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Belle & Belle Il

Key Features
m Mostly operating at the T(4S) resonance
V8 = 10.58 GeV

m Clean experimental environment

m Well-known initial state kinematics = Strong in
searches with missing energy

m Collected 1ab~' @ Belle and 0.6ab~' @ Belle Il (so
far)

m World record instantaneous luminosity of
51 x 103 cm %!
Tau Physics
m Large cross section for efe™ — 777~
m Test the SM (lepton flavour universality, Vs, ...)
m Search for new physics (lepton flavour violation,
heavy neutrinos, ...)
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Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

K. and muon detector (KLM): }

Csl(Tl) crystals
waveform sampling (energy, time, pulse-shape)

[ Electromagnetic calorimeter (ECL):

Trigger:
Hardware: <30 kHz
Software: <10 kHz

2 layer DEPFET pixel detectors (PXD)

Vertex detectors (VXD):
4 layer double-sided silicon strip detectors (SVD)

N\

Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD))

He(50%):C2He (50%), small cells,
fast electronics

[Central drift chamber (CDC):

Dark Sector Physics
m Unveil the nature of dark matter

m Search for dark mediators in visible and invisible
decays in the MeV to 10 GeV range

m Searches for long-lived particles
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Tau Physics
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m 7 pairs are produced back-to-back and boosted
in the CM frame

m ldentification via topology requirements

m Separation into two opposite hemispheres via
the thrust axis t (maximizes thrust T)

m Can reconstruct 7 either via one charged
track (1-prong) or via three charged tracks

(3-prong)

m Use one 7 to tag the event and reconstruct
the signal on the other side

m Also exploit untagged analyses to boost the
signal efficiency

m Can perform either precision measurements
(LFU JHEP08(2024)205, ...) or searches for
new physics
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https://link.springer.com/article/10.1007/JHEP08(2024)205

T~ — e /T/~ @ Bellell

o pFutet Belle II preliminary [ £dt=428fb!
8 -_ —— Signal === Total PDF
NO i —— Background ¢ Data
~— 5
m LFV is expected in the SM due to neutrino masses % :
(and oscillations) at rates ~ 107, beyond any o 6
current and future sensitivity = |
m Observation would be unambiguous sign of NP & |
: 5 4
m Several models (new Z’, charged Higgs boson..) i :
could enhance rates up to 10~ — 108 z ?
=21 ¢ ®
m Search for the charged-lepton-flavour violating E’ : \
process 7~ — e=(F(~ using 428fb ! of Belle [l data ™ | & O S A O LR A
O 4-L~—I—I‘J—|—L.J—I‘J—|—I‘J—MILL‘J‘J—I—I_M—L
m Untagged measurement 1.4 1.5 1.6 1.7 1.8 1.9 2.0
. . . . M,y [GeV/c?
m Data-driven BDT classifier trained on sideband data ctt | /e’]
m Factor 2 to 3.3 higher signal efficiency compared m No significant signal observed — Derived
to previous Belle analysis [Phys. Lett. B 687, 139-143 (2010)] most stringent 90% CL upper limits on

B(r— — e*¢(¥¢7) in all considered modes

m Signal extraction via fit of M(et) m B’s in the range between 1.4 and 2.4 x 108
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https://www.sciencedirect.com/science/article/pii/S0370269310003576

7~ — {~K2 @ Belle + Belle
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New leptoquark mediators could enhance rate and
simultaneously accommodate for the b — c/v
anomalies [Eur. Phys. J. C 70, 10711090 (2010)]
Search for the LFV process 7~ — €—K§ using a
combined dataset from Belle and Belle Il of 1.41 ab™!
Measured using 1x3-prong topology with
T~ — "7/ v, on the tag side
Rectangular selections and BDT classifier

Signal extraction in 2D plane:
M(r~ — (- K2) vs. AE = E, — Epeum

No significant signal observed — Derived most
stringent 90% CL upper limits on B(r~ — (~KQ)

B(r— — e K2) <08 x107°
B(r~ = K2 <12x107°

AE [GeV]
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ref. https://link.springer.com/article/10.1140/epjc/s10052-010-1482-4

Dark Sector Candidates, Anomalies, and Search Techniques

Da rk SeCtO r P hySiCS zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

=
QCD Axion WIMPs
<€ . > €—— > -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
—> <€ >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
. . . > € >
m Interactions of dark matter (DM) with the SM still a Postinflationary Axion Asymmetric DM -
H N Freeze-In DM -
big mystery
SIMPs / ELDERS
>
H 1 Beryllium-8
m Many potential DM candidates and portals between >
DM and SM are available: Muon g2 o
m Vector portals: Dark photon A/, Z/, ... ) smal-SEESHEEREN
S;ﬁall Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics,’AcceIerators Micro;_nzmg
m Scalar portals: Dark Higgs, scalars, ... ~4——4—t—4—t—+—+—+— -
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeVv PeV 30Mg,

m Pseudoscalar portals: Axions, axion-like particles
(ALPs), ...

Strengths of Belle (lI)
m Missing energy channels

m Belle (ll) is an ideal playground to investigate m Low multiplicity signatures
mediators in the MeV — 10 GeV range m Searches for long-lived particles

m Signatures containing invisible particles

m Neutrino portal: Sterile neutrinos
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Dark Higgs + Inelastic Dark Matter @ Belle I

Signature based analysis!

pointing

p, KT

m Model can reproduce the relic DM density

_ non pointing ¢ “
m 4 new dark sector particles: x1, x2, ', A /

m 7 free model parameters (3 masses, 2 mixings, 2 couplings) N
m up to two displaced vertices + missing energy
m Covering three final states: x = u, 7, K

[Duerr, Ferber, Garcia-Cely, Hearty, Schmidt-Hoberg(JHEP 04 (2021), 2012.08595)]
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https://arxiv.org/pdf/2012.08595.pdf

Dark Higgs + Inelastic Dark Matter @ Belle I

m Search performed using 365fb~! of Belle Il data

& 8.0t ' '
m Challenging due to displaced vertices and the N ol 'g;'l'ifm':]afridfﬂ“ fo™
trigger 8 "I Reco Channel: h'(=n*n)x2(—=ete")
m Achieve a nearly background free scenario ~ 60 mm eteoyy
= Counting experiment in My (x*x~) with background = 5.0 = ::::22
estimated from sidebands in data 2., B cte —ete-ete |
q>) : mm ete ->TttT (V)
m No significant excess observed in the individual el m MC stat. unc.
final states nor the combination 2.0} $ Data
m Set upper limits on 10
o(e*e” — x1x2h) x B(x2 — x1€7€7) [xB(H — x"x7)] / VA
m Analysis statistically limited 00 1.5 2.0 2.5 3.0

My (mtm—) (GeV/c?)
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Dark Higgs + Inelastic Dark Matter @ Belle |l

Upper limits + interpretations
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World leading limits, but dependent on the choice of the remaining parameters
— Provide interpretations for around 30 model parameter configurations
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B — K¥a(— ~v) @ Belle

W]

m Search for ALPs in flavour changing neutral currents
— Heavily suppressed in the SM

m For m(&) < m(W=) the final state & — ~~ is the dominant contribution (~ 100%)

m Analysis based on the full Belle T (4S) dataset of 711 b~

m Cover the mass region from 0.16 to 4.50 GeV/c? using four kaon modes: K2, K-, K*°, and K**
m Search includes long-lived ALPs

m Dominant background arises from e*e~ — gq = Suppressed by two layers of BDTs using event shape
variables

m Two additional layers of BDTs to suppress photons arising from 7% and one additional BDT to suppress rare B
decays
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B — K(*)a/(% W”Y) @ Be"e m Extract signal with a scan over M(y~)

m Combined fit in all four modes
RGSUltS m Veto peaking backgrounds

m No significant excess observed — Set upper
limits on the coupling g.w

m World leading upper limits!

Belle Preliminary [Ldt="711fb"' B*—K'a'(a'> yy), M, < 1.0 GeV
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Conclusion

Belle & Belle Il provide an excellent environment for
studies in the  and the dark sector

m New world leading results in LFU and LFV searches

m First search for dark Higgs bosons produced in association
with inelastic dark matter

m World leading limits on ALP coupling gaw

1212 27.03.2025 Patrick Ecker: Tau and Dark Sector Physics at Belle and Belle Il



Backup




Lepton Flavour Universality Measurement @ Belle I

m Test the coupling strength of the electron and muon to the W using =
decays

9.\ _ g f(ma/m?) sm .
Ge “f(mﬁ/mg)
_ Bt~ = v )
R, = B(

a T — 1,6 Tg)

T

M0.9726

m Measured using 1x1-prong topology with 7+ — h™nz%; on the tag side

m 94% purity and 9.6% efficiency obtained using rectangular selections and a
neural network

m Dominant systematics from PID (0.32%) and trigger (0.10%)

m Most precise determination of R, and g,/g. in 7 decays from a
single measurement

m In agreement with the SM prediction at the level of 1.4
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https://link.springer.com/article/10.1007/JHEP08(2024)205
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