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elementary
fermions & bosons

The Standard Model ...

= the SM is the most successful theory that describes elementary
particles and interactions

® the elementary fermions and bosons have been observed (some
indirectly) and their properties have been measured

® the quark model predicts the vast majority of observed bound
states, mesons and baryons

® |nteractions between mesons, baryons and leptons are predicted
with a precision of 6(1%)

® hundreds of observables (branching ratios, CP violation
parameters, asymmetries, ...) are measured to be consi
with the theory predictions — within the theoretical and t
experimental uncertainty

SU(4) multiplets of
pbseudoscalar
mesons
and baryons
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physics beyond t

... and Its open questions (New Physics) is like

= put still we have (big) open questions coming from observations unexplained by

® No explanation of the size of the observed matter-antimatter asymmetry = &
effect O(100%)] A,mfff“

® Nno dark matter candidate nor dark energy explanation
95% of the universe is unknown]

" Seems to
be a big
=\ | Rdifference ;

® Nno explanation of masses hierarchy, ...

= and tensions between measurements and SM predictions that need

ne SM

v MKITER

y tO exist

the SM

5
<

~é \?

<)

progress in either theory or experiment (or both) to be interpreted

L I

- % e LHCbdata © v ata
® (9_2)|~J = Belle data @N1S dat:
0.5 . ;

® tensions come & go...

not confirmed :(
e ... anomalies in angular .

observables in b—sf0
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Hunting for New Physics

= Belle Il belongs to the Intensity
searched in:

® very high-precision measurements to detect (tiny)
deviations from SM predictions produced by virtual

New Physics particles

e SM-forbidden processes enab

-rontier, New

virtual NP particles in box / loops / ...

= probes NP mass scale higher than the one accessed

ed by the presence of

Physics IS

Neutrino Phys

roton Decay

at the Energy Frontier, e.g. 6(10 TeV) in b—s££ The Intensity

= what is needed at the intensity frontier?

® a/arger dataset to minimise statistical uncertainty

® Kkeep systematics under control

Bormio 23
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B-Factories

KEKB & P

—Pll, now SuperKEKB

Selle BABAR Belle ||

06/1999 — 06/2010 10/1999 — 04/2008 03/2019 —

= significantly contributed to the SM success

The Physics of the B-Factories

= Mmain Process: ete~ = pooste) Y (4S) — BB sy ey R sl

® B mesons are produced in an entangled state: use the
iInformations on the flavour/CP-state of other B decaying in the

signal channel

= not only B

B events are p

and low-m

ultiplicity physics program!

= Belle & BABAR, have collected together 1.5/ab

e 1./7x109

® the majority of existing measurements are (still) limited

3

83, 2x109 cC, 1.4x10° T+1- events

by the statistical uncertainty

Bormio 23
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Btag 10 add

‘oduced — rich charm, T, quarkonium,

Belle Il'is a 29 genera

that’ll collect
to significant

/’l !\ hundred of microns ¥

olete-— bb) = 1.1 nb

O

(

olete-— ¢cC) = 1.3 nb
(
(

ete~— T+77) = 0.9 nNb

olete-— uds) = 2.1 nb

a much

V Increase the precision!

lon experiment

arger” dataset

* Belle Il goal is 50/ab = x30 (Belle + BABAR datasets) 6


https://link.springer.com/article/10.1140/epjc/s10052-014-3026-9

Belle || detector
|i"-r (ron ring ‘ e Isukuba
' = - T ~_

SuperKEKB

HIgN-Luminosity B-ractory

= SUperKEKB is a 2nd generation asymmetric ete- collider
at the Y(4S) mass energy

= Jarget instantaneous luminosity is & = 6x103° cm=s~1 (x30 w.r.t. KEKB/Belle) )

e Max Instantaneous luminosity & = 4.7x1034 cm—2s-1 (world record)

beam beam-beam
= Achievable in the nano-beam scheme™ Lorentz current parameter
factor \ /
® |ncrease beam currents \ / \I geometrical
| | | ] — /s 1 4 O-y igyi —— reduction
® sgueeze beams at the interaction point Y B, R factors
e \ x ) Fy+
e reduced beam energy asymmetry p |
beam aspect vertical beta-function
ratio at the IP 1t the |P

Bormio 23 * proposed by P. Raimondi for SuperB Belle || 7



o higher background rates (6(10-100))
» detector occupancy, radiation damage,
Su perKE KB fake hits, pile-up noise in the calorimeter

® higher event rate
ngh LumlﬂOSF[y - _aCJ[Ory » higher trigger rate, DAQ, computing

e X30 produced signal events

= SuperKEKB is a 2nd generation asymmeetric ete- collider o machine instabilities
at the Y(4S) mass energy

e greatly improved constraint for
decay chain vertex fitting

— 6x10% cm-2s-1 (x30 wir.t. KEKB/Belle)

= [arget Instantaneous luminosity is &

e Max Instantaneous luminosity & # 4.7x1034 cm—=2s-1 (W

beam beam-beam
= Achievable in the nano-beam sCheme™ Lorentz current parameter
factor \ /
® |ncrease beam currents \ ( « \I geometrical
: : . I = )/i 1 : O-y igyi —— reduction
® sgueeze beams at the interaction point Y B, R factors
e \ x ) Fy+
e reduced beam energy asymmetry p |
e reduced vertex separation, At resolution beam aspect vertical beta-function
e increased detector hermeticity ratio at the IP at the IP

Bormio 23 * proposed by P. Raimondi for SuperB Belle 1l 8
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S-Factory

Belle Il

experiment @ Su
HIgN-Luminosity

= multi-purpose detector designed to
reconstruct all* particles from the ete-
collision

= excellent vertexing

= high-efficiency detection of neutrals
(V’ _[O’ n’ f]’, )

= high trigger efficiency, including for low-
multiplicity events

= reconstruction performance at least as
good as Belle & BABAR

Bormio 23 * particles that interact with the detector

Super-Gonducting Solenoid
1.5 T B-field

K. & p Detector |
Resistive Plate Gounter\>
(barrel outer layers),
Scintillator + WLSF + MPPC
(end-caps, inner 2 barrel layers)
€/e

EM Galorimeter
Csl(Tl), wavetform sampling
electronics (barrel)

Vertex Detector

PXD: 2 layers DEPFET pixels
SVD: 4 layers double sided Si
strips detector (DSSD)

/.1m

Central Drift Chamber
He(50%): CoHs(50%), smaller cell size,
long lever arm, fast electronics

Particle Identification

Time-of-Propagation counter (oarrel),  Final Focus System
Proximity focusing Aerogel Cherenkov  set of superconducting

Ring Imaging detector (forward) magnets very close to the IP

Trigger
hardware < 30 kHz
software < 10 kHz

Selie | TDR
Belle Il 9



https://arxiv.org/abs/1011.0352
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A Candidate Hadronic Event A Typical Y(4S) Event

= average multiplicities:
1 charged tracks

150

Exp 7 ¢
Run 920

A

Evi 279103 ® 5 neutral pions

2019 03 25 o
(low backgrounds!) 1 neutral kaon

= s0ft charged tracks momentum
Spectrum

'—ll]Illl]ll]lllllll]lllll-

g 0165/ N\ Y(S) simulated evencs :

% A AT o(6%)  —uE%) -

g A —plw O

0.08 NN\ NN ——;

NOTE: the DAQ is not synchronous to the bunch crossing (150+250 MHz) il A N N E
0 [T T TN T (NN N TN NN M NN SN N B e T—r——

— reconstruction is not as easy as it may look! 0 0.5 1 15 2 2.5
Bormio 23 Belle Il p[Gevic] 10



Current Dataset ...

e ? data-taking period per year

= (Collected data

Bormio 23

e 362/fb at Y(4S)*
o 42/fb off-resonance, 60 MeV below Y(4S)

® 19/fb energy scan between 10.6 to 10.8
GeV for exotic hadron studies

-Irst data recorded in 2019

L (fbo-") Belle BABAR total
Y (5S) 121 - 121
Y (4S) 711 433 1144
Y(3S5) 3 30 33
Y (2S5) 25 14 39
Y(1S5) 6 - 6
off-res 100 54 154

Belle Il Online luminosity

0.0 -

*

Belle Il

U tegrated lUminosity
. Recorded Weekly

results shown today using only ~1/2 of the dataset:

Q)

R R R
Sl

Date

Exp: 7-26 - All runs
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Total integrated luminosity [fb™!]

0.27 of the Belle & 0.44 of the BABAR Y(4S) datasets 1



... and road to 50/ab

= [ong Shutdown 1 (LS1)

— 10
& % ® NOW
E 5| g
o 0 e end 2022 - 2023
S @
< 6 = ® maintenance/upgrade of
> % machine & sub-detectors
8 4| >
E @ = Long Shutdown 2 (LS2)
<
O 2 = ® to be confirmed
X O
§ " = ® 2026 - 2027
2019 _
e ypgrade of the SuperKEKB
we are here: nteraction Regior
° Sfint — 424/fb

e Lpeak = 4.7x1034 cm—2s-1
Bormio 23 Belle Il 12



14161 N

A E

Egg Omelet

&L / Ardo)

¥ 98 [+# /+Tax] n

CHBt
Squid Tentacles
GG / ©Rojute)

¥ 98 [+# /+Tax] n

1ysns

BY—
Fresh Salmon
HRpREE / Aol

¥158 s

R UTA
Fresh Octopus

BEws /8T

¥ 158 s 3

AABD
Flatfish Edge
sy / oA =ev)

¥158 .ui B

Overview Of the
Physics Program

and Its rich menu

RIEHY-~Xy o LeHY~EY
Salmon Shabu Shabu Style

W=t E] [/ ARRALE A9

¥ 158 .o KB

0%

Young Green Onion
B /R

¥ 158 [+ /+Tax]

Broiled Fatty Salmon

KFZ I /8 g o]

¥ 158 [+B/+Tax] n

e h
Squid
GRS / 200

¥ 128 e

N2HF
Amberjack
Lo /8ol

¥ ].58 (+B/+Tax] m

+235%%

Fresh Bluefin Tuna
gnehagtan

Gizzard Shad

/ Bohgo] 237

| &34
Mackerel

Biski7em / L5128

¥ 198 [+8 /+Tax] m ¥ 198 [+B/+Tax] m

¥ ].98 [+# /+Tax] m

ASL

Horse Mackerel

¥ 198 .0 [0

Aaig % 75

Boiled Shrimp

HABE /AN S-

¥ ].98 [+ /+Tax]

Red Snapper

¥ 198 ien [

B XX RE
Sea Eel
28§ / 53

¥ 198 1xn ¥ 198 o [B

I RERURRIS R o TEbET KR AR IRANE D 28 60 T ¥ Ed . 7 Price excluding tax. Ment.may vary due. to weather/unforeseen. situations:
RS R NS RECR T SRMEOE i o7 MRS 3 A AP A GG T A G S SL AR o) e TS Sl R E R L9 Al S ek

Bormio 23 Belle Il



a SNapsnot

= Belle Il is (going to) contribute in

many Sectors
e Standard Model
e Dark Sector (AL

... With many types of analyses:

® (many sort of) searches

® time-dependent

® Mmissing energy and missing mass

e on the Dalitz Plot (multi-body)

Bormio 23

The Physics Program

< gluon
New hadron states Zb's, b bDATH

e A
New (_,h'),.n;r'

Physics, C
s, /’, Dark Higgs)
e |FU, LFV, EDM, ...

Spin F ,‘,Rn'mﬂ'

Bs Physie.

Ud'k Hi;g(,

. YOS
Heavy tau neutri
)
'b\‘.L'I - .n
d? S ) .

. -l .
LLPs (Long L 3%

(LB
Lepton Flavor Violatior Az

SINA2 the,

A FBl(tau. n

12
improvey.

Belle Il

Magnetic 2

N
R\
RN . 0‘7

o
A "r“"t

N
» "'I‘_
Tau Exl-(Lr.(_(—}_l)E‘\ ~\"

W, e+, b ¢

W
AL

mixing
wal
\

Charm Lifetimes

— Fractions
v ""rnr -
MO

N ‘1,,,'.,}’ Vi

A
|i(,'r) (r':.lt d" <

Time De
Belle Il Data

Ol r.." -
.'r\j-l‘;g‘f' ——

»KI*) nu nubar

‘ adiative pengums
* .'1:‘7""‘(‘ anc raCiaiive ! P b

1 S\ aoe ol
R anded currents, triple pro

Belle Il Physics Book, PTEP 2019 123C01



https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.06307

a SNapPSNOot

= Bel
ma

e |l is (goi

Ny SEeClors

e Standard M

e Dark Sector

e |FU, LFV, E

= ... with many

® (many sort «

® {ime-depent

® Mmissing ene

The Physics Program

«ﬁ;ﬂ

U
Ps /, o Qv“‘,
Use

| will show some recent highlight.

There are 2 dedicated talks later today & tomorrow

® 'Bottomonium Physics at Belle II’
A. BOSCHETTI, VWEDNESDAY 1 /7:30

® "Prospects for searches for a stable double strange

hexaquark at Belle II"

DR. B. SCAVINO, THURSDAY 18:00

e on the Dalitz Plot (multi-body)

Bormio 23

o E_\e('“

Belle Il

Belle Il Physics Book, PTEP 2019 123C01

'Vub\

isuremen ts

||:0’- a N ' Y Imed
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https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.06307
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T : Full Event Interpretation (FEI)
machine-learning [Comput Softw Big Sci 3, 6 (2019)]

based tools Flavour Tagger (FT)
for B-physics [Eur. Phys. J. C 82, 2083 (2022)

= tag-side Exclusive Reconstruction (FEI):

o for weak signature signals, e.g. B+— t+v

1 \ / e e hadronic tag: € = 6(0.5%), less background
L, “““““““ | |
i‘ o f e semileptonic tag: € = 6(2%), more background

./ = tag-side Inclusive Reconstruction (+ FT):

e (7 GeV) ot (4 GeV) e for stronger signature signals

T ———— e ignore details, measure inclusive observables
Py =028 | _— e higher efficiency but more background

I\ v effective offline B meson beam

/4 I v high-efficiency flavour/CP tagging

v high performances in channels with missing energy

Bormio 23 Belle I 17


https://doi.org/10.1007/s41781-019-0021-8
https://link.springer.com/content/pdf/10.1140/epjc/s10052-022-10180-9

BB Physics

a very rich program overconstraining the UT is a

very powerful test of the SM

1.5IlTTIY1]TITIIT°'IIITT]TT1TTTTTY

™ excluded area has CL > 0.95 ‘% :
V% i 0 % ]
= B mixing & searches for new sources of CPV 1o S M 5 am,
o , , tsm2¢ : ]
= non-SM probes from radiative & (semi)-leptonic decays o5l ]
T h Amy A

= tests of LFU, e.g. R(Xen), — oo
. . . R A ]
= measurements of CKM Unitary Triangle sides & angles L o | Y , i
p O 2 -
-0.5 - ' -
VUd Vus Vub B — i, PP, PTT - i
B — Xlv ] : €
VekMm = | Ved Ves Ve T %%’ AY &
‘/td ‘/ts ‘/tb vud ‘/u; ‘{d Vtvlj - Spring 21 (excl. a1 CL > 0 ébfl 1
V.V, V. V(b 1.5 IR BT AT AP A AT AT AT AP
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

VdVub T VeaVebt ViaVip = 0

B-/+ — D(MK(*)-/+

Bormio 23 Belle Il 18



0 —> ]/l//KS B v 5 Belle I

b
Sln 2 ﬁ/¢1 d ’ - | At ~ Az/fyc

raw _ N(B—O_)fC'P)_N(BO_)fC’P) o .
3@ m|><|ﬂg phage A" (At) = N(BY s fop) 7 N(BY S fop) (At) = qu cos(AmdAt)+Scp\sm(AmdAt)

direct CP asymmetry mixing-induced CP asymmetry

————

= SM measurement, but important analysis to refine all our tools for future measurement
sensitive to NP (e.g. B9 = Ks Ks Ks): we are ready! 250 e 11 (Preliminary)

m ' — -1 0
e 1st generation B-factories golden channel for SM mixing g 200 J L dt=190b ¢ Btag

. . s |
= At resolution function & flavour tagger parameters from other < 150y
analyses 2 ool
5 :

e flavour tagger effective efficiency: E

(V)

er=¢€ (1 —2w)* = (300+ 1.2+04)% ©

Signal yield: 2774 + 55 —N. /N
103 | Belle 11 (Preliminary) — Total fit shape lag
JLde=190107t N\ e B~ J/yK? @ = dilution factor

B Background

Asymmetry

'—I
o
N

WA (Ks mode only)

Scp = 0.695+0.019
Acp = 0.000x0.020

[
o
—

Candidates / (0.005 GeV)

Scp= 0.720 + 0.062 (stat.) + 0.016 (syst.) |
o +0. |
~0.10 —0.05 0.00 0.05 0.10 0.15 jACP — 009L4 + 0044 (stat.) ’ OZ-1(?017 (SySt-)

Bormio 23 AE [GeV] Belle Il 19




. . D
rest-of-event informations -( [ >
used to compute g2 Belle IT

|V.,5| from untagged B’ > 7r_£+ue

CKM Elements [Vub| & |Vcb|
SM tests

Differential rate in terms of q2 = (py + p,,)2
d'(B° - n=¢*v)  Gf

= main limiting factors to the UT
constraining power

VARVANIACR]E

dg? 2473

= are important inputs in predictions of SM rates for ultra Belle Il Preliminary
rare decays, e.g. B = pv, K = rv (that may have NP e Srdtnism
contributions) ~ | — o -
S 10| — 20 4
. . St — 3 i
= extracted from semileptonic decays: = o + Data -
* (signal) exclusive by passeenanasnnesnanss: BINE LA :
— : Exclusive |vd)| ";fl"fc'i(‘j:, o —E ||: I i
- V b. B — hfl/ with h =7, P, W 9445— IV V.| ) :VTIAB;L“’ 3 OT 0417 __
. 1 p = 4‘21:-HFLAVA rage + E %02__ i
- Veb: B —>D(S) 2% 33 F / - ° [ arXiv:2210.04224 :

3.6 3 = K L L1 L1 L L L

| . | 34F . | E 0.0 ; 10 15 T 35
e (signal) inclusive B - X, v, 32t 9 [GeV?]
’ 3F m-:

285 e o |V, | =3.54%£0.12+0.15+0.16) - 107>

36 38 40 42 44_
Bormio 23 [Vl [107] consistent with the exclusive determination 20
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Belle II

B9 — 10 0 Branching Ratio & Acp (to be submitted to PRD)

mportant channel for the measurement of the CKM angle a/d2

= The most experimentally difficult Tt mode
® shows that we can do all-neutrals final states

= gsignal yields extracted with a 3D fit to Mpe, AE and the continuum-suppression BDT output
e use B = DO(K+m¥) mO as control channel
e B flavour extract with flavour tagger, €tag = (30.0+1.2+0.4)% Results:

Acp=0.14 £0.46 £ 0.07

< - %' 60 ‘ Belle Il (Preliminary) :_Er)gtt; N 50 - Belle Il (Preliminary) :_?:tt; "
: ol | | | ol fua-pmen £ | g offrasmen = % =(127%025+0.17)- 107
N 25 L S 40} [ 2 30b | el = Yesd = U
S ol Jp 3 P S ol WA: Acp = 0.33+0.22, BR = (1.59+0.26)10-6
2 10 [ Belle Il Preliminary) g S SN S :
2 5E [Lat=180901" s 10F.. .t 10} . :
8 splraewoon’ o N &R el | iy = close to Belle precision with

8.26 5265 5.27 5275 528 5.285 52.29 -0.3 -0.2 -0.1 0 0.1 0.2 -3 -2 -1 0 1 2 3
L My [Gevic] + AEfGeV] T. only ~1/4 of the dataset!
§§ oE_—*--*—--i--;--i--t--*"-«---*---*---;---c--+--¢---;--+--;---;--%---c-- gg o;:#--dr--#---f---t--q. ------ +--;---*---;--+--*---;—--+--¢--;---¢--+--+~ gg 0E_‘-*-b--k-*'*"'t“"“'é'*"*‘#'*’;";‘;“"t"&'*"s'i'x'l"L"*"“

M. = \/S/4 . ( *6)2 AFE = E* — E* continuum SUppI’GSSiOﬂ output ACP N 014 - 036 - 010 _6
be p B “beam (another B-tool) B =(131%x0.19+0.19)- 10

Bormio 23 Belle Il
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Test LFU In B decays with rx,,)

using the Full BEvent Interpretation (FEI)

= First ever inclusive measurement of R(X , ), with hadronic tagging of the Biag & pz> 1.3 GeV/c

elu’’
® precise knowledge of the Btag kinematics allows to inclusively reconstruct Bsig

= signal yields are extracted with a template fit to the center-of-mass lepton momentum

e continuum background constrained with off-res data
® rest is contained from bkg-enriched regions in data

= Most precise BF-based LFU

Belle 11 Preliminary [ Cdt =189.9M"

. Ny . test with semileptonic B decays
g .lill;f.'l(‘k'l'nlllul R(X ) - X% EXH'V Wlth p y
/ g e/u € : :
= Contivuun ?zu;at’;jv ) ® main systematic due to lept-ID
_; 3 c-:(ll;n('kgmmul _ Sel EBtag Btag
= Coninuun €Xtv = N BR(BoXEV) ® can be extended to lower pg
= ¢ Data .
= [This measurement enables the
(Xe/”)Pe>1-3G9V — 1.033 + 0.0105at + 0. 0205Yst measurement of R(X /L”)

S .11,,.; in agreement with SM: 1.006+0.001 (K.Vos, M. Rahimi) arXiv/2301.08266
Bormio 23 p; /| GeV Belle Il N Progress 22



https://arxiv.org/abs/2301.08266

\ ’ ‘ ’ > < v Belle II
+ —} + W~ W+ W7
h —» B [ S h —» > > g [0.93<BDT,<0.950.95<BDT,<0.97: 097 BDT 099 0.99<BDT, |

nteresting flavour changing neutral current process

= FCNC potential

contributing bo

h In the box and In the penguin diagrams

D
7 : PRL 127, 181802 (2021) Ll Al

|
U C u.c.t ~ i
w,c,t 0y : B lle II

. : [£dt=(63+9) b
I : :
I

B B K
1 Neutral B |
B Charged B |

B Continuum _
¢ Data

y sensitive to non-SM contributions via new particles

scaled by 2

¢ Oﬂ|y one V\/I|SOH CO@fﬂClent Iﬂ SM (CI_SM) : Whlle CI_ and CR prObe I\I3 %05 2.0 2.43.50.52.0 2.43.50.52.0 2.43.50.52.0 24 3.5

pr(K™) [GeV /c]

= Previous measurements at Belle & BABAR were based on exclusive reconstruction of
the second B meson — new approach at Belle Il with the inclusive reconstruction

e much higher reconstruction efficiency with respect to the ﬁV?fage
exclusive reconstruction 1 B " Belle II (63 b, Inclusive)
. but higher backgrounds — suppressed with BDT classifiers | |« 13)63})191(13)}1(1511()11 SL)
that identify the distinctive characteristics of the signal i . Belle (711 fi!, Had)
» . i Babar (429 fb-!, Had+SL
= Competitive performance already with a small data sample! THE IR ol ot e
0 2 4 6 8 10
e Belle Il'is more than “redoing” Belle & BABAR measurements 10° x Br(BT—=K * v)

Bormio 23
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802

(Some) Prospects for B physics

Vo with BY — #t¢7 1,

current
status

—&— tagged + current LQCD
—M - untagged + current LQCD
—@— tagged + LQCD in 5 yrs
=M - untagged + LQCD in 5 yrs
—@— tagged + LQCD in 10 yrs
=M - untagged + LQCD in 10 yrs

X 4
E —e
5 3
_____________________________________ .
\
2 \\.“‘1
v W oIt _
I-—-—. _________________________
____________ .
1_.
MC
0 - ' ' '
0 10 20 30 40 %0

= factional uncertainties below 3%

are expected
= will double the g

exclusive |Vub|, a
improvements in

= Wwith advances In

do even better
Bormio 23

obal precision
SO In absence of
theoretical inputs

_QCD we can

0 0.0
Acp (B — n'’r")
0.5 — — World average
Belle I1
0.4
2
= |
= _
T 031
O |
&) '
= i
=
G 0.2F
h :
O.ljk
I RS RS S RS ST
0 10 20 30 40

= fundamental channel for the a/¢2 = uncertainties on
determination, unique to Belle Il

Integrated Luminosity [ab™?]

= can Improve by one order of

magnituc

e, as the main

systemat

efficiency) scales with statistics

ic (10 reconstruction

Belle Il

50

Total uncertainty [%]

RPN A o ®

snowmass White Paper

semitauonic R

X) (had FEI, lep 7)
7) (had FEI)
) (had FEI, lep 7)

D
D) (SL FEI, lep 7)
D*) (had FEI, lep 7)
D

D

R
R
R
R
R

*) (SL FEI, lep 7)
*) (had FEI, had 7)

(
(
(
(
(
(
(

2y

Data sample in ab ™’

R(D™) should be

under 10% with 1

‘ew ab

= nclusive R(X) measurements

g

unigue for Belle

nerformance with

0OoSssIble additiona
D* and T polarization

| will be
Nigh accuracy

observables:
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https://arxiv.org/abs/2207.06307
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a brief picture

= ete- = two charm hadrons + fragmentation

® No entanglement
Inaccessible stron

nadrons

= reconstruct the signal channel.

netween the two charm hadrons,
g phase between the two charm

A Charm Event is Different <« <« DusXiugDss

—0 Average DO multiplicity* is 0.446 + 0.032
(CU) - X Average D" multiplicity* is 0.177 + 0.022

€
Lab frame

e DO flavour tagging: D*+ — DO+ decays, or exploiting the rest-of-the-event informations

mixing & G

P\ high-precision SM (e.q. lifetimes),

(new for Belle II, coming soon!)

searches of new states, D = Vy, ...

= Full Charm Event Reconstruction, similar to

S-physics exclusive reconstruction

® |nclusive charm mesons & baryons samples to study (semi-)leptonic decays (missing energy), or to

search of rare/forbidden decays, form factors & CKM elements

invisible, ...

Bormio 23

Belle Il * per ete- annihilation at \/s =10 GeV 26



Charm Lifetimes

status & motivation

= [ifetimes measurements test non-perturbative QCD and provide guidance to describe
strong interactions

e HQE used to determine heavy-quark hadron lifetimes as expansion in 1/mq but the charm
mass Is not so heavy — the spectator quark contribution can’t be neglected

= HQE predicted hierarchy of hadron lifetimes (<2018), disproved by LHCb Q)¢ lifetime
measurement™;

= Belle Il confirmed the new picture
o (/)& () lifetime measurement (200/1b)

(ED) > 1(A)) > T(E(C)) >

e (DO)& ( D+ lifetime measurement (72/1b)

= Interest in improving the precision on these SM measurements

PRL. 121, 092003 (2018)
Bormio 23 Belle If * (e = pKKM from semileptonic B decays 27



https://link.aps.org/doi/10.1103/PhysRevLett.121.092003

e oy At | g PRL 127 211801 (2021)~
i | C ;§ 416 E
Results - socle d D7 5o
& B 412 & = = s —
- . o & 3 2 IR
= World's most precise measurements = > " FO T -
406 —
of the N\c (~200/fb), D° and D+ i ) 04k é :
ifetimes (72/fb) s 73 w02 -
L , , | 400 -
= Lifetimes consistent with vvgrld T R e
averages (D9, D+, /\¢c) and with LHCDb Year Vear
value (Qo). s ] BT T
o o X S | & F DT :
= First lifetime measurements done at c g Z5 | 27 PRL 127 211801 (2021) -
x E ' | accepted by PRD 2| Q050F |o -
experiments at B-Factories T [ arXiv2o08.08573 . 050 4 ) _
* Belle Il can do more than what £ | 1040 - . § S
= ! B -
Belle & BABAR have done g | i i T -
5 | 1030 F O =t
= Few per-mill accuracy establishes RN ; 1020}~ 3
the excellent performance of our R E = o1oF E
detector! M T e T T B
1990 2000 2010 2020 2000 2010 2020

Bormio 23 Belle Il Year Vel


https://arxiv.org/abs/2208.08573
https://arxiv.org/abs/2206.15227
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.211801

Prospects on Charm

pased on extrapolations from Belle analysis

= Charm is unigue to search for CPV in the
up-type quark sector

e O |s the only mixing system made of up-type
guarks

= Measurement of Acp In several channels are
needed to overcome difficulties in the
computation of SM predictions

® ¢.g. use sum rules, estimating SU(3)F symmetry
breaking effects (need Acp and BR of SU(3)F—
connected channels)

= Belle Il contribution will be important especially
on neutrals in the final state

® first measurements will be out soon!

Bormio 23

CPV N(D) ~ N(D)
CP — =
N(D) + N(D)
Mode L (fb~1) Aqsp (%) Belle II 50 ab™!
gDO — KTK~ 976 —0.32 £0.21 4+ 0.09 +0.03
DY — o 976 +0.55 £ 0.36 £ 0.09 +0.05
EDO — 7070 966 —0.03 +£0.64 +0.10 +0.09
D’ — K2 7" 966 —0.21 £0.16 £+ 0.07 +0.02
D’ - KJ K 921  —0.02+£1.53+0.02+0.17 +0.23
D% — K%n 791 +0.54 £0.51 £0.16 +0.07
DY — K2 791 +0.98 4+ 0.67 4 0.14 +0.09
DY — gxtg— 70 532 +0.43 +£1.30 +0.13
DY — Ktn—n0 281 —0.60 +5.30 +0.40
DY — Ktn—nta™ 281 —1.80 +4.40 +0.33
Dt — ¢rt 955 +0.51 £ 0.28 £ 0.05 40.04
Dt — ntq0 921 +2.314+1.24 4+0.23 +0.17
Dt — prt 791 +1.74 £1.13 £0.19 +0.14
Dt — p'n™ 791 —~0.12 +£1.12 +£0.17 +0.14
Dt —» K2nt 977 —0.36 +0.09 4 0.07 +0.02
1Dt —» KK 977 —0.25 £0.28 +0.14 +0.04
iDF - Ko7t 673 +5.45 +2.50 +0.33 +0.29
( Df - KgK* 673 +0.12 £ 0.36 +0.22 +0.05
+ +_0
'Df — K'r note: this is not a complete list
Belle Il
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Hadronic: 1v

\< = T events are classified by the of

T Physics

at bele | number of tracks in the final state:
® 1-prong: 50% from hadronic
= rich program of high-precision measurements: decays, 35% of leptonic decays
e |ifetime & mass (SM) ® 3—pr0ﬂg: 15%, from hadronic
decays
® Vs, CP asymmetries e.g. T = Ksmv
3_ —
e | FV searches & LFU tests (BE%O " Prong (B:i%%) Ii ',4”
= main advantages of studying T (and dark matter) %, 5 /
pohysics at Belle Il o T - 7/ 1-prong
» € P«
e well defined initial state energy & clean environment - s /T s
® high hermiticity of the detector & precise knowledge / _ / _
of acceptance and efficiency x | Signa X i signal
. e . . X X X X
e dedicated low-multiplicity triggers lines

Bormio 23 Belle Il 31



t —2 a (invisible)

= Neutrino-less LFV decays are sensitive probes of New

® c.g.long-lived ALPs or LFV Z'

Physics

= require 1x3 prong event topology, veto additional neutrals

16000F

14000}
~ 12000}
10000;
8000

6000}

Events / 0.01

4000}

2000}

0

Bormio 23

. Belle Il Preliminary
- [Ldt=62.8 fb” o

—+— Data

MC total uncertainty
T—€EvVV

Other

t—ea, M_ = 1.6 GeV/c®
t—ea, M_=1.2 GeV/c®
t—ea, M =0 GeV/c?

Electrons

(v does not interact with detectors

= SM background T = £2vv but lepton is mono-
energetic in the T rest frame

® T rest
N the tag side

frame approximated using the 3 tracks

= |ook for a bump in the lepton energy spectrum

Belle Il
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D

</[O

Belle II

submitted to PRL
arXiv/2212.03634

t —2 a (invisible)

results

Bt~ = o)

= No significant excess observed — set 95% CL upper limits on
Bt~ = D)

® previous measurement by ARGUS with 0.5/1b

Z. Phys. C 68 (1995) 25

35

= | Belle Il preliminary —— Observed UL = [ Belle Il preliminary —— Observed UL

> fftdt=628f6" T Expected UL > ffLat=628f" =xpecied UL

'®  osf I Expected UL = 1 std. dev. 'S, osf I Expected UL + 1 std. dev.
T . Expected UL = 2 std. dev. T . Expected UL = 2 std. dev.
v 20fF ‘e 20f

m m }
= 15} = 15¢

3 _ 3 '

o = o

t !
‘. E  sf

Q Q

: 0
0 0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?]

= most stringent limits in these channels to date
Bormio 23 Belle Il 33


https://arxiv.org/abs/2212.03634

Program for LFV searches In T decays

= Charged LFV is allowed in various extensions of the SM but it was never observed

® many channels accessible (only) at Belle Il
— 7> 040

existing limits + Belle Il reach — 7 - YK, Ah
wn [ _
2 - 0 0 0 - /
s b P o1s? v Il hh BNV - — 75 2Vy(~ hh")
o)
T 10° ® —
o 107 . . _ccces *er o, ¢ . - .« CLEO — 7> £P° (= yy)
> — o ® ° o o © —
0 L o o . . - + ATLAS /
3 | ® oo o ¢ N -— T — ’ghh
S 10%= * oo = CMS
® S . Y NE + LHCb —T—>'€y
= - . iy Yy v, * 1 v BaBar
T e, vvay v "y v |+ Bell
® 107 ,t . Vv Y o Bl
g U E, 4 N yaox b ‘ Al . - i Bellell (5ab™) :
9 :;x LY v ‘A.A. v ] J’r NG 4‘.&‘ , 1 ¢ belie (da )1:
mumman ruguununnnnssnnnnnnnnnnnnnguunnvhoanfunadanfundudaguununnnnns dunsbunnnnnnnnshanAnnnnas hussnnn Asnnwp® L\ Y=
Q_)i E ~ ta A ! ) ,XX A I Y 4a . Asa E.....B.?!I.?.!I..(.s.qua.?..).: Physics modcls B(T — u’}/) B(f — uuu)
10 I I e S A ot e * e += mCLEO ~9fb-1 - —49 —52 —53 ~56
X = mée e t o v o Yo e ¢ SM + v mixing 10 ~ 10 10 ~ 10 [1]
S: T ¢ . MR ¢ +** , T vBaBar ~500fb-1 .
: ¢ e, SM-+heavy Majorana vg
. - ] o _ Belle ~800fb- . :
0% L T Lt e o= eLHCb  ~3fb-1 Non-universal Z
TTIIT 51 ........ Bdkssssnnnnnns P .....-'.......-..-..-..-..-..-.....‘.F ............ (TS [, R * ATLAS ~20fb_1 SUSY SO(]O)
- ) mSUGRA + seesaw
10—10 A 1 N I O O .
AR RIRASSE TSRS LL LA ST 00 33 30 ke kTR EL L AT 3050 Y SUSY Higgs
V0303?0300 55 P05 530 kA AL LLLLTRAN N Rk kX KRDE S50 — . . .
I y0IOY QY 'Q,'Q'q,'q.m.qq,q 5)5 2% QR ™~ Ref: M. Blanke, et al., Charged Lepton Flavour Violation and (g — 2)u in the Littlest Higgs

Model with T-Parity: a clear Distinction from Supersymmetry, JHEP 0705, 013 (2007).
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Dark Sector
search for (light) Dark

S0soNs & Dark Mat

- light

e |nterest for models with low-mass dark matter candidates
growing after null searches @ LHC & direct searches

e theoretical models predict light mediators that couples
DM to SM particles

ete”™ — utu~7Z'( — invisible)
= The main challenge at Belle Il is to suppress the large SM
background, saving the signal
e dedicated low-multiplicity triggers

* precise knowledge of acceptance and efficiency
Bormio 23 Belle Il

(G

mediator mass ma

\0|9,
DM with masses 6(MeV-GeV) can be searched at Belle |l QQ@Q%_:}E@’_@ ______

o'/

=

N
5

vector

pseudo-scalar

fermion

Non-gravitational
interaction

heavy mediator

— DECAY INTO DM!

.

light mediator
heavy dark matter

= DECAY INTO SM PARTICLES!

dark matter mass mpm

Y
— DECAY TO SM SUPPRESSED -—-CE

Y
Y

(AS3Q) 12q424 UaqJo] 0} SHPaL)

bz courtesz of L. Corona
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Z’ — Invisibile

= | -L+ gauge boson Z’' could explain (g-2), and other
flavour anomalies

= we search for ete- = y+tu- + missing energy
e / searched in the recoll mass of the di-muon system

e high-suppression of SM backgrounds

g Belle Il Preliminary JLdt = 79.7 fb™1
= NO excess was found 5 [ eeen 0276
£ {—l /_\___’JMM
e set 90% CL limits S .
o fully invisible means .
BR(Z’ — invisible) = 1 "}1
' 10_2? 9 +lo xpecte -4~01i
e most stringent limits to AT PP TR eT T A STT IR S
~ 0 1 2 3 4 - 6 7 8
date © M5 [GeV/c?]

Bormio 23 Belle Il

Candidates / (0.5 GeV?/c?)

submitted to PRL
arXiv/2212.03066

10° ¢

Bellell [Ldt=797 fb!

El e"e"=T17T7() Preliminary

4
10 FE e'e"—»utu-y
¢ Data

-

-1
e 0 20 40 60 80

reconl [GeVZ/C4]

o Belle Il Preliminary, BF(Z' = invisible) =1 fL dt = 79.7 fb~!
10% ¢ S

E Belle Il, 0.276 fb~1

10~1 =/
k8
(g- Z)u - 20

r e WA (95% CL)
[ L o ; CCFR (95% CL) ;

-
-—
4"‘
-

-
-
-

10-3 Fully invisible

— 90% CL UL Expected 1o Expected 20 :

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

1074

M- [GeV/c?]
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https://arxiv.org/abs/2212.03066

= several world leading results:

| 124 141801, 2020) 5~
3

e /' — invisible (
NOW superseded

° AL

Dark Matter Prospects

oy 2022 result

° — VYV PRL 125 161806 (2020)

o /,AL

e dark higgs — invisible

Bormio 23

P S — TT (to be submitted to PRL)

accepted by PRL
arXiv/2207.00509

= and many other searches ongoing

e‘e" = YALP, (ALP = yy)

-3
°10 E

-
-
L L

m, [GeV/c?)
B* = K*h'’

107

-2
10 E

-4
IOE

ms [GeV]

10?
10k

L
,
“w *:ll" ‘o‘

-% : : '
10- 107 10} 10° 10° 40t

ete = yA, (A’ = inv.)

Inelastic DM

ap=01 my=20m,, A=04m,

eeee thermal tazpet (Rpud® « 0.12)

I om gy doosy bength
v G em yy decar bength

!

03

‘m‘.(ﬂcvtc‘) .
heavy QCD axion in
B* = K*a, (a = nr'm)

F[GeV']

e [helle 1 ooy pro). vescaled 1 l M
o Sepitivity of deplaced search | '
B alar e Bt resenbe] |

107+ 10 T4
m,, [GeV]
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http://arxiv.org/abs/2207.00509
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

Conclusions

= Belle Il physics program is very broad, | discussed just a small fraction of Iit!

e B, charm, T, dark matter (...) physics

= Frst results confirm the very good detector performance & status of our tools: we are
ready for the NP search!

= |nnovative analysis & reconstruction techniques (wrt 1st generation B-Factories) will push
our precision beyond the increase of luminosity

= Even witF

leading

e charm lifetimes,

Bormio 23

a data sa
easureme

ﬂ

Nple smaller than that of BABAR and Belle we produced world

m

1S

R(Xen), upper limits on Z° = invisible & T =2 q, ...

“Jhaunk Qo gcuz yourn  atleaicon.
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