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Flavour physics in searches for new
particles — two historic examples

Possibly the most prominent example: the prediction of the charm quark
based on the unexpectedly low rate of the rare kaon decay K? - u+u-

1987: ARGUS (and UA1) discovered a
large BB mixing: B9 turns into anti-BY

Large mixing rate - high top mass (in
the Standard Model)

The top quark has only been discovered
seven years later!
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ARGUS: A fully reconstructed event
where an anti-B° turns into a BY



Physics of B mesons at asymmetric B factories

Played a central role in particle physics from 2001 to 2010

Established the complex unitary Cabbibo-Kobayashi-Maskawa quark transition
matrix as the source of CP violation in SM
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CP violation in B system: from the discovery & 2o BO tag
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Constraints from measurements of angles and sides of the unitarity triangle
- Remarkable agreement

- Nobel prize for Kobayashi and Maskawa



B factories: a success story

Measurements of CKM matrix elements and angles of the unitarity
triangle

Observation of direct CP violation in B decays

Measurements of rare decay modes (e.g., B=>tv, Dtv)

b->s transitions: probe for new sources of CPV and constraints from the
b->sy branching fraction

Study forward-backward asymmetry (Agg) in b>sl*I

First look at the possible violation of lepton flavour universality
Observation of D mixing

Searches for rare t decays

Observation of new hadrons
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Flavour Physics in 2024

The standard model of particle physics is in a great shape, after decades of
deep investigation and precision measurements, all phenomena happening at

colliders are accounted for.

However, in the past years, interesting hints of departures from SM expectations

have been accumulating:

-> hints of violation of Lepton Flavor Universality, e.g., the anomaly in

R(D™) =BR(B—D®1v)/BR(B—-D®Iv) &

- (partial) branching fractions and Toas
angular observables of B decays 03
dominated by loop amplitudes; .
- (g-2), |
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Taken one by one, these anomalies are not striking, but they seem to paint an

interesting picture...

Belle Ly World Average
4 HFLAV SM Prediction R(D) = 0.356 £0.029,
R(D) = 0.298 + 0.004 R(D*) =0.284 £ 0,013,
R(D*) = 0.254 + 0.005 p=-037 =
o Mo e [ e e 3 JORD L. i, TP D
0.2 0.25 0. 0.45 0.5 0.55
R(D)
-V - -
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Flavor physics at an ete" collider

e Clear disadvantage against the LHC in terms of cross sections, but:

e Many of the interesting modes (not only for flavor physics) are unique to B
Factories:

- channels with =%, K., n(), ... ;
-> final states with one or more Vv's;

- modes affected by “difficult” backgrounds, where the full knowledge of the
kinematics in the event is the only way to control them;

-> a variety of inclusive measurements can be performed.

e In general: a wider spectrum of measurements allows for a better
understanding (or highlights our lack of...).

e And extraordinary claims require extraordinary evidence: we need an
independent confirmation for as many modes as possible.

Peter Krizan, Ljubljana
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A B factory in the LHC era

Fantastic performance of LHCb with many interesting results!

Still, an ete machine running at (or near)
Y(4S) is complementary to LHCb in several
aspects.

Unique capabilities of a B factory:

- Exactly two B mesons produced

—> High flavour tagging efficiency

- Detection of gammas, =%, K s

- Very clean detector environment (decays with several neutrinos in the final state,
tau physics, dark sector)

Physics potential summarized in Belle II Theory Interface Platform (B2TiP) ‘physics
book' PTEP 2019 (2019) 123C01, arXiv:1808.10567

However, need a two-orders-of-magnitude larger data sample!

- Increase by 30x the luminosity of a world record accelerator




Super
KEKB

uest for BSM

How to increase the luminosity?

Beam-beam parameter

Lorentz Beam current <— (1) Smaller By*
factor
\ D (2) Increase beam currents
N o e
o, ng Lumi. reduction factor Incr
L= Jee 1+ ’* (crossing angle)& (3) SUSEET E"y
Zer \ Tune shift reduction factor
(hour glass effect) w /4
Classical electron \ 0.8 ~1 Nano-Beam SCheme
radius (short bunch)
Beam size ratio@IP Vertical beta function@IP Invented by Pantaleo Raimondi for SuperB
~ 2 % (flat beam)
G,~100pum,c ~2um oy~10pum,c, ~60nNm
e-

In KEKB, colliding electron and positron beams were already much thinner than a human hair...
.. For a 30x increase in intensity you have to make the beam as thin as a few x100 atomic layers!
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Super
KEKB

uest for BSM

KEKB - SuperKEKB

BeIIe II

Colliding bunches
New IR

——

New superconductlng
/permanent final focusing
quads near the IP

" New beam pipe
& bellows

Replace short dipoles
with longer ones (LER)

' H%H% HHHHH
i W% - ;zz;;':::ts;?;ea

Redesign the lattices of HER & ~ 2amPing ring # “\

LER to squeeze the emittance ' 1

TiN-coated beam pipe Low emittance gun
with antechambers Low emittance

electrons to inject

Add / modify RF systems |
for higher beam current

Positron source

New positron target /
capture section

[NEG Pump]

To get x30 higher luminosity
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Detector: Belle - Belle 11 <o

Belle IT

It looks like Belle, but practically T and moon detecior

it is @ brand new detector! Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps ,
ginner 2 barrel layers)

—

—

»

EM Calorimeter:
CsI(Tl), waveform sampl
Pure CsI (part of end-cap

AN
\\§\\\ [
R, =

tification
gation counter (barrel)

electrons (7GeV
] Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 I

.

; positrons (4GeV)
Central Drift Chambe :
He(50%):C2Hs(50%), small cells, longs
lever arm, fast electronics




Vertex detector of B’eIIe II

Belle Il VXD
PXD: DEPFET based pixel detector; layer 1 and a part (two ladders) of layer 2,
*SVD (4 layers): double-sided silicon strip detector ~installed on Nov 21, 2018

LS1 (2022-2023): reinstall with a complete layer 2 of the PXD



Particle Identification Devices

—| Barrel PID: Time of Propagation Counter (TOP)

Focus mirror

MCP-PMT (sphere, r=7000)
Backward Forward

Quartz radiator . :
Focusing mirror

Small expansion block
Hamamatsu MCP-PMT (measure t, x and y)

Endcap PID: Aerogel RICH (ARICH)

[\

Aerogel radiator
n~1.05

Hamamatsu HAPD
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Hamamatsu HAPD + readout
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Endcap PID: Aerogel RICH (ARICH)

PID Devices: ARICH for endcap ez |
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Radiator with multiple refractive indices

Small number of photons from aerogel = need a thick layer of aerogel.
How to improve the resolution by keeping the same number of photons?

- stack two tiles with different refractive indices:

normal

ny=n,

“focusing” configuration = “focusing radiator"

n,<n,

¥/ ndf 2467. / 116
Pi 5495,
P2 0.2965
P3 0.2072E-01
P4 85.32
Ps 796.0

nf= 7.69
nb=1.09

0 (rad ).

= so00 | ¥/ ndf 1095. / 116 :g
Pl 780 | =
P2 0.3074
w00 P3 0.1428E-01
P4 74.49
P5 884.4
4000 |
nf=7.46
oo L nb=083
0

04 0.5
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The big eye of ARICH
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Barrel PID: Time of propagation (TOP) counter

Korm

e Cherenkov ring imaging with precise time measufement.
e Reconstruct Cherenkov angle from two hit coordinates and

the time of propagation of the photon
— Quartz radiator (2cm thick)
— Photon detector (MCP-PMT)

o Excellent time resolution ~ 40 ps Inspired by the DIRC detector of the
BaBar experiment, a similar device

e Single photon sensitivity in 1.5 T (TORCH) is planned for LHCb
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More methods are in preparation like
e/muon/pion separation at low momenta via an
ML-based pattern analysis in the EM calorimeter



SuperKEKB/Belle II phases

e Phase 1(2016): no detector, no collision, test the rings, baking the 3km of the
accelerator vacuum chambers

e Phase 2 (2018): first collisions with complete accelerator

e Incomplete detector: Vertex detector replaced by dedicated background
detector (Beast 2)

e Phase 3 (2019-): luminosity run with complete detector
e Pixel Detector (PXD): layer 1 + partly equipped layer 2
e Full 4-layers strip detector (SVD)
e First physics paper appeared in January 2020

e New and difficult accelerator. Additional operational complexity during the pandemic
e Record peak luminosity 4.7 x 103* cm2 sl

e Path to reach 2 x 103> cm2 s identified.

e More effort needed to reach the target peak luminosity of 6 x 103> cm= s
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SuperKEKB

Total integrated Weekly luminosity [fb~1]
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Belle 1l Online luminosity Exp: 7-26 - All runs

Integrated luminosity
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Very successful data taking throughout the pandemic

-overall data taking efficiency of 89.5%

- 300

..+ 200

- 400

Total integrated luminosity [fb™!]

=
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-reached world record instantaneous luminosity: 4.7 x 103*cm2 s1, collected up to 15 fb! per

week: Super-B factory mode
-recorded luminosity at Belle II: 428 fb-!

(Belle 988 fb1, BaBar 513 fb1)

Ultimate goal: reach 50 ab-! by operating at the instantaneous luminosity of 6 x 103> cm2 s'1

20



f:hsi
n 3
New hadron states Zb's, b bbar Juo "ay

Physics program

TMRN Ay
o2t

< Charm Lifetimes

Bra,
UPSIfo o ‘J\"’ c_‘:ﬂ"" Fractions, Dalitz analyses
R < 4.
" <& % «Lep
New Chg, J: LY 9‘ N flavor violation
’mo,, J) Y l‘bf
< T4 C Aorm
< @ deca
% Py - Measurements
New botro:no,,,wn " J}v A § e
G A
Sre’e Gy Vtd/Vts from penguins
New ba,
ons b vub)
New H. ‘5\“' . -~ Exclusive measurements
e+e- —>ISR, pi+ pi- cross-sections '20 adyr '«\G“ O
_’"\ L) c g\ tau ny ,Q
d\dﬁ\.. o," ‘s\* LJepton universali
Y X () )
Spin Fragnents== a \ﬁt’#’ "J‘o \“‘,‘ peta, gamma
B ey, o> 2552
.. Unac Sl s < ndent Measurements Direct T violation
Ddr* Chysics phases ) )
) Belle Il Data In b->s: B->phi Ks, B->eta’' Ks
Axion-Like py,,, NG
Uclog >
4,
Invisible 2 s ‘{’,
/
/
Dark Higg park sed°‘ / | pi Direct CPV, isospin sum rules
/ _>K Ph P
Heavy tau neutring ' %? e <. 82
. &
L / 0 0\(-
LLPs Lf.\n-\.i»,mﬁ\’a /’ : ‘mé‘(’ ¥ gamma and radiative penguins, B->K(*) nu nubar
2 ot .’ o, _-- 5
Magnetic & Tau m, ) 8..
- .* . S/ S\
\e\\}g‘? % ‘# "?’ & iy ht-handed currents, triple products
Gaze‘-"‘. Tau Spectral F " 7 &
S UNCtion N \ $ / e
13\3 \/ / 9% p, .
Lepton Flavor Violation (L < %% ~2225 I+ lepton universali . NP
& 28, %
W & 6,
& / -\c
L s determinations
— & e, smma
Tau Electric Dip

‘d‘!e Larmeq resonances

Physics potential summarized in the Belle II ‘physics book'
PTEP 2019 (2019) 123C01, arXiv:1808.10567
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Recent results — selected topics

This talk - a subselection of recent results:

el ifetimes of charmed hadrons

eTime dependent CP violation on B® — J/y K¢ and n’ K¢ decays

eTest of Lepton Flavour Universality: R(D*) = BR(B — D* t v) / BR(B — D* | v)

eSearches for new physics in rare and forbidden decays in b = s transitions:
B* - K*vv, B— KMzt, B — K%

eTau lepton mass

eDark sector searches

Peter Krizan, Ljubljana 29



DO and D* lifetime measurements

Example of improved performance of PRL 127 (2021) 21801

Belle II vs Belle: time-dependent 10* E Belle Il
capabilities in D lifetime measurements. 0 |_r Do JLat=72 15"
10?2 é_ ¢ Data

& S — Fit

[@; 0 g ----- Background
The addition of a pixel vertex detector § I
(with a 1cm radius beam pipe) gives a §
factor of two improvement in proper S 10’ F
time resolution for charm lifetime S :
measurements compared to Belle. 10°
Alignment systematics are much 10
improved.

1

Decay time [ps]
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D" lifetime [fs]

Lifetimes of charmed hadrons

PRL 127 (2021) 21801 . PRL 127 (2021) 21801 [ arXiv:2206.15227 00T x“’"igggwggfr_q £ i*
L 1060 | . i arAi:.zZ« L Q3 El:: O =
415 . L o to appear in PRL L submitted to PRD(L) 3 - 2
" = S = é L E i = E L = R _ é 00
i 2 12| 2 L = S 2 I - &= 2 L
4a0- [ o % g* *5 < 100 - 12 \z 5 z+5 Sz | £ |
= |2 & R D [= = & 200r ) SEs) 2
“l ]z 5 C :}5 = T B = = T
F o Q 2 < i ] I
405} - 100F e "
- 1020 i 5 I ‘f +;, 0
F 180+ o B o
_ Do , D+ : d /\ct TR (e
400: N TR S B PR RN R STrE R I R T TR ISP AT B
2000 2010 2020 2000 2010 2020 2000 2010 2020 1990 2000 2010 2020
Year Year Year Year

Used early Belle II data to measure lifetimes of charm hadrons
e World-best D?, D* and A_* lifetimes (first Belle II precision measurements)

e Confirmation of LHCb result indicating that the Q. is not the shortest-lived
weakly decaying charmed baryon

Tiny systematic uncertainties (e.g., 2%o for D) demonstrate excellent
performance and understanding of the Belle II detector, never achieved at
previous B factories

Peter Krizan, Ljubljana 24



Time dependent analyses

— € Flagship measurement of the B
0 . : . .
: Factories, still very important at
_ Belle II;
T(45S) —» \K
_ o _, TEBPUAL) -5 J)— DB~ f)
Az = frycAt g ArlBY = [ BBy S ) T TEGBY) = )
At = tep — ttag J/\|j = Sysin(AmpAt) — Cfcos(AmpAt)
<Az>~ 130 umat BelleII S : time dependent asymmetry

Cr: time integrated (or direct) asymmetry

Quite complicated analysis, several ingredients must be in place:

1) ability to identify the flavor (Bo or Bo) of the
unreconstructed B (flavor tagging); Fully exploiting the

2) B-decay vertices resolution; quantum entanglement
: : . _ of the two B mesons!
3) signal side efficiency, background modeling.
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Progress in B flavor tagging

The first CP violation analyses in Belle II relied on a category-based (CB)

algorithm [Eur. Phys. J 82, 283 (2022)]; Y. Uematsu, CKM 2023 |
We explored a more advanced algorithm, 7000 _Belle Il preliminary [ Ldt=362 fb~!
GFlaT, based on a graph convolutional coool v ol
neural network, exploiting 25 variables w oW F
for each track from the unreconstructed e SHO0|
B decay (for up to 16 tracks); & 4000
The performance is evaluated from a 2 30001
time dependent analysis of self-tagging 2
il 8
BY — D™+ decays; - R £ N
We measure an impressive increase in the o
effectlve_ tagging e_f'ﬁuency, compared to o
the previous algorithm: = 5 4 o
';; 1.0 .'-"i‘"*‘""i"M""*‘*""M'7'14'}";"5'*"";'""*'"{'”"*"*"+'""?";""'*'L}";"*"‘
_ 8 0':-317.0 -OI.8 -OI.6 -Ol.fl -0|,2 OI.O 02 0:4 DjG 0.‘8 1.0
Etag,cB = (31.7 £ 0.5 + 0.4)%

qreriaT

Stag,GFlaT = (37.44+0.4+0.3)% This corresponds to ~18% more

luminosity available for CP violation
analyses!
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sin2¢1 / sin2p from B%— J/y Ks

We update the flagship measurement of the B factories using the full Belle II
data set and the GFlaT flavor tagger;

We fit the AE distribution of the Y. Uematsu, CKM 2023
selected candidates in order to subtract 200
the backgrounds;

We then fit the background subtracted
At distributions and measure the CP
violating parameters:

Bellle ] {F5relim'ina\ry)l+ + BS (q= |+1)
tag il !

00| Jedt=362fb"?

300}

ndidates / (0.5 ps)

—
o
o

S= 10.724 £ 0.035 £+ 0.014
C = —0.035 £+ 0.026 £+ 0.013

O
=

Asymmetry Ca

-1

This is well compatible with the world T T T e vl
averages and the latest LHCb result At [ps]
(which is a factor ~2 more precise).
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sin2¢1 / sin2P from B? — 1’ Ks

Motivations: the time dependent CP violation in B® — n/'Ks
(proceeding through loop diagrams) is expected to be the
same observed in B? — J/y Ks (tree);

Any significant deviation would be an indication of new
physics; B

We reconstruct the sub-channels: " — n(—yy)r*n and n’ —
p%, and determine their yields with a three dimensional fit:

A Belle Il Prelimina Cdt =362 fb~! Belle 1l Preliminar Ldt =362 fb~! Belle Il Preliminar Ldt=362 fb~!
Y ¥ ¥
s R — Fit mm Signal %‘_, 60 F — Fit m Signal 40 F — Fit mm Signal
@ go | ---- Continuum . SxF (L] --=-- Continuum W SxF ™~ ~=-- Continuum . SxF
O —— BE { Data o 50F-— B8 { Data 2 —— BB { Data
— 50 o :
[=] < aof o
4 +, - S a0l & 5
n > n )’Y’Y T T = sl 5 30 a
g 2 g
- wn 20 =
b= 20 3 .;E
2 10} Sof w
£ &
S o ol
2 3 i ' 1 i 3 0
= 0 ———— W~ = 0 — E
=
& . s e &
270 5.275 5.280 5.285 5.290 ~0.06 —0.04 -0.02 0.00 0.02 0.04 3
My [GeV/c?] AE [GeV]
~ Belle 1l Preliminary [cdt=362 fb-? Belle Il Preliminary  [rdt=362 fo-? Belle Il Preliminary [cdt=362 fb-!
o T T T T T T T T T
‘5- 140 | — Fit m Signal % 1ol — Fit m Signal 1 Sk — Fit m Signal
[} 120 = Continuum . SxF (o] ===- Continuum ma SxF g ==== Continuum . SxF
! 0 o o } Data ™ 100 =~ BE t Data 3 —— BB { Data
n > p y o o) 8 o
o . -
. 8ol o @
o “ o Ry
g oo g o oo
2 40 L y s A
] L] o 4 = [ b
b 2 -1} _ & = 4
Y. Uematsu, CKM 2023 E 2f g / i
» 7 =) o y i T
ch o w o = i il L
w 5 T T T n 5 : n 5
E Uf'"k-r’-i"—ﬁ—'-‘“ifrr“-i E o e ;_5 OI—"“."'.\“I"*-'-*'!-H—" 'i
b L L L _ _
5270 5275 5.280 5.285 5.290 5 -0.06 —0.04 —0.0z 0.00 002 004 2 0 1 2 3

Mpe [GeV/c?] AE [GeV] Ceor



sin2¢1/ sin2P from B? — n’ Ks

With the yields (~800 signal events in total) fixed from the previous step, we
perform the time dependent fit:

Preliminary
: 10p . Belle Jcdt=362fb?
We find: gl BO - n'Ks Enckaroun
BO
C o =—019+0.08+£003 o0 : i ttaz
o
S 0 = 0.67 £ 0.10 £ 0.04 g~
RS = 200
Q
which is in good agreement 5=
with both the world average and 2 a0
the B — J/vy Ksresult. S sof
> 0
43 0.5 F
= 0.0
£
E‘ —05}

' Y. Uematsu, CKM 2023 |
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Full Event Interpretation (FEI)

Idea: reconstruct one of the B’s to tag B flavor/charge, determine its
momentum, and exclude decay products of this B from further analysis
(exactly two B’s produced in Y(4S) decays)

Decays of interest

B / <:| B%Xulv,'rclv
— B> Kvv
e— (7GeV) / e+ (4GeV) B 2 Dtv, tv
Y(4§§

T
Offline B >"/v (= full reconstruction:

L hadronic tagging, B>Dmr etc. (1%/0.5%)

partial reconstruction:

meson beam! )
- semileptonic tagging (2%/2%)

Powerful tool for B decays with neutrinos

—>unique feature at B factories
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Belle II on lepton flavour anomalies:
the first R(D") measurement

ol L R Frrrr e e I""I""I""I"_

) B = contours -

One of the outstanding anomalies, = [ Spisillicotons; 2
pointing towards a violation of the L . pells W
Lepton Flavor Universality: : - b, -
0.3 Y - =

B LHCbh23 ( . ‘Y\ LHCb22 =

Rt — BB = DOrw) wf || e E
B(E — D(*)g_yg) E Belle17 : - E

02— -}-HFLAY(SSL\:RP;:(i;gm sy :ﬁ{;’; :;“-s?(ﬂ Jf;(r'}”;g =

Experimental challenges: backgrounds S OI% " 'o';:':"""""6"';2""" L 0;5 b
are difficult to control, due to at least I S © RO

two n’s in the final state, no clear signal
peak;

Tagged

(Full Event Interpretation)

First Belle II measurement of R(D”): we Ol ?Jai_ﬂmecay
use the Full Event Interpretation (same as /{v ;
B — Knn HTA), to have the strongest . Using only

control of the backgrounds, at the price of
reducing the statistics.

TN S 1 ol
gw @ 3 v'sin the

final state!

| arXiv:2401.02840 [hep-ex] |
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First R(D*) measurement at Belle II

Analysis strategy: we extract the signal from a 2D fit on the variables:

missing mass squared: M2, = (pete- — PB,., — PD* — D)’

extra
extra_ energy on the Fer ‘ —
calorimeter:

1.5 < M2 < 6.0 (GeV/c?)?

N T [ S T T T Tm———) [TErIrETa T L T LT L T ST e
800 | Belle ll Preliminary p*—p°a* —e— Data - 100 |- Belle li Preliminary —— Data N Belle Il Preliminary p+—=p"s* —s— Data
- > E : D* ] 2 . . >+
i v E JrLa=18031" EEDTY [Ldt=18031 v
[ pxv ] o 0 oy B D*tv
600 |- Bl D**i()v = 80 [ ’ Bl ol ] 20 Bl p*ier)v -
& 500 f B Hadronic B | @ [ Hadronic B @ [ Hadronic B :
s B Fike D 1 8 eof B Fake D% 1 B as B rake D
e 400 [ Other BG 4 B [_] Other BG 2
s 300 Fit uncertainty _E s 40 Fit uncertainty ]| S 10
200 —_
E 20 5
100 - B
0 0 N —__
4 = 4 F 3 4 =]
= 2F 4 - 2 4 _ 2 4
= 0B o] E [V =9 - & 0k E
-2 F = -2 F - -2F ]
-4 E 1 | L el = -4 F 1 | ! | = -4 E ! L ail 1 I L L 1 1 o
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10 0 02 04 06 08 1 12 14 16 18 2
Mz, [(GeVIc?Y] Mz, [(GeVIc?Y] EZ (GeV]

The major backgrounds are validated on data sidebands:

low g2 sideband (D* | n enhanced); Using only ~50%
0 : . . _ of the statistics
extra pY selection (D™ | n enriched); available at Belle

Am = m(D*) - m(D) sideband (fake D%). II

Peter Krizan, Ljubljana



First R(D*) measurement at Belle II

Result:
R(D*) = 0.262 Ty g3g(stat.) Too3s(syst.) |

1
40% improvement in the statistical precision compared to Belle with the same luminosity

S U L WL N L BN B AL N R BN R R
s} - m Ay’ = 1.0 contours -
qu : Summer 2023 :
0351— ] Performed also the first
[ Bellell ] inclusive measurement
03 1 -] BF(B-X1v)
- Belle - R(X) —
i o BF(B—X1lv)
£ LHCbH® =l
025 — —
2 3 Results consistent with
02~ Fmravsiesae \Eﬁgil?i*mxn,; - both SM and R(D*) world
L ROD%) —0.254-£0005 ppy ] average
[ 1 1 I 11 L 1 I 1 L 1 L I 1 1 1 L I 1 1 1 1 I L L IPI(XIJT%I:‘S‘/: 11 1 I 1 ]
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

R(D)
Compatible with both the SM predictions and the World average, we need more

data, and also the measurement of R(D), to shed more light on this problem.

Peter Krizan, Ljubljana



Bt —» K*vv — motivations

Very suppressed in the SM, proceeding only through
box/loop diagrams;

Expected BR: (5.6 = 0.4) x 10®
[ I; .

C_

It could be enhanced by new physics contributions, and
be connected to other anomalies seen in b — s |*I,
R(D™), (g-2),, ... - or come from something even more
exotic...

Very challenging from the experimental point of view: at least two v’s in the final
state, controlling the backgrounds is crucial.

Upper limits provided by BaBar [ , o] and Belle [ , L], exploiting the
reconstruction of the other B in the event in a hadronic or semileptonic final state.

Peter Krizan, Ljubljana



Bt — K*fvv — event

One B decaying to K* + nothing visible (v v)

=150

signal kaon track

Peter Krizan, Ljubljana 35



B*—- K*vv — experimental approaches

Two techniques utilized in parallel at Belle II: | arXivi2311.14647 [hep-ex] |
v = v
~ AT O Wy B A
pe— Bt «— YAS) — B~ = VBN —QRIES I B~
P o rd iy Wiy
3 + :. .:
K+ 7 K
More Efficiency | More
“conventional” < _ sensitive
Purity

Hadronic Tag Analysis (HTA):
stronger control of the
backgrounds, but lower efficiency.

Relying on the Full Event '
: : properties of the Rest Of the Event
%nterpretatlon (FEI) algorithm ] (ROE), which should correspond to
the other B in the event

Inclusive Tag Analysis (ITA): first
tried at Belle II, background
suppression relies on the

The two analyses are (almost) statistically independent

v s 36
Peter Krizan, Ljubljana



Bt - K*vv — selection

We select a kaon candidate track |

(PID efficiency ~68%, p — K mis-ID rate 1.2%);
If two K candidates are present in the ITA, we select that with the lowest g2:
5 1 5 . , 4 (the choice is correct in ~96% of the cases)
Qrec — 3/(46 ) —l_MK T \/EEK/C

Variables sensitive to the signal properties, event shape, extra particles in the
event, ..., are combined in one (for HTA) or two successive (for ITA) BDT's;

— Belle II preliminary N B K v 150 Belle I preliminary g B+ —K *viv
J s L " — 362fb! .

% 80 P [ Ldt=362fb" /1 BB 74 [ £t =362 s BB

< . =) BN B*B

g B i, dd, s§ e 100 i B Continuum

s 60 B t Data Z{j i * t Data

? I £ Bim. stat. unc g 444 Sim. stat. unc

8 o

HTA | 5 g ITA

R = 50

= O I

I

)

5 S
2 0Ff =
T Z o
_5 L i 1 1 M 1 | L | __5 L PR | Y M | L ) | - L 1 n
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5
Eexira [GeV] Fox-Wolfram Rs
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Bt— Ktvv

— validation

We validate the ITA procedure and signal efficiency using B* — K* J/y(—pu);

Candidates

We see very good agreement
in the BDT output between
data and signal simulation;

Other checks from:
study of off-resonance data;
pion enriched control samples;
measurement of B* — x*K?;

4

6000 7 Belle II preliminary f Ldt =362~
5000 —/ §
A S 1000
4000 ; 53 \
Sa0% / %.0 0.5 1.0 \
200 BDT; (BDT; > 0.9) N
CZ1B* — K+ J/¢ simulation ¢ Bt — KTt .J/y data \
1000 _/ 1Bt — K* J/¢ simulation § Bt — K* J/Af data \
BT — K'v v simulation ﬁ_'_r'_'{'\
O e D PO [P T T AR TR N [ T R S M AT ] L G 1 §
0.0 0.2 0.4 0.6 0.8 1.0
BDT,

Data/MC differences observed in
the normalization of the control
samples contribute to the
systematic uncertainties

arXiv:2311.14647 [hep-ex]
Peter Krizan, Ljubljana




Bt —

Ktvv

— results

The signal is extracted in bins of the transformed (flat in efficiency) output n of
the BDT (and g2for ITA):

Candidates/0.1

Pull

125
L Belle II preliminary E— B:_>K Nz
100 F [Ldt=2362b" — BB
[ .
: HTA B i, dd, s5
75 :
50 |
25
0
5 i
0F S
_5 ; | | | i |
04 05 06 07 08 09
n(BDTh)

puTa = 2.25 77 (stat) 17 (syst)

1.1c above the background only
hypothesis 0.6c above the SM
expectation

1.0

Candidates

Pull

n(BDTy)
0.92 0.94 0.96 0.98 1.0
3000 _ : ITA
Belle IT prelii”nina_ry :
JLdt=(362+42)fb! MM B" K" ww
'E — B()Eﬂ
2000 : B+B-
Continuum
1000
0
5 -
0f ...
-5 3 L L 1 1 1 I 1 L 1 1 !
-1

4 8 2511 4 8 2501 4 8 2501 4 8 25
Qo [GeV?/c?

prta = 5.4 £ 1.0(stat) = 1.1(syst)

3.5¢ above the background only
hypothesis 2.9c above the SM
expectation

Peter Krizan, Ljubljana



Combining the results of ITA and HTA:

15.0

Bt —

Belle II preliminary
[ Ldt=(362+ 42) {b!

SM

HTA

ITA
Combination

K*vv — results

SM Average
197 + 0.037 1.340.4
_ &+
: i R Belle II (362 fb!, combined)
2 1 23+0.7 This analysis, preliminary
: 1
o :]]e (267 1 adronic
é = _O-i__ :JB]{ll]-(] I'lIlnE :?:if:].‘[i}:ll'l ]nuljj}l(\h o L)
: P — Belle II (362 tbl, inclusive)
H ] 2.7+0.7 This analysis, preliminary
: [ : :
< 1 Belle II (63 fb!l, inclusive)
: : 19415 PRLI127, 181802
: | o Belle (711 fbl, semileptonic)
: I 10406 PRD9, 091101
: ; & Belle (711 fb!, hadronic)
E : 29+16 PRDS7, 111103
_...__ 1 BaBar (418 fb’!, semileptonic)
E 1 0.2+08 PRDS82, 112002
= BaBar (429 fb!, hadronic)
. 1 15413 PRDST, 112005
1 . N e e j
0 2 4 6 3 10

10° x Br(BT™—K " vp)

u = 4.6 £+ 1.0(stat) £ 0.9(syst)
BR(BT — Ktvv) = [2.4 £ 0.5(stat) 95 (syst)] x 107°

3.5¢ above the background only hypothesis, 2.7c above the SM expectation

Exciting result, to be confirmed with Belle ITA, semileptonic tagged
e investigation of more B — K(*) v v modes.

analysis and t

h

Peter Krizan, Ljubljana



- SM Expected BF ©(10~7) [1]
- Correlation with Ry, [2]

- Large enhancements to SM BF (102—10°)

27V Rpe
C5r=Cip~ ~—v= |1/mer ~ 1| &)
e thvts R%MJ

Decay BFU.L.@90% CL

B—17 5.2x103 M‘[
Bt —K*rr|  23x103 (BN
B— K"z 3.1x10-3

— —

[1]PRL120.181802 (2018) [2]PRL120.181802(2018)  [3] PRD 105113007 (2022)

Current sensitivity far from % ),!



S'ecm/z at Belle (11 fb) )
Hadronic B-tagging Belle algorithm (Neurobayes FR)
- 17— vu, rv modes considered
- Cut&count analysis
- BB -KO%1)<3.1x1073(90% CL)

Belle //MWMZZQZM

— K*%77) (had tag)
ab~! ”Baselme scenario ”Improved” scenario

1 <32x1073 <12x1073
5 <2.0x1073 <6.8x 1074
10 <18x1073 <6.5%x1074
50 <16x1073 <53x1074

v

Increased signal efficiency while assuming
same syst. unc. as Belle

(Total 9%: MC sample size 4%, Btag eff.
correction 5%, track eff. 4%)

211003871
=5 150
é L -S|gnal (Br=3.1 x107) - B B
-
_§ [ B o
7% @ 10 -- Rare B i
@ @ |
oy
0 = . S S e g
4._
2_ L ]
E 0+ * . + I t + + L4 4 + . & ‘lr +
-2 t 4T '
—4}-
o 0.5 1 15 2

ERce (GeV)

Improvement @ Belle |l

~2x hadronic B-tagging efficiency: FR — FEI
- Multivariate analysis
+ Add 7 — pr modes

Will offer unprecedented sensitivity
in B— K77 decays
42



Lepton flavour violating b>s: B >K™ t u/e

« b—s£¢’ probed at B-factories and LHCb

- B — KzZ more interesting (Ry+ & Ry anomalies) but experimentally more challenging
- Sensitivity is entering now the 10-6 regime

b\ St (LHCD (3 fb-) )

B, — tu: 3.4x10-5
B — K*ue: (6-7)x10-

Belle (711 fb™)

Laf’— eﬂf} B+/0—>K+/0//le 49)(10 8)
B™— K"zt (15-45)"10_5 B+—>K+T+ﬂ . 3. 9x'|0—5
A GEW Belle (711 fb-ﬂ
) + 2 (0 R9 B -
1999 2010 2012 201 oz B — K707 (0625010%
Belle: 711 fb-1 Belle (711 fb)
2 - B®—K'ue:1.8x10-7 | | LHCb (9 fb-T) h
BaBar: 429 fb- LHCh: 3 fb-! LHCh: 6 fb-1 B®— K™ pe: 10108
B — K™ Ozy: (0.8-1.0)x10-5
Bellell: 362 fp1  \ Bs = ¢ep: 1610 Y,
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Events/(47 MeV/c?)

Status of B K™ t u/e

12— —e— Data
s -.-.-. Signal (BR=3x10")
10—
E —— All components
T | L_;L P -
22 24,
Mrecoil (GeVIc)
x10~>
’-:.. 4.5 — L .
— 40r¢
O 35t
=X 3.0 S
8 2.5 BY% O %
3- 1.0 B SR O—.
0.5 0
X $ s Y Xe/ '
x&\} X&Q X& X&
p 3 }I‘{- X )‘{— X /1\{~ x }"{-
2 2 ? Ko

(%UL e

No significant signal is observed for any of the 4 modes

- - - - Background Mode 5(%) Nsig BUL 10_5 @90 % CL

BT KTt~ 0.064 —2.1£2.9 %T)
BT K™rTe” 0.084 15+55| 1.51
BT KTr u" 0.046 23+4.1]| 245
BT KT r et 0.079 —1.1+7.4| 1.53

BaBar (429 fb")

LHCb (9 fb-) - expected
LHCb (9 fb)

Belle (711 fb-1) - expected
Belle (711 fb-)

Hadronic B-tagging

B.S—B*K™ tagged

Hadronic B-tagging

OX ®@ X e

Best limits for the BT — K77 modes!

- E X ZNBB X ft—
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T Mass measurement

Fundamental parameter of the standard model
Important input to lepton-flavour universality tests

R Bt~ — € Dy ( gT) _.|p e m? (1 4 ) (14 5,) (s are radiative corrections)
= = — £ W '
© Blpm — e ) I Tr M3 !

T

We use the pseudomass variable to determine the mass

? \’Ttag " Tsig } Mpin \/m3n + 2(\/_/2 E37r)(E3n |p37r|) s=m,
Sea

v{) &= ”I
4
v, * v: Fit to the endpoint with empirical function
)_:10”l
16 Bellell t Data —Fit
1af _[Ld::1901b'1 Bk ginald ) ] . . . .
m,= 177,00 40,08 £ 0.1 MeVic? « Fit to distribution with analytic form that

accounts for ISR, FSR and resolution

Events / (1.5 MeV/c?)

« Knowing the scale key: beam energy (from Eg*)
and momentum (from D mass)

Pull

1.7 1.|?2 1.‘?4 1.76 1.78 1.8 1.82 184

M, [GEV/c?] Phys. Rev. D 108, 032006 (2023) Peter Krizan, Ljubljana



T Mass measurement

PDG Average (2022)
1776.86 +0.12

BES (1996) ;
7688 5 i
BELLE (2007) __ : _
1776.61+0.13 £ 0.35 | ; World’s most precise
KEDR (2007) i » measurement to date
1776.81 ')2> +0.15 |
BaBar (2009 : . .
e — Impact on other precision
BES IIl (2014) § measurements
1776.91+0.12 12 —
Belle Il (2023)
1777.09 + 0.08 + 0.11
1 | 1 I 1 | ] | ] | 1 : 1 | | |

1776 1776.5 1777

m, [MeV/c?]
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Dark sector searches

Mediator
YT o T R i icicwsie B .. Dark Sect
In many extensions of the SM, there - & i ~ — ~
exist a dark sector, that interacts with T Al eIoR O =
the SM particles via a weakly coupled L il A
diator- » Axion-Like 2 w N
mediator, Particle? " ”
If the mass of the mediator is in the \oDarkHiggs? |

[0.01 — 10] GeV range, this could be
accessible to Belle II;

Belle II implements trigger strategies that were not available to Belle, thus
opening new territories even with smaller luminosity:

Search for Z' — invisible Search for Z' — pu Search for Long Lived Particles
100 Belle Il preliminary I'— di=17810"
! 15 ¥ O — T
Belle Il, 0276 fb~! c B2 ]
& L3 ‘ I
i | k=] : ! l = ‘
“c..‘ 102 |t g 1 ]
b e 4 5 4 Al
= ) "
1073 | Belle Il [Ldt = 79.7 fb~!, 90% CL UL _ NN ML"C“‘ b !
—TIz=0 Expected =1o Expected =20 : i
e Tz =0.1Mz 5 Belle Il Preliminary
10-4 1 | I I L el i E949 PS191 JLdt =189 fb!
0 1 2 3 4 5 6 7 ) 10°° o
M [GeV/c?] " "
‘ m,[GeV/c?] ms (GeVic?)

Phys. Rev. Lett. 130, 231801 (20
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Dark sector searches

Search for a Tt resonance in ete— pruX, X—1'17;

Belle Il [cdt=62.8 fb?
103 L BaBar h
102 I
X=2Z', ALPor
ags = = 2
leptophilic scalar~ " G~
10t} 1
Looking for a narrow peak in the mass %
g - . . 109 i
recoiling against the dimuons:
Belle Il [cdt=62.8 b1 | — smau Expected UL +10 Expected UL %20
L ] ——— O ] 1073 4 5 6 7 8 9 10
g = ere wmeudcan | ms [GeV/c?]
__250F 2 e+e_-e+e_ |
g ~ i i } Belle Il [rdt=62.8 fo
NE —Hle iy
g 200 % t Data } ] BaBar
P P
150} ¢, —— — 103k |
E gé _Z|M‘| = -I?‘v:. I"" S |~ ke ﬂ '_|' L
=l 58 5.9 6.0 6.1 6.2 6.3 =
$ 100+ Mrecail (i) [GeV/c?] &
k- =
E g- 2 Cee=Cpu=C
B =102k ee = Ly = Lorr =)
50 |+ t ; ++i ! 2 all other couplings = 0
bty 4 gty o
0E ﬂ"_
> — 90% CLUL Expected UL £1lo Expected UL £20
Mrecoil(#ﬂ) [GeV/c?] 1013 4 5 3 7 8 9 10
MaLp [GeWC2]
Part of the yy — qq backgrounds are not
covered by the simulation 27
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10

Luminosity [x1035 cm-2 s-1]

Outlook

50

— | peak(Target) |

— 1t L[ab-!]l

4 |

2+

LS1

LS2

4 40

41 30

4 20

410

Q0755051 2023 2025 2027 2029 2031 2033 2034

D

[O

Ultimate goal: reach 50/ab by
operating at the design
luminosity of 6 x 103> cm2 s

[,qe7 i

Current working plan follows the KEK Roadmap2020

-LS1 in 2022-23 for the full pixel vertex detector (PXD) installation & partial
replacement of MCP-PMTs in TOP — successfully completed

-an interaction region upgrade (LS2) =2027 under study
—>https://arxiv.org/abs/2203.11349

Beyond: discussions of physics and detector options with an upgraded accelerator
to reach an even larger data sample of ~250/ab
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Summary

Physics of b and ¢ hadrons and t leptons has contributed substantially to
our present understanding of elementary particles and their interactions

B, D and t decays have been and continue being a very hot topic in
searches for new physics. Intriguing phenomena that have been seen in
recent years make this research area one of the most interesting in
particle physics.

Belle II has entered the super-B-factory regime.

Expect a new, exciting era of discoveries, and a friendly competition and
complementarity of Belle II and LHCb, as well ATLAS and CMS

50 Peter Krizan, Ljubljana



