepted PRL)

B—>Km isospin sum rule

* Relates these various penguin modes to give a null test of the SM
with O(1%) SM precision — PRD 59, 113002 (1999)

I..=(-3+13+5)%

Agrees with SM. Competitive with WA: (=13 £11)%.

«

J-Ldt=3-62 1 T l | L\ _0 . 7 8"~ 3
arge n° efficiency syst. o 40|

+ + BB background o F

300 B 9 K TCO — Ccntinufm background _-‘95 30
o o

200 Cﬁszog
10}
ool Apo=-0.01+0.12 £ 0.05 o
. . . _ %05_

) bt Comblr?atlo.n of time-dependent e
25 — and time-integrated analyses Fos|

3
]
&
!
o
o
o
~
o

-0.3 —6.2 —Cli.l 0.0 071 0.2 0.3
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.113002
https://arxiv.org/abs/2305.07555

R(D*)
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Ay* = 1.0 contours

| Bellell i
— Belle® -
I ® * b .
L | LHCb .
~ World Average -
— 4 HFLAV SM Prediction R(D) =0.357 £0.029,,,, =
- R(D) = 0.298 + 0.004 R(D*) =0.284 £0.012,,, -
~ R(D*) = 0.254 +0.005 p=-0.37 -
_ P(y2) = 33% -

0.2
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4) Lepton flavour/universality violation

and rare decays
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arXiv:2311.07248 [hep-ex]

Measurement of R(X) : \ N,
{ ]

BF(B_)XTV) Bo «i Y (48) > BDI i

* Inclusive ratio R(X) =

BF (B—X1v) . ; »\
* A complementary alternative to . \
R(D1) Do’ { \

* Hadronic-tagging method with a
189 fb~1 Belle Il sample
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https://arxiv.org/abs/2311.07248

arXiv:2311.07248 [hep-ex]

Measurement of R(X)
* Inclusive ratio R(X) = I:;((l;:);:)) .

A complementary alternative to
R(D(*))

* Hadronic-tagging method with a
189 fb~1 Belle Il sample

* Use missing-mass squared and

JLdt=189b~!

R X[r— e
B Xev

[ e: Background
B ¢ Continuum

16F ..
lepton momentum to isolate - 5 ot unc
12: Mz €(6,8] Em:,a

signal above B—>Xlv background

* Background templates
calibrated to control samples
and sidebands

2 X e

NON
[ ]l o)
‘:D'S T LB I’ T

Residuals 103 events per bin
8]
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https://arxiv.org/abs/2311.07248

arXiv:2311.07248 [hep-ex]

Measurement of R(X)

. . BF(B—>Xtv
* Inclusive ratio R(X) = ( )
BF(B—Xlv)
e A complementary alternative to

. R(X)=0.228+0.016 (stat) +0. 036 (syst)

Systematics dominated by control sample reweighting procedures
y First at B factories
Agrees with SM prediction and the WA R(D™) values

STTe Al Ml Sh e gF HP R"
* Background templates z L fect
calibrated to control samples v = "E_ h_ L_ g l__
and sidebands §g;§;,_.
IE'E'DJGM;D;M: AP b : —— .' . :mc',u;m_; ......
O _~Or=W© - e
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https://arxiv.org/abs/2311.07248

arXiv:2311.14647 [hep-ex]

B* —» K*vv: Background validation example

* An example of a difficult background is
charmless B* - K*tK K}, where
K mesons escape detection

* has an order of magnitude larger BF than
signal


https://arxiv.org/abs/2311.14647

arXiv:2311.14647 [hep-ex]

sPlot weights/(1 GeV?/¢c*)

Pull

B* —» K*vv: Background validation example

50

140 F

Belle IT preliminary B B'—K*'K)K]
[ Ldt=362fb" } Data
7277 MO stat. unc.

26/9/2024

Mok |GeV /c 3]

* An example of a difficult background is
charmless Bt - KTKP K}, where

K mesons escape detection

* has an order of magnitude larger BF than
signal

» Dedicated studies BT - KTKJKJ show
good modelling

e generous systematics assigned

e Similar studies for BY—» K™ nn, BT —
K*KPK{
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https://arxiv.org/abs/2311.14647

arXiv:2311.14647 [hep-ex]

B+ — K*vv: Systematic uncertainties

Source Correction Uncertainty Uncertainty Impact on o,
type size

Normalization of BB background i Global, 2 NP 50% 0.88
Normalization of continuum background — Global, 5 NP 50% 0.10
Leading B-decays branching fractions — Shape, 5 NP 0(1%) 0.22
5 fraction for Bt —» KTK K} q° dependent O(100%) Shape, 1 NP 20% 0.49
p-wave component for BT - KTK{K} q° dependent O(100%) Shape, 1 NP 30% 0.02
Branching fraction for B — D**/ — Shape, 1 NP 50% 0.42
Branching fraction for B" — nnK™ q° dependent O(100%) Shape, 1 NP 100% 0.20
Branching fraction for D — Ky X +30% Shape, 1 NP 10% 0.14
Continuum background modeling, BDT. Multivariate O(10%) Shape, 1 NP 100% of correction 0.01
Integrated luminosity Global, 1 NP 1% < 0.01
Number of BB — Global, 1 NP 1.5% 0.02
Off-resonance sample normalization = Global, 1 NP 5% 0.05
Track finding efficiency — Shape, 1 NP 0.3% 0.20
Signal kaon PID p, 0 dependent O(10 — 100%)  Shape, 7 NP O(1%) 0.07
Photon energy scale — Shape, 1 NP 0.5% 0.08
Hadronic energy scale —-10% Shape, 1 NP 10% 0.36
K7 efficiency in ECL -17% Shape, 1 NP 8% 0.21
Signal SM form factors q° dependent O(1%) Shape, 3 NP O(1%) 0.02
Global signal efficiency — Global, 1 NP 3% 0.03
MC statistics — Shape, 156 NP 0O(1%) 0.52

26/9/2024
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https://arxiv.org/abs/2311.14647

Post-fit
distributions

Upper: full fit region

Lower: most sensitive
region

arXiv:2311.14647 [hep-ex]
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e Multiple checks of the angTAyses stability, including tests dividing data into approximately
equal sub-samples. Reported here as measured branching fraction divided by SM

expectation, ,u=B/BSM.

e Control measurement of B* —»m*K’ decay
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