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Belle and Belle |l experiments

B-factory concept

Tsukuba

LER (e™) \ Belle Il

Experiments at symmetric e*e™ colliders running mostly 4.0 GeV
at the Y(4S) energy (=10.58 GeV), located at Tsukuba (JP). '

« KEKB (1998-2010)
« Super KEKB: major upgrade of KEKB (2019-ongoing)
« Target world highest instantaneous luminosity
« 6x10% cm?s (x30 KEKB)
« So far, world instantaneous luminosity of 5.1x1034cm=—2s™" Fuji

Positrons
—

v Available datasets: 1 ab-! @Belle, 0.6 ab-' @Belle Il

> Rich physics program
« beauty, charm, r and dark sector Damping ring _

L’ Electron |
cee covered in this talk source \I

and
F. Trantou young talk

Positron
source
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Be”e and Be”e II experiments Prog. Theo. Exp. Phys. 12 (2019)

Detector overview

Electromagnetic Calorimeter

Csl(Tl) with waveform sampling
Position, energy, time, and Inner Barrel/Endcaps: Scintillating Strips

General purpose detectors pulse-shape Outer Barrel: Resistive Plate Chambers

KB and Muon detector

rift Chamber
He(50%):C:Hs(50%), Larger size relative
to Belle, smaller cells, new electronics.

» Better resolution, particle identification and

« Belle Il is the major upgrade of Belle detector [D -
capability to cope with higher background

/ Trigger:

Hardware < 30 kHz
Software < 10 kHz

v' Excellent capabilities for tau and dark sector physics:

« Good missing energy and neutral reconstruction
« Well defined initial state
* Hermetic detector coverage (almost 41r)
« Clean environment

» Good particle identification

+ Excellent vertexing and tracking

- Special triggers dedicated to \\\\\ Y B
Iow-multipllcrty events (@Be"e ") Charged Particle Identification: ]

Vertex Detector:
DEPFET pixel detector (2 layers)
Double-sided silicon strip detector (4 layers)

Barrel: Time-of-Propagation counter
Forward Endcap: Aerogel Ring-Imaging Cherenkov counte
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Tau searches
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Tau physics at Belle and Belle ||

Overview

B-factories produce t leptons pairs at high rate e— .
e T pairs cross-section equivalent to BB process

o(ete” — 7t177)=0.92nb

o(ete™ — BB)= 1.05nb

> B-factories are also t factories!

» Broad range of available measurements

v' Precision measurements of t properties v' Searches for rare or forbidden
 lifetime processes
* mass « Mostly lepton flavor violating
« coupling (universality) decays

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)


mailto:marcello.campajola@na.infn.it

Tau physics at Belle and Belle ||

Overview

Produced in pairs, back to back and boosted in the center-
of-mass frame

« Identify events by reconstructing the thrust axis n;
(maximizes thrust T)

» Separate them in two opposite hemispheres

 Typically use one side to tag the event by reconstructing
decays with

o 1 charged track (1-prong) (BF ~ 81%) or -

o 3 charged tracks (3-prong) (BF ~ 14%) )
* Reconstruct signal on other hemisphere "

w others
%70y 3n*n
3
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n* 2o
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Lepton Flavor Universality in t decays o

A |
Overview o

Test of y-e universality in the t decays

2 _

Bz~ > uvu,) g, \ / Vr <
R, = e M 0.9726 £ o Ry L) s
B(z~ — e~ bu,) ge fm3zIm?)

T

[-prong

'- Tag™ Signal
R, measured in 1x1 prong topology with 7~ + nr' tag ntr S
by Belle Il with 365 fb-" JHEP08(2024)205
du=4de
Rectangular cuts and a neural network selection CLEO (1997)
* 94% purity with 9.6% signal efficiency T 1.0026+0.0055
Main systematics are from PID (0.32%) and trigger (0.1%) BaBar (2010)

1.0036 £ 0.0020

R,=0.9675 £ 0.0007 (stat.) + 0.0036 (sys.) HFLAV fit (2021)

1.0019+0.0014

v Most precise test of e-y universality in r decays from a Belle Il (2024)
single measurement - 0.9974 + 0.0019

v' Consistent with SM expectation at the level of 1.40

099 100 101 102 103 104 105
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Lepton Flavor Violation searches

Motivations

Existing and expected limits on LFV 7 decays

90% C.L. upper limits on LFV t decays

0 0 0 7
-y 1P IS IV 1] lhh BNV
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107° New physics =
10710 I e e
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Ty @ ~ C * % ! ' ks X
PR35 %3030 3%I0305 5y :1.'3’.“‘515.,@,&’,;',5‘,3?1:3&&&4}i“&"ﬁ"‘fﬁk}-’f kROY 3%
X, A

IpyoI 0oy m.::’q,’:z'q,:_{mqmqq_,q

Neutrinoless 2-body or 3-body decays to 52 final states.
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Lepton Flavor Violation (LVF) is
negligibly small in SM

Only allowed by neutrino oscillations
O(107>)

L0€90°20c¢ Aixle

Various new-physics models
predict branching fractions in the
range 108 — 10-19, i.e. just below the
present bounds

Observation of LFV decays would be a
.cLeo Clear signature of New Physics

v BaBar
s Belle
+ Belle Il (5 ab™)

- Belle Il (50 ab™) } projections
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T— 3u | 7

+
Results -
Belle Il search for the clean channel: t - 3u 7. <
. ST e,

« (Good reconstruction of T mass end energy
* Low SM background '

rest of Tag's Signal
Already probed by Belle and LHC experiments ag s nigha

P g P event [JHEP09(2024)062]
Use untagged reconstruction = {Bellell Signal rogion
i 0.3 7 ]Cdt=424ﬂJ 1 : ;2]0.c:}rcg11\ou

3 well identified muons on the signal side and BDT classifier to [ﬁ* ] Blr—pplu ) =610y, 10

reject the main e*e™ — qq backgrounds |
« X3 efficiency compared to Belle 01]

S
Simulated signal events

Extract signal yield from 2D plane (M;,, AE3, = E; — Epeam) 0.0

« 1 event in the signal region in 424 fb-! consistent

with data-driven background prediction (0.5 events)

014 k"
] 10!

—02qL"

Set 90% CL upper limits: B(t » 3u) < 1.9 x 1078

034

v" New most stringent results 10 U 180 185
]1/[3}1 [GQV/CQ]
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Tag side Rest of
T e event

Results
o
Extend previous study to 5 more modes: ~ + = /e
with at least one electron in the finalstate ~  ¢7/ - “
o ee‘e,eetu,eute, uue, ueu
» Higher background contamination
Use untagged reconstruction Signal side
rky pEpTet Belle II preliminary [ £dt=428fb!
Data driven BDT classifier trained on sideband in data ~ 8T e w4 o
* Rely on rest of event and kinematic variables :\; :
* Reject the main four leptons backgrounds 35 6
- i
Signal extracted by fitting M, § AL
No significant excess was observed in 424 fb™' 5 !
= 21 ® ®
+ Set 90% CL upper limit on BF in all the modes: ~1—-3 x 1078 & | ‘
I I T r= 5.
v" Most stringent upper limit on all modes 0 14 15 16 17 18 19 20

Megg [GeV/c?‘]

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola) 10
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— — Ay
T % f K SO Tag side rd E’ v,

Results

Belle + Belle Il search for r > K7 (€=e, u) _ R —

.
LI
e
",
"
Tea,
"a

Reconstruct 4 charged particles (0 net charge) in 1x3 topology
o K2 reconstructed from ntm™~

Preselection rectangular cuts and BDT classifier
« Use track kinematics, event shape and neutral variables
* Resulting efficiency: 10%

Signal side

— Elliptical SR

) ) 0.75r  Belle Il (Preliminary) 2 6 RSB
Extract signal yield from 2D plane (M;, AE = E; — Epeam) T - k2 Rectangular SR
0.50¢ Data [rdt=428 fo-! ]

No significant signal was observed in

424 fb' + 980 fb-! (Belle + Belle II) = _
O 0.00f - y
Set a combined 90% CL upper limit on the BR = T s
B(t - Kle) < 0.8x107® LNy
—=0.50f. - - L
B(r - Kdu) < 1.2x1078 | : _
=0.75} -

v" World most stringent upper limit on all modes -

M(uK?) [GeV/c?]
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dark sector searches
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Dark sector at Belle (ll)

Motivations [1] Essig et al., arXiv:1311.0029 (2013)

The particle nature of dark matter is still a compelling question
Non-gravitational

* No evidence of DM at electro-weak scale in experiments motivates a : : :
interaction with

considerable focus on “dark sector” models [1]:

_ _ matter
o Light dark matter particles | A
o New dark force carriers with feeble interactions with the SM (portals) bortal @ /
I
B-factories can access the mass range favored by light dark sectors
- Able to explore on-shell mediators in the MeV — 10 GeV range in
Dark Sector
ee” - XDGrkXSM B/D/T/ N XDarkXSM H
>_‘w\ff ______ i‘xv\wf? i"\/\,\ﬂ‘rf \>  Dark matter;
* Dark Forces;
direct production production inSM decays

La Thuile 2025 — Tau and dark sector physics at Belle and Belle Il (M. Campajola) 13
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Dark sector at Belle (1) = [_rea meceor

Overview
%
=
Different topologies depending on the mediator and DM S
candidate mass hypothesis: ._g
- DM kinematically accessible -> invisible decay: &
* Missing energy or momentum signature 2Me - )
* Otherwise, decay to SM -> visible decay: displaced or invisible decay
 Bump hunt search dark matter mass mpm

An additional player: mediator lifetime.
« Usually life-time is proportional to some inverse
power of the coupling and of the mediator mass

coupling

» Long lifetime -> long decay length:
» decay-length < O(1)m: displaced decay vertices
« decay-length > O(1)m: decay outside the detector,

l.e. invisible \\

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

~ drift chamber radius \. g
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Inelastic dark matter with a dark Higgs

Overview
Non minimal dark sector with a dark photon A’, a dark higgs h’ A
and two dark matter states with a small mass splitting [1]: Y
ass
* x, is stable (relic DM candidate) X2 Am | trend
* x,is long-lived Xy "
Can explain the lack of a signal in direct detection.  [1] PRD 64, 043502 (2001)
Here looking for A’ and h’ simultaneous production: e-e-—=> h'(—= x:x-)A'(=xxz(— x:e-e), x =, i, K

* h’mixes with SM Higgs with strength 6
* A mixes with SM photon with strength €
- focusonmy >m, +m,,

« the decay A" - y, x, is favored

Dataset: 365 fb-! from Belle Il

4 dark sector particles: A’, h', x1 x-
[/ parameters: Mmyr, My, m,, My, 0,€,ap

15
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Inelastic dark matter with a dark Higgs

Strategy

Challenging analysis for tracking (and trigger) drift chamber

* X, is long lived (small mass splitting considered)
* h’long lived for small mixing angle 6

pointing

Require four tracks in the final state:

« 2 forming a pointing displaced vertex
« 2 forming a non-pointing displaced vertex missing energy

« Missing energy (x; x3)
o 3 channel explored: h'(-> x'x7), x=p, , K
- e

f<,n 2l gl Transverse view of the Belle Il detector

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola) 16
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Inelastic dark matter with a dark Higgs

Results

Signal selection using requirements on pointing
angles and vertex distance from the interaction point

< 8.0 ' '
— -1
« very low SM background S [pele :r'mfr j‘“‘ 36510
g 7.0¢ Reco Channel: h'(=nTn ) y:( = ete™)
Expected background estimated in data from X 6.0; N ete -yy
sidebands to not rely on MC S I e‘e —BB
a e -qg
. . . e [ [ efe —efeete |
Counting strategy to extract signal yields S 40L,
9 ay g y gf %% I ete =T T (y)
“'3.0 2% v MC stat. unc.
No significant excess found in the individual final 50 " ) § Data
states or the combination: ' )
* 9 events observed (8 of 9 are r*11) consistent 1.0
. 7 Z Z
with expected background. 0.0
' 0.5 1.0 1.5 2.0 2.5 3.0

Muy(ttm™) (GeWcz)I
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Inelastic dark matter with a dark Higgs new resu

Results

v" Model independent limits on the cross section of the process

v' Strong limits on 0 and € X ap, but dependence on 5 other parameters.

* Many more (~30) plots for different parameter configurations

Preliminary

5 L0 _ ' ©
= Belle Il [cdt =365 -
< 107 BaBar B 10-1
§ 10—8 ______
— 102
23
= 107
~ —3
= 10
N: 1010 .
[ N _
> CHARM = 01
3 -5
’ sairr ] I
10~ m=0.4m(x1) ;
NuCal ) = 0.4 Gevic?
15 sin=2.6 x 10~ 107°
10770- 10°

m(x1) (GeV/c?)

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

10—4-

1

E949 NAG62
P5191

g A
CHARM

Preliminary

i

| LHCb .

aD=0.1
- £=15x10"3 1
m(x1)=2.5 GeV/c?

BaBar :
10l_1 l(l)o 10!
m(h’) (GeV/c?)
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B — KM a(— yy)

Overview

Flavor changing neutral current B decays are perfect testbed to search for new physics

» Extremely suppressed in SM
* New physics could appear at the same order of the SM processes

v
Here searching for an Axion-Like particle emission by W* boson a ,,éfj’b::
in B — K(*) a decays W AIJJV\’«:LS i
« BR(a — ~ 100% f K My, -

(a ){y) | .o or m, <K myy, : . @ @ .
« Mass region investigated 0.16 — 4.50 (4.20) GeV/c? B
Existing constraints from BaBar (424 fb-1) u,d > u,d

This analysis:
 full Belle dataset (711 fb~1)
« exploiting multiple kaon modes: K% , K* K*0, and K**

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)
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B — K(*) a(_) VV) new result

Strategy

Signal B reconstructed combining a pair of photons with a
track identified as a kaon

‘4 p(q) = 5GeV p(B) =~ 0.3GeV

Main background from continuum, while BB subdominant. M,, for the K* mode

Belle Preliminary [Ldt=711fb” vy

B*> K'a'{a’—= yy), MW < 1.0 GeV

Smooth backgrounds, but near SM pseudoscalars masses.
* Rejected using few BDTs exploiting:

o Differences from B nominal kinematics and event-topology
variables to separate signal from the continuum

—— Data m]]]Il]] e'e” =g
BB 88

© MC stat. uncertainty

Events/0.0168 GeV/c”

o Calorimeter cluster variables to suppress 1° backgrounds

Tt

T

1
M, (GeV)

Data/MC

Belle Preliminary [Ldt=711fb"

B*> K'a'(a"—> yy). M, > 1.0GeV

Signal extracted with a scan over M,

» Steps of signal mass resolution (~ 8 — 18 MeV);
« Peaking background regions vetoed

Events/0.0700 GeV/c?

Data/MC
- t
_+
il

T

ul
o+
o+

+,

_+_

+

ot T T
o F T T T
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B — K(*) a(_) VV) new result

Results

e _ =1 Preliminar
No significant excess observed in 711 fb-! . coielmlibimg ] s = (Ll 4
L
- Simultaneous fit on 4 kaon modes § 1078
=
v" World leading 90% CL upper limitsto g_,,, <
1071
1o
< ALP lifetime becomes important at low masses | | B9 Belle B — K™"d’
and couplings (T~1/m_3g,,2) » Beam Dump "% BaBar B — K*d'
% Signal efficiency drop due to long-lived ALP is 1= 10~! 10°
taken into account in results my (GeV)
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Conclusion

Belle and Belle Il are unique facilities with many exciting dark sector and tau physics opportunities
Covered in this talk:

« Several new world best limits on high-profile t LFU / LFV searches proving that Belle and Belle Il
are also t-factories

o Test of Lepton Flavor Universality in T decays JHEP08(2024)205
o Search for lepton-flavor-violating t - 3u JHEP09(2024)062
o Search for lepton-flavor-violating t - e2€ new
o Search for lepton-flavor-violating t > £K2 new

* Unique limits for light dark sectors searches including displaced vertices and missing energy
o Search for inelastic dark matter with a dark Higgs new
o Search for ALPs in B meson decays new

many more recent results at Belle and Belle Il (see backup)

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola) 22
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Conclusion

Belle and Belle Il are unique facilities with many exciting dark sector and tau physics opportunities

Still many frontiers of improvements:

* Increase data sample size;

* Improved analysis techniques, and reduced
systematic uncertainties

» Luminosity and physics output expected to
continue to ramp up with next data-taking
period

» Stay tuned, new results are coming....

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

Total integrated Weekly luminosity [fb~!]
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Belle Il Online luminosity
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Tau and dark sector at Belle (lI)

Recent published results at Belle and Belle Il

Further analysis in = physics Further dark-sector searches

[—1 - + n—
BIl Baryon/lepton num. viol. in 7~ — Am™  [PRD 110 (2024) 112003] & Heavy neutral lepton in vy — 77 £ R
apw . - - . — +
BIl Lepton-flavior violation in 7= — £~ ¢ (arXiv:2305.04759] B Leptophilic scalar in association with 777 [PRD 109 (2024) 032002]
o _ Bll Long-lived spin-0 mediator in b — s [PRD 108 (2023) L111104]
BlIl Lepton-flavor violation in 77 — ™ « [PRL 130 (2023) 181803]
BIl Dark Photon and Higgs in "™ PRL 130 (2023) 071804
B Michell Parameters in 7= — p™ v, vr [PRL 131 (2023) 021801] N . = o [ (2023) ]
ionlike particle decaying to PRL 125 (2020) 161806
B Electric Dipole Moment of the 7 [JHEP 04 (2022) 110] . YIng o Y [ e :
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SuperKEKB & Belle Il

A 2nd generation B-factory

SuperKEKB is a 2nd generation asymmetric e*e™ collider at
the Y(4S) energy located at Tsukuba (Japan).
Major upgrade of KEKB.

» Target word highest instantaneous luminosity: 6x103°
cm2s1 (x30 KEKB/Belle):

o 1.5x higher beam currents;
o 20x smaller beam spot (“nano beam scheme” [1]);

KEKB beams SuperKEKB nanobeams

Nano-beam scheme

e
B, ~1/20x%
| ~1.5x SuperKEKB
-1(A) ~1.6/1.2 - 1(A) ~ 2.9/2.0

-B.* = 5.9/5.9 - B.*(mm) ~ 0.3/0.3
By \mm) 30x peak luminosity B, Amm)

[1] P. Raimondi et al., arXiv:0709.0451
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Positron ring | collision point

s -E'-P

B —

Electron ring

Positron damping ring

Belle Il detector

= | Electron-Positron
1L | linear accelerator
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B-factory experiments

Overview

Asymmetric e*e” colliders optimized for the production of B meson

pairs;

Collision at Y(nS) resonances, mainly Y(4S) - 10.58 GeV:

_—

25

[ Y(1S) =
[ & Biag

S20 - T(4S)—><:

c - iob

= [ I BO

215 L + Az = BycAt cp

o b At=top —t

8 i : : = tlcP tag

LA Y(25) I

t0f

o I L o Y(39) >)

1) o ; [ 7

I S A  Yas)
i * {k{, +4,?$+ it*“’ﬁ e ",*#"‘w{t PR
- continuum backgroun

[]

o i 1 «a 1 « 1 1 « 1 1 1
9.44 9.46 16.0000.02 ”10.34 10.37 ”10.54 10.58 10.62

* just above the production threshold of BB (10.56 GeV);

ete- Center-of-Mass Energy [GeV]
* BR(Y(4S) - BB) > 96%;
BB pair (charged or neutral) almost at rest in the CMS frame; ﬂ[,.,,mm:,_,5";’""Q“;;_’;.E;’.""“"*ax.-.--.'umhjm..b
(0.73%) ' / 0.91%
. . ole'e+ ¢ ry))]=092nb cesunlyil=161n
Asymmetric beam energies: e.g. 9.0/3.0 GeV (e”/e*) (BaBar): AN / cleesuutyll<isioy
— . . . . { ) b \\, - - ale‘ed =3.3n
* Boosted BB pairs for CP-violation time-dependent measurements;  aeeasimonn. \\ / ~— Rl 414
(027%) ~ >~ \\ [/
. . . oleere el y)|=744nb H\\”\\ x'“\x f ale e de e u 1w|=189nb
Large instantaneous luminosity: > 103 cm2s?; (s199%) \ Y A )
. — . ole'e+eee’ e |=39.7nb
Not just BB production: ()
* rich charm, t, quarkonium and low-multiplicity < ::
program;
cross sections pie
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SuperKEKB & Belle Il

Schedule

Belle Il Online luminosity Exp: 7-35 - All runs
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Calendar
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e Data-taking from 20198;

* Achieved world record instantaneous luminosity:
5.1x103% cm2s!

* Long shutdown 1 (2022-2024)
o detector improvements — mainly installation of
full two-layer pixel detector (PXD2);
o accelerator improvements, e.g., non-linear
collimators to combat beam background;

* Restarted collision in Feb 2024. So far collected 575
fbl (RUN 1 + 2);

* Target dataset: 50 ab!
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Calendar

SuperKEKB & Belle Il

Schedule
10 . . ' 60

.7'_‘ w— | peak(Target)

Do 50
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Belle Il

Prog. Theo. Exp. Phys. 12 (2019)

Detector overview

Electromagnetic Calorimeter
Csl(TI) with waveform sampling
Position, energy, time, and

pulse-shape

K}_) and Muon detector

Inner Barrel/Endcaps: Scintillating Strips
OQuter Barrel: Resistive Plate Chambers

Drift Chamber

He(50%):C;Hs(50%), Larger size relative l-"‘

to Belle, smaller cells, new electronics.

e 15 um vertexing resolution, excellent tracking.

* Hermetic detector makes full event reconstruction
possible.

* Photon efficiency 90% above p > 1.5 GeV.

e  Muon eff. 90% with 7% pion mis-ID. Electron eff. 86%
with 0.4% pion mis-ID

e Kaon ID in full momentum range, eff. 90% with 6% pic
mis-ID.

Vertex Detector:

DEPFET pixel detector (2 layers)
Double-sided silicon strip detector (4 layers)

b

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

' /} Triggr:

Hardware < 30 kHz
Software < 10 kHz

[

Magnet:
1.5T superconducting

ir ‘.

Charged Particle Identification:
Barrel: Time-of-Propagation counter

Forward Endcap: Aerogel Ring-Imaging Cherenkov counter

4
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Belle I

Trigger performances

essential for dark-sector and tau physics
e typical signatures include low-multiplicity of tracks, and energy

deposits in EM calorimeter
e large background from radiative Bhabha and two-photon processes

some of the dedicated low-multiplicity triggers:

* single muon
e combine drift chamber and muon detector information

* single track:
* neural-net based hardware trigger
* single photon:
e high efficiency for E(y) > 1 GeV —

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

- Belle Il (Preliminary) [frat=s88m"  ee-rrr~ 1x1 prong
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9
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k =
S 0.6
| .
% t
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—
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4
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Dark sector searches

Decay sighatures

direct production
e*e” % XDarkXSM

Directly produced in SM particle collisions (e.g. photon
fusion, ALP-strahlung)

e probe mediator masses up to Vs;

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

SM decay production
B/D/t/ ... = XpguXom

Produced in mesons (B, tau or other) decay
* probe mediator masses up to respective
meson mass;
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Dark sector searches

Decay signatures

lefere?t dece:jy modﬁs depending on kinematically allowed final bump in the decay produts
states, favored coupling, etc. invariant mass

[

Life-time is an additional player:

e proportional to some inverse power of the coupling and of the
mediator mass;

* long lived particles can decay inside the detector and leave traces
of displaced decay products or they transverse the detector and
are reconstructed as missing energy from the remainder of the
event:

coupling

* decay-length < O(1)m: displaced decay vertices; \\f%‘;?\
e decay-length > O(1)m: decay outside the detector (invisible); \\\Q
Yy
ALP mass

same signature as decay to DM <:> missing energy signature
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Inelastic dark matter with a dark Higgs

Overview

Non minimal dark sector with a dark photon A’, a dark higgs h’ A

and two dark matter states with a small mass splitting [1]: Y
ass

* x; is stable (relic DM candidate) Xz Am | trend

* x,is long-lived Xy "

Can explain the lack of a signal in direct detection. [1] PRD 64, 043502 (2001)

e-e-—=> h'(—= x:x-)A'(=xxz(— x:e-e), x =, i, K

')(, X 2 Production of heavier . is
kinematically forbidden for low-
momentum x1.

= X
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Search for an invisible Z’

Strategy

Search forete™ » u*u=2', Z' - invisible

Analysis in short:

* muons used to reconstruct recoil mass (peaking for Z’ signal);

e Background from QED processes with 2 particles identified as muons
and missing momentum. Mainly due to uu(y), Tz, eepuu;

B ete—eteptu- Belle I [Ldt=79.7 fb~!
g El efe =1trT(y)

10 FHl cte —-utu(y)

4+ Data

* Analysis selections:
* Two opposite sign muon tracks; péf“ > 0.1 GeV/c
* Recoil points to barrel calorimeter (M ecoi] < 2 GeV/c?);
* Low activity in the calorimeter; y veto;

* Neural-Network exploiting FSR nature of Z’ production; 102

« Signal extraction by fitting over the 2d distribution 8 ecoii VS- M{scoil; o

100

Candidates / (0.5 GeV?/c?)

First measurement with 2018 dataset: ~279 pb%;

New analysis with 2019-20 dataset: ~ 79.7 fb! 107 5 20 40 60 80
* higher luminosity; analysis strategy improved; new triggers. Mrzecoil [GeV2/c4]
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Search for an invisible Z’

Results

No significant excess over the expected background;

Set 90% CL exclusion limits on cross section and coupling:

* World-leading UL for a fully invisible Z’ (100% BR to invisible);
* First exclusion of a fully invisible Z’' boson as an explanation of the (g — 2)” anomaly for 0.8 <M, <5

GeV/c?%;

' Belle II, 0.276 fb-!

lusr w 1

10% |

10!

Belle Il [Ldt = 79.7 fb~%, 90% CL UL

1072 f—Tz=0 Expected 1o Expected =20
mmie Tz =0.1 Mg

L | I B BPEPETE EMEPEPEPE BRI EPEPEPEE PR PR
lnﬂ 1 2 3 4 5 6 7 8

Mz [GeV/c?]

olete = utu~ (Z'-inv.)) [fb]

00

16~ 5

-2

o 10

10-3

10~

- .-——r-y_.__r___l.' T

Belle I, 0.276 fb~*

“““““

E—Be"ell IL dt = 79.7 fb~!, 90% CL UL 4
f —— 2 =0 Expected 10 Expected +20
| e T =101 M

I

PRL 130, 231801 (2023)
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Mz [GeV/c?]
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Search for Z’ decay in uu

Strategy

Search for di-muon resonance in 4 muon events with 178 fb!

Selections in brief:

Z’ model as benchmark;
Reinterpreted also as muonphilic dark scalar S;\4

may explain: (g — 2),, [1, 2]

e At least three muons identified; 1800
e Total charge zero; — 1600
* M(4 tracks) ~ beam energy; S 1400
* No extra energy; S 1200
 Multi-layer Perceptron (MLP) based background suppression; & 100

% 800
Analysis strategy: 2 600
e Fit on the dimuon reduced mass spectrum; D

T~ 15

[1] P. Harris, P. Schuster, and J. Zupan, arXiv:2207.08990 [hep-ph];
[2] R. Capdevilla, D. Curtin, Y. Kahn, and G. Krnjaic,J. High Energy Phys. 04 (2022) 129
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Belle Il preliminary

j Ldt=178fb

1

Bl e'e — piup'y

[Ce'e - 't

[e'e we'eu*y

[Je'e - p'uiy)

[ e'e” — qq (g=u,d,c,s)
« data

Y(1S)

o

"

Wy

o ]

4

+*+{w++;h?’f*+++++f+++H+”uf

1

2

3

5 %
M(up) [GeV/c?]

7 8 9

10

37


mailto:marcello.campajola@na.infn.it

Search for Z’ decay in uu

Results

No excess found -> 90% CL upper limits on the process cross-section: o(e*e” = X p*p) x B(X - p*p), with X=7', 5
Results translated into upper limits on the coupling constant:
* g'forthe L, — L; model (results comparable to Babar and Belle results with much less luminosity);

e g, for the muonphilic dark scalar S — first limits on S with a dedicated search;

Belle 1l preliminary j Ldt=178fb" Belle Il preliminary J. Ldt=178f0"
1 = 1 =
10_1 E_ Trident 10_1 g_
. i ) -
[@)) | (@] L
c c
o —2 | _ e} —2 —
= ey 9 107¢
= | 5 ) -
103 ETN 103 E
: —90% CL UL [ Expected UL 15 [ Expected UL + 2 - —— 90% UL CL [ Expected UL +1c [_] Expected UL * 2¢
10_4 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 10_4 L . 4 L L . L l L .
gl 10 1 10
2
m,[GeV/c?] mg[GeV/c?]

Phys. Rev. D 109, 112015 (2024)
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Search for T77~ resonance in uutt events

Strategy [1] B. Batell, N. Lange, D. McKeen, M. Pospelov, and A. Ritz, Phys. Rev. D 95, 075003 (2017)
[2] M. Bauer, M. Neubert, and A. Thamm, J. High Energy Phys. 2017, 44 (2017)

Search for a di-tau resonance with 63.3 fb!:
ete” - utuX,

X —» ¢+7—  (firsttime search)

Z’ model as benchmark. Results re-cast for:
* Leptophilic scalar S [1];
* Axion-like-particle with tau couplings [2];

leptophilic scalar -

200 Belle II [rdt=62.8 fb?
Analysis in brief: g | = e ana-udcso |
» Select taus decays to one-charged particle (+nh9) T 20T % . O | |
* Event signature is four tracks (2 p) with missing energy; > ool S e e | L@ |
e Muons used to compute recoil mass (peaking for signal); = 8 oo ‘}e‘b |
* Dominant background from 4 leptons suppressed by o 150F 4 b
2. =~ &’ 5.8 5.9 6.0 6.1 6.2
M (4tracks) < 9.5 GeV/c?; 2 1 b |
* MLP exploiting the FSR nature of the signal and that the =
. : . . + VISR
system recoiling against the 2 muons is a tau pair. 50 ee 4l+ T””i*
i —- —_
Data/simulation discrepancy from non-simulated/unmodeled processes = ""' s = 5 5 To

Background determined directly in data Mrecoi(uipt) [GeV/c?]
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Search for 7777 resonance in uutT events

Results

No excess found. ->90% CL upper limits on the cross section: o(e*e = (X - vt) p*p) = o(e*e’ » X p*p)B(X = 1), with X = S, ALP, Z’
e Results translated to limits on leptophilic scalar, ALP and Z" mediator couplings:

* First constraints on S for M > 6.5 GeV/c?;

* First direct constraints for ALP - 77 ;

/N

= -1 — -1
Belle [cdt=62.8fb Belle Jedt=62.8fb ” Balle Jcdt=62.8 fo-!
103 BaBar i 7
BaBar /
/!
102 4 — 103 | 10 s ;
ki f
i 5 Belle Il, 79.7 fb~* , (g—2u*20
(g - 2);.[ +20 (O] P ARMA (95% CL)
LYV 101 | | ||:| ‘0310_2 B
Sy
5 102 Cee = Cyp =Crr =
Lol leptophilic scalar,S | — ALP all other couplings = 0.4 143/ ]
1 —— 90% CL UL Expected UL x1o0 Expected UL +20 10! — 9|0% CL UL | Exp‘ected uL illa | Expected HL +20 10-4 — 90% CIL uL E‘ercted uL ilall Expec‘ted UL 2o
10 7 5 3 7 8 9 10 4 5 6 7 8 9 1 0 2 4 Gev 53] 8 10
ms [GeV/c?] macp [GeV/c?] mz [GeV/c
PRL 131, 121801 (2023)
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Dark Higgsstrahlung search e e, eca, s pev 079, 115008 12009

Strategy
o X €* X ap 1
Massive (spin=1) gauge boson A’ coupling to the SM hypercharge through wt
the kinetic mixing with strength €: A’*
A’ mass generated by adding a dark Higgs boson h'to the theory [1]; .
Searching for A’, h’ production in a dark Higgsstrahlung process, ) Y
with the hypothesis of M,» < M,/: h’ is long-lived -> invisible. ete” - A - h A
Analysis in brief: Observed yields
* two tracks + missing energy and a 2D peak in M2, vs M2 ;- ®Foenen SERH 0
e scan and count in search windows; 5F [ cot=8.34fb"!
« Backgrounds mainly due to uu(y), 11, eeuy; /\:\4: 110°
. : S L
* Analysis selections: O s} B
 Two opposite sign muons, p#“ > 0.1 GeV/c; “g , 1" T
e Recoil points to barrel calorimeter; ! 3
* Low activity in the calorimeter; <1 10°
* Final suppression exploiting helicity angle; of
- 100

« C,= |cos(6helicity )| flat for signal, peak at 1 for bkg;

M, [GeV/c?]
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Dark Higgsstrahlung

Results

Search performed with 2019 data -> 8.34 fb!.

No significant excess observed -> 90% CL UL on 6 and €2 X ap;
*  World’s first results for 1.65 < M,,< 10.51 GeV and M. < M,

6 a 1073 -
 Belle II 90% CL UL 10 ' Belle Il [rdt=8.34fb™" 1 geyye?
5t[ cdt=834fb"1 4 10-4 | 90% CL UL —— My =2GeV/c?
E . : My =3GeV/c?
oAt 107 —— My =4GeV/c?
O | Q 105t "
> L S S
3 I
2 % X
O | 1107° \ W 1078}
=2
E i =7
ol 1077 1077k
D :“ -8 ] | ]
S R S U N R S 10 0 2 4 6 8 10

0 2 4 6 8 10

M [GeV/c?
M, [GeV/c?] a [Gevcr]

PRL 130, 071804 (2023)
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Inelastic dark matter with a dark Higgs

Results

v" Model independent limits on the cross section of the process
v' Strong limits on 0 and € X ap, but dependence on 5 other parameters.
Many more (~30) plots for different parameter configurations

104 g—

103

102

95% CL ON Oprad X By, X Blh' = * 1 ~) (fb)
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e cT(H') = 1000.0Cm
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cTiy:) =0.01lecm
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108 —
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5 Preliminary m— TR} =100.0cm
10 e cT{h') =1000.0cm
107} 3
10" N // E
1uﬂ -
mixy) = 2.5 GeV/ic?
10-t| mia)=3mipn) -
A = 0.2 mil )
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m(h') (GeV/c?)
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Light (pseudo)scalars in B-meson decays

Strategy .
Transverse view of the

Belle Il detector

Extensions of SM predict dark matter mass generation via light scalar S that
can mix with the SM Higgs boson with angle 6

S could be produced in b to s transitions: b gj P
e BT > K*S;
e B 5 K*(> K*n™)S; < ,

At small angles S is long lived:
 prompt K + two opposite signed tracks from a displaced vertex;

Strategy:

* Look for S decays into ee, uu, nm, KK;

e Search for a bump in the reduced invariant mass of tracks coming from a
displaced vertex: M(x*x™) = \/MS?_WX_ — 4m? Probe lifetimes between

* Require signal B to be fully reconstructed for background rejection (ee = qq); 107 <er<4m

 SM long-lived KJ mass region vetoed;

« excellent control sample in data to evaluate LLP performance (efficiencies, shapes);
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Light (pseudo)scalars in B-meson decays

Results

No significant excess observed in 189 fb1.
* First limits on exclusive hadronic final states;
e Best sensitivity for direct search for K*e*e™ final state;

e Dark Higgs-like scalar interpretation ;
Pseudo-scalar (ALP) interpretation;

80 Belle ll Preliminary BroK*S(ontn—) 1
. JLdt =189 fb~! B e~e~—cC 77 MC stat,
mm e*e~ —ud/dd/ss + Data

o
o
T

B e*te~-Y(45)-BB E

w B
o o
T

Candidates / (0.2 GeV/c?)

=
o

o 1 2 3 2 5
M'(m*n~) (GeV/c?)

b

S BaBar Belle Il Preliminary

NAG2 PS191

fLdt =189 fb!

= )

10 10
ms (GeV/c?)

Phys. Rev. D 108, L111104 (2023)
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Light (pseudo)scalars in B-meson decays

Results

No significant excess observed in 189 fb1.

* First limits on exclusive hadronic final states;

e Best sensitivity for direct search for K*e*e™ final state;
e Dark Higgs-like scalar interpretation ;

~ 00
o o

o
o
T

Candidates / (0.2 GeV/c?)
2 8 & B

=
o

Pseudo-scalar (ALP) interpretation;

M'(m*n~) (GeV/c?)

Phys. Rev. D 108, L1111

- Belle Il Pl’EIiIrninary B I*'—>K+S(—m*nl-) E
[ Ldt =189 fb~! B e~e—cl 77 MC stat, |
mm e*e~ —ud/dd/ss + Data L
B e * e~ —Y(45)-BE ]
Belle Il
-3
10 v“
—4
1 L -
0 __J LHCb (K*)
E949 / CHARM LHCb (K")
- 10—5 NAGB2
Belle Il
I e e e e e . fa=fq=fg,/\=1TEV,V=246.2GEV ILdt:lBgfbA
[ I I I I ] 10_ ‘_1 L 0
) 1 2 3 4 5 10 10

m, (GeV/c?)
04 (2023)
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Invisible boson in lepton-flavor violating Tt decays

Strategy

Look for an invisible a boson produced in a LFV tau decay
>2a
o->invisible

o can be an ALP candidate [1].

Analysis in brief:

* three tracks on the tag side, one track on the signal side (8=e or £=p);

* background from tg,,~>€vv

» exploit the shape differences: 2-body decay for signal (peaking in the
normalized lepton energy xin the T, pseudo-rest frame) over
3-body decay of irreducible background;

approximate L pseudo-rest frame as E__~ 4/s/2 and p.,,~ —p, /[P, |

=
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Invisible boson in lepton-flavor violating Tt decays

Results
[1] ARGUS Collaboration, Z. Phys. C 68, 25 (1995)

No significant excess in 62.8 fbL.

95% CL upper limits on BF ratios of BF(t;, >€a) normalized to BF(tgy,—~> €wv);

e 2-14 tighter limits on the previous Argus results [1];

22 107 x10°

= 20 - Belle I ~ Observed UL || Expected UL + 1 std. dev. T L Belle Il ~ Observed UL [ Expected UL + 1 std. dev.
= 18 - ILdt =62.8fb" --- Expected UL Expected UL + 2 std. dev. |>=t I Ldt=62.8 b --- Expected UL Expected UL + 2 std. dev.
‘o 16F 'S of

T 14f T |

ICHPY: ‘e

D 10 Q

.g 8 3

T O 1

e 4 [ '

@ 2| =

ol 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 f ! 1 ] ! ] ] 1 1 1 1 1 1 1 1 1
0 0.5 0.7 1 12 1.4 16 0 0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?] M, [GeV/c?]

PRL 130, 181803 (2023)
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Search for the ALP-strahlung

Results

Search for ALP-strahlung in the 3y resolved final state:

Analysis in brief:

e 3y that add up to the beam energy;

» Search for a peak either in the recoil invariant mass (high
ma) or in the diphoton mass (low ma);

« Background fromyy(y); et e (y); Py(y) withP =

0 / £
mwe,n,n, 2
2|/t Belle 1
Used first data from 2018 commissioning run (0.455 fb1); o
=1
(&)}
No excess observed and 90% CL UL on g4y, down to O(103). j X
* First results ever for ALPs @ B-factories pelle \\Ej‘i- -7
| electron beam du gayZ =0
10—5 . — el . . . . 1 . . X .
1073 1072 107! 10° 10!
PRL 125, 161806 (2020) m. [GeV/c?]
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Belle |l

Continuum rejection

AE = E* —/s/2
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Different event
shape to separate B
events from
continuum
background

p(q) = 5GeV /e
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Evidence for Bt > Ktvv

Overview and strategy

H—

Reliable SM prediction, never observed before, possibly affected by NP (ALPs, dark scalars, Z’, leptoquarks...)
* Experimentally challenging for the 2 neutrinos in the final state;

* Used two complementary B tag approach:
o low purity-high efficiency (0.8% - 8%)
o its opposite (3.5% - 0.4%)

Strategy:

e Event selection by combining signal kaon,
event topology, rest-of-event info in MVA
classifiers

e Background from continuum, semileptonic
B decays

* Signal efficiency and bkg estimation
corrected and validated using a variety of
control channels

La Thuile 2025 — Tau and dark sector physics at Belle and Belle [I (M. Campajola)

ITA

Inclusive Tagging Analysis -
j . Al /

e " et
B

Rest-of-event

1) Select signal K* that minimizes g2 (K* recoil).

2) Identify rest-of-event object (includes all £_; ).

HTA
Hadronic Tagging Analysis K - "!l, ] J (
;” -=7 I
_ - Vy
Bqlg}
AN
» (T(4S) ——
o N4 et
BN DO
1) Reconstruct tag D
B,,, inO(10K) 4 ——

channels:

Gomput Softw Big
Sci 3, 6 (2019)

K-l—

2) Select signal K+.
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Evidence for Bt > Ktvv

Strategy

Perform binned maximum likelihood fit:
* Inclusive tag: in bins of g2 and classifier output
e Hadronic tag: in bins of classifier output

TI(BDTQ)
0.92 0.94 0.96 0.98 1.0
: : : 125
3000 ; ; Belle II B B K tup
Belle II 5 — F Ldt = 362b-! -
[Ldt=(362+ 42)fb" EEE B* K v = 100 f I 3 BB
o —_
o m BB < HTA (|
£ 2000 ITA oo 0
= mm BB k< o
':'qu I Continuum fas] |
EE } Data ’E
O 1000 "g
faw
@)

0

5 B
= 0L SN S i . =
a¥ : : ol

_5 C | | 1 | | 1 | | ] | |

1 4 8 251 4 8 2501 4 8 251 4 8 25
Grec [(GEV?Z/ ]
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Evidence for B* > Ktvv

Results
SM Average
0.497 :(-),m.* J3+04
: : —— Belle II (362 fb™', combined)
E : 2.3£0.7 This analysis
ol Belle II (362 fb™!, hadronic)
. : 1.1+£1.1 This analysis
: | — Belle II (362 b, inclusive)
H 1 2.7+0.7 This analysis _
: ‘ . = + + 5
: E o Belle IT (63 fb!, inclusive) ITA: B F (2 ' 7 - 0' 5 - 0' 5) X l 0
19415 PRLI127, 181802 +0.940.8 -5
: I . -
P Belle (711 fb!, semileptonic) HTA: BF_(1'1—O,8—0,5 ) x 10
E 1 1.0+0.6 PRD96, 091101 . _ + O l5 5
. : P Belle (711 fb'l,hadronic) ComblnEd: BF_(Zogi 0-5_0.4) X 10"
E : 29+1.6 PRDS&7, 111103
. 1 0.2+0.8 PRD82, 112002
‘e BABAR (429 fb!, hadronic)
H ] 1.5+1.3 PRDS7, 112005
L l L I L I L L L I L L L I L L L I L L L

0 2 4 6 8 10
10° x Br(BT—K " vp)
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Tau physics at Belle and Belle ||

Overview
B-factories are also t factories Testbed for:
e T pairs cross-section equivalent to BB procces v precision SM measurements
: , * rtlifetime, mass, coupling (universalit
B-factories are also 7 factories > p_ 9 y)
v searches for rare or forbidden processes

v 7 pairs cross-section equivalent to BB procces
" y P * Mostly lepton flavor violating T decays

Produced in pairs: e*e > t'r h
tag A ¢ h

« Back to back and boosted in the center-of-mass frame 1x3 tracks (prongs) /" v
 Identify events by reconstructing the thrust axis n; (maximizes thrust T) P e
« Separate them in two opposite hemispheres T _
« Typically use one side to tag the event by reconstructing decays with CM frame " :
1 charged track (1-prong) or 3 charged tracks (3-prong) L 2 s
o Reconstruct signal on other hemisphere ,\ A/ signal
T = max (Zl |pi'nT|) e/ K \
g 2_; |pdl vy
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Tau Mass Measurement

Strategy and results

Main = /M2, + 2(4/3/2— E3)(E3y — p3y) < -

» Fundamental physics parameter and important input,
e.g. for lepton-universality tests

» Pseudomass method in 7= — 7 7 7" v,
» Mmin distribution ends at m-

» Smeared by resolution and initial and final state
radiation

» Accuracy determined by
» Beam energy /s/2
» Calibrated using BB events
» Final-state particle momentum
» Calibrated using D° — K7 standard candle

» Belle Il provides World's most precise result

La Thuile 2025 — Tau and dark sector physics at Belle and Belle Il (M. Campajola)

Events / (15 MeV/c?)

x10°
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8'0 __ - qﬁ ..- .
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[PRD 108 (2023) 032006] 1776.86 + 0.12

|
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1776.96 357 oi7 |

|
BELLE (2007)
1776,61+ 0,13 £ 0,35 i
KEDR (2007) '
1776.81 o +0.15 |
BaBar (2009) '
1776.68 + 0,12 + 0.41 |
BES |1 (2014) I
1776.91+ 0,12 25 |
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—_—
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Tau Mass Measurement

Strategy and results

» Measurement dominated by systematics uncertainties: Mpyjp = \/M§1T +2(/s/2 —E3.)(Ey. — Pix
i -

Source Uncertainty w'sg; Belle Il Preliminary —1s

MeV/'cz < . | IL dt = 190 fht Total uncert.

Q108 2E;
Knowledge of the colliding beams: . . o, I B
#eam e — Beam energy callibration @ |
Boost vector < 0.01 Use B meson hadronic decays method g b
Reconstruction of charged particles: R @
( CEarEea Eartlc!e momentum correction 0.06 ) and T(45) Imeshape measurement to 8 e g 8 =
Detector misalignment 0.03 get ‘\/g : S
Fitting procedure: mj?; L T -2£ "-"'I'm _
Estimator bias 0.03 Chronologically ordered events
Mass dependence of the bias < 0.01 N
Imperfections Dfltge ;imU'aﬁﬂm Cure bias due to imperfect A N PR b s
Detector material budget 0.03 P = B »
Modeling of ISR and FSR 6.0 magnetic field T {:: j::m L e—— mm:_:_
Momentum resolution < 0.01 Extract polar angle cos@gqck 3 7
Neutral particle reconstruction efficiency < 0.01 dependant correction: b
Tracking efficiency correction < 0.01 P . EE“‘“ s —
Trigger efficiency < 0.01 comparing D° — K mass peak aob ; ; i
Background processes < 0.01 w.r.t PDG mass o t I . Tk
Total 0.1 ¥ e
=05 06 04 02z 0 0z 04 08 'u-fa' B
cos(6,)
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