Dark Sector Searches at Belle and
Belle 11

on behalf of the Belle and Belle II collaborations

Eiasha Waheed
PASCOS 2025, Durham, UK

: Sg# THE UNIVERSITY OF NDADIC
Eiasha WAHEED W oo l




Outline

e Introduction to dark matter
e B-factories
e Bcelle and Belle II experiment
e Dark sector searches at Belle and Belle II Experiment
1. Inelastic dark matter with a dark Higgs
e Axion-like-particle (ALP) searches
2. B— Ka( — x*x7)i.e. Long Lived ALP in B decays
3. B— Ka( - yy)

¢ Summary and Conclusion

Eiasha WAHEED



Dark Sector - Introduction

e The particles 1n the hidden/dark sectors (DS) do not interact with the Standard Model (SM) particles directly, but
there can be “portals” acting as indirect interactions. [arXiv:1311.0029]

Dark Sectors could communicate to SM

through portals e Portals Mediators Field symbol
dark forces? Vector Dark photon, 7’ boson A’
o Scalar Dark scalar/Dark Higgs ¢
rk lantons? Pseudoscalar Axion/ALP a
Fermion Sterile Neutrino N

Z portal — Z @SM X @DS

e The SM needs to be at least a little coupled to the dark sector

Many opportunities for accelerator experiments for both high energy and high intensity
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Dark sector covered by eTe™ colliders

e The dark matter (DM) scale 1s unknown; completely different search strategies depending on the mass of
dark matter

e DM weakly couples to SM particle annihilation at accelerators

e e¢te collider can access the mass range favoured by light dark sector s = 9-3 GeV
(D ® Dark matter candidates
e Typical process for to look for dark sector mediators : @
e~ + e™ — SM-particle + Mediator Belle IT
B(or other hadron)— SM-particle + Mediator
e Important features for DS searches at e™e™ include Dark Sector

¢ (lean, low-background, energy-conserving
environment with closed kinematics

e High luminosity and cleanliness compensate for

: : Black Holes
' QCD axions Sterile WIMPs
small cross sections I . Ceutrinos o o o—>
ueV meV eV keV MeV GeV TeV 30M,
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Dark Sector and Dark Matter at B- factories

e Different scenario arise, depending on the dark sector mediator and dark
matter mass hypothesis

e Negligible interaction probability of DM with the detector

° to SM particles: allow to search for dark sector
mediators

to dark matter candidates: allow us to search for DM
or dark sector mediators 1n final states with missing energy

e Displaced vertices: weaker couplings lead to long lifetime and
therefore long decay length

e Lifetime 1s an additional player: proportional to some inverse power of
the coupling and of the mediator mass

¢ decay-length < @O(1) m: displaced decay vertices
e decay-length > O(1) m: decay outside the detector (invisible)

D
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Invisible decays of

Visible decays of A’ and

AZ,ALPs.. Z',ALP — vyyorff..
'\A
heavy mediator
< /s [
& light mediator N
? light dark matter A
7 ' SM
g — DECAY INTO DM! " ._<
5 DM SM
._‘C_‘; ‘—< light mediator
) Bt heavy dark matter
= — DECAY INTO SM PARTICLES!
2m, a
\ — DECAY TO SM SUPPRESSED —CE

\ dark matter mass mpyy,

Inelastic DM, dark Higgs boson,
(pseudo) scalars..

coupling

mediator mass
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B-tactories

e Asymmetric eTe” energy beam colliders optimized for the production of B meson pairs

e Collisions occur at Y (ns) resonances (bound bb states), mainly at
Vs =10.58 GeV

e Experiments operating at B-Factories:

¢ First generation: :%20 _
e BaBar@PEP-II, US (1999-2008)— Collected 0.5 ab™! S st
.
e Belle@KEKB, Japan (1999-2010) — Collected 1 ab™! T 10
| s
® Second generation: o sf ,
(@) R + L9 ST o i ) "L N SR
L continuum
e Belle lI@SuperKEKB, Japan (2018-Now) 0

e"e” Center-of-Mass Energy [GeV]

2.—1

Highest peak luminosity achieved by first generation B factory L > 10°*cm™2s™
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SuperKEKB

o SuperKEKB is a 2nd generation asymmetric e e collider at the Y (4S) energy located at
Tsukuba (Japan).

Nano-Beam scheme

e SuperKEKB 1s major upgrade of KEKB beam size | 20 times
e Target 1s to achieve highest instantaneous luminosity currents T 1.5 times ~

(X 30 KEKB) . m SuperErE Interactio
e SuperKEKB has been designed as a B-factory but 22mrad Region

a >
e Wy

C

ideal environments to study D mesons, 7 leptons and »$ tum
dark sector physics 1oown |

electron ring

B-factory: ~ 1.1 X 10°BB pairs per ab™!

charm factory: ~ 1.3 X 10°¢¢ pairs per ab™!

electron / positron
linear injector

SuperKEKB

83mrad

7 factory: ~ 0.9 X 10°z77~ pairs per ab™!

100um f
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Luminosity status and projection

So far L. = 575 fb~1( ~ 1/2 Belle)
e Goal: L. = 50 ab~!( 50 x Belle)

Collected luminosity up to now: 2019 - 2024

Belle Il Online luminosity Exp: 7-35 - All runs AN
e @ S e Worldrecord: L .., = 5.1 X 10°*cm=2s~!
Integrated luminosity - 600 pca 2 o

e mm Recorded Weekly . — — Lo
T 150 M ARl @40 o Target: Ly, =6 X 10%cm™s
g 15.0 fre [ rpacorged dt = 575.47 [fo~] s
= 575.47 fb™?! - 200 o
'g 198 L f............. “:; e Restart data taking 1 Fall 2025
= Runl Runll [ 490 8 — T T 170 =
e O By e = N,; I Peak luminosity | 3
kY 3 [ | [ ——— vaCSuparade wo QCSupgrade | o i ey —
D L300 © S O | . o™ ! / 1% 3
= 11 20 O OUUUUUUON. | | % 2 - Integrated luminosity (delivered) / | . >
¥ - 3 X s [ g Lo (. 150 )2
© ' i | QL
05)1 0§ i TR || [T B g Projected by SuperKEKB/Belle 11 / _ =2
& 3 E a e / ..................................... —40 =
= = = ._ 1z
5T DR | i L N / ______________________________________ 50 2
® -
8 _ i _ =
0.0 - I I 0 S O iyl Py 5
o S V4 1 8
$ 7 : | =
]_ ....................................... // ................................................................................. __ ]0 vla
Lor}g shutdown (LSI) Several accelerator and detector 0 e
maintenance and improvements Date
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Belle II detector

e Belle II upgrade of Belle — Hermetic detector
e Belle II key features:

¢ Known 1nitial state kinematics
e Very clean environment

e Excellent charged particles identification (kaon,
pions, protons, electrons, muons)

¢ (Good neutrals reconstruction
e ydown to 50 MeV
¢ Dedicated triggers for low-multiplicity final states

e Only Belle II has single-photon or single-track and
single muon triggers

e Possible to probe all the possible dark sector portals

( Silicon vertex

detector: Precise
tracking close to
\_ Interaction point

(Central drift

chamber:
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Belle and Belle II have excellent sensitivity for dark sector searches in the MeV — GeV range
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K? and muon

detector:
Detects K and
muons

J
1 ﬂDarticIe \

identification:
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flight/Cherenkov
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Belle I

Inelastic dark matter with a dark Higgs [arXiv:2505.09705 (2025)]
Submitted to PRL

e Inclastic dark matter (1IDM) models can avoid cosmological constraints on dark matter [PRD 64, 043502 (2001)]

e Model with 1nelastic coupling between DM and SM particles could explain lack of signal in direct detection

¢ One such non-minimal dark sector consists of: Signal processes
e Two dark matter states (;, a stable, light particle |e*e™ = h'(— x"x A (xyx2 = (= xse*e”)) where x € (4,7, K)
S)GII;T\/I DM) and y,, a long-lived particle can decay a l’)";n i o e‘[ u o K‘]
e A massive dark photon Xo ©
e /' dark Higgs boson o A’ A’ €+[/i+>7f+a K+]
. h’ mixes with SM Higgs through mixing angle ¢/ . ‘.
e A mixes with SM photon with strength ¢ v \\ " uor Ko
e Coupling between DM and A is o, 4 ;\\

7 free parameters; 4 masses + o, , € and ¢/
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://arxiv.org/abs/2505.09705
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Inelastic dark matter with a dark Higgs [arXiv:2505.09705 (2025)]
Submitted to PRL

Event reconstruction require:

e Require missing energy (yy¥,») plus four tracks in the final state Experimentally challenging for

e Two displaced vertices tracking and trigger due to presence of

_ . displaced vertices
e ' — xTx~ pointing displaced vertex P
Displaced vertex

* ¥, = y;e e non-pointing displaced vertex . non-pointing to the IP =
R4 N N ointin
: : : : S . X1, € e
e Signal selection using requirements on pointing Missing energy /" . p
angles and vertex distance from the interaction point -
X2
e very low SM background o A’ A’ aop in
7N B | \ X 2,/*\\
e Search for a bump 1n the A’ invariant M, ~ X o ’\‘ ______ \T Xl’/\
- S\ g / \ \ T \\
. . N / (& .
e Cut-and-count strategy for extracting signal AN o mR T o--F N\ hon pointing U
: R e gy S
YIeldS er Displaced vertex * /,X\ \\
- - - - inting to the IP N
e Events rejected with 4’ candidates with pomng e e I S
/I ) 7T b} \\ _,//

0.467 <M(z*"7™) < 0.529 GeV/c2 to reduce
background from K? decays;

o Expected background estimated in data from sidebands to not rely on stmulation
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https://arxiv.org/abs/2505.09705

Belle I

[arXiv:2505.09705 (2025)]
Submitted to PRL

Inelastic dark matter with a dark Higgs

function of dark Higgs mass. The region corresponding to the fully-
vetoed KSO mass region 1s marked in grey.

cT(x2) =0.01lcm |

e Dataset: 365 fb~! from Belle II G0 Bellen [cat=3z65 0t .
. o . . e S ' brelimi ) :
e No significant excess found in the individual final states or @ 7.0/ eminan Eight events observed -
the combination m,, channels: 0 6.0} e oy
. _ . . o | mm cte -BB
e 9 events observed, (8 of 9 in #777) consistent with 5.0 — o g
expected background 2,0l mm ete seteete”
O, — —
.. > mm ete ->ThT(Y)
® 95% CL llpper llmlt set on W30 wmy MC stat. unc.
¢ Data
o(e™e 1_0_) Wy o) X By, = ye’e )><95’(h’—>x ) [xT=uT, KT 2.0
= Belle Il [£dt =365 fb~! — ct(h’)=1.0cm 1.0
T 5 Preliminary — cT(h') =100.0Ccm ” >
I 10 — cT(h’) =1000.0cm | 0.0 16 Te 55 5 20
3 | ; . . . | | .
T 102 — Q Mp(mtm~) (GeV/c?)
L i ]
Q | P — : _
< &.n_‘__, | e Reconstructed 4’ mass distributions for A’ — 77 x
N _—
X l'___'._.' — o . —_
8 10°) | e The product of the production cross section 6(e*e™ — h'y,y,), and the
© f — — — + +
s miw)-2sceve | product of B.F By, = ye7e”) X B(h' — x"x7) [x* =n"]asa
o | am=02mix)
X I
LN
m .

m(h’ ) (GeV/c?)
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https://arxiv.org/abs/2505.09705

Inelastic dark matter with a dark Higgs

e Strong limits on € X aj and 6 (dependence on other parameters)

e World-leading (model dependent) constraints on the (sin @ — mh’) parameter space

e Exclusion regions at 95 % CL from this work (teal)

sin @

107°¢

10°°

D

O

Belle I

All constraints except for the one from

this work do not require the presence

of a dark photon or IDM. of a dark Higgs boson or iDM.
=TT e | TIT <+ 107°% - - —— - .
———— 2 | L3 gy - Belle I fﬁdt= 365 fb~* Preliminary :
o - <L 7| l
T KTeV B 7.:: 10 BaBar \ ,'
I S~ / |
| > \\\\ - | \\ /\ |
Belle Il | LHCb | o 10-8fa DEERe - - FEEEEENIEEE S oY
IB—’KS ] 5 //\\\\ \\\\ 7
S 0 DNy 0 Belle Il
— 10 . (this work)
/ S )
| o \\
| 1 W 10—10 N \
B | N
Belle Il ')
L (this work) >‘10—11 X j
/ | /CHARM ;
CHARM ap = 0.1 | // ap = 0.1 ;
PS191 £=15x%x10"3 15 i m(A') =3m(xy)
BaBar m(x1) = 2.5GeV/c? ' 10 7 NuCal Am =0.4m(x1) 3
[ o m(A’) =3m(x;) | 4 m(h’) = 0.4 GeV/c? |
- Belle 11 fﬁdt=365 fb~! Preliminary Am =0.4m(x;) 3 aF Tz sez-. y sin6=2.6x 104 |
~ 1072 | — 10° 10t 10 10+ 10Y
m(h’) (GeV/c?) m(x1) (GeV/c?)
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All constraints except for the one from
this work do not require the presence
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[arXiv:2505.09705 (2025)]
Submitted to PRL

Many more parameter
configurations in

paper
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Axion-like-particles (ALPs)

e Axions were originally motivated by the strong CP problem — One of the unknown of SM

e Beyond-SM theories in which a global UV symmetry 1s spontaneously broken predict

pseudo-Goldstone bosons known as Axion-like particles (ALPs): CP phase in strong sector
a0 N
e ALPs is generic pseudoscalar particles with arbitrary mass and couplings, at ~GeV scale 8S GH G
T

e Many possible couplings for ALPs: g, , &,w» 8, and more
e The B — Ka searches are:

e visible — ALP decays to SM particles inside detector [a — yy decays] a, a .

G v Gy
o invisible — ALP decays outside of detector, or to dark matter ST Jq

Peccei, Quinn, [PRL 38, 1440 (1977]]
[PRD 16, 1791 (1977)]

ALPs proposed as a mediators between the dark sector and ordinary matter and they
could be cold dark matter candidates themselves.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791

. : Belle I
LOIlg Lived ALP1n B decays :RS 108, L111104 (2023)

e (ases for long lived particle (LLL.P) can be from scalar mediator (5) or
a pseudo-scalar ALP (a).

e 5 can mix with SM Higgs boson with mixing angle &,

e For couplings much weaker than the electroweak interaction, the
scalar S 1s long-lived.

e Another possible extension of the SM introduces an ALP that couples
to photons, fermions, or gluons

e Search for long-lived S that decays visibly into charged particles
BT - K™S(S - x"x7) [x=e,u, 7, K] LT #

e High performance in LLP vertex reconstruction are necessary |

e First Belle II long-lived particle (1.1.P) search with Bt — K*
LLPand B - K°[K*z"] LLP using 189 fb! ‘

-----------------

e Displaced vertex distance from interaction region > 0.05 cm /

e displaced vertex — low backgrounds;

D

——
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104

Belle I
Long Lived ALP 1n B decays [PRD 108, L111104 (2023

Event Reconstruction:

e Signal B-meson fully reconstructed by prompt K or K* decay + two oppositely
charged tracks that make a displaced vertex

e Signal events are simulated for various scalar masses 0.025 < mg < 4.78 GeV/c”

e Secarch for a bump 1n invariant mass 72/ P distribution

e Separately forx =e,u, 7, K

e Separately for different lifetimes ( 0.001 < cr <400 cm)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104

Belle I

Long Lived ALP in B decays [PRD 108, L111104 (2023)
Background rejection: )
e For continuum and BB background 9 A 4 COIltlIlU:EU,ILl vs. BB
. 7 . 7 event shapes
e constrains on M, = \/ si4— | pg |7 >5.27 GeV/ c¢* and q B
AE = |E} —/s/2| < 0.05 GeV P D EZZ o
> ; I e* e~ -ud/dd/ss Data
e event shape variable R, < 0.45 S oo e -Y(45)-88
e SM long-lived Kg mass region vetoed and used to evaluate [L1.P- é 40
performance (efficiencies, shapes, particle identification); =
e Further peaking backgrounds (¢, J/1) suppressed by tighter O jz :_
displacement selection; 0
e Background determined directly in data (robust against un-modelled 2 00
non-peaking background) asb

Signal extraction:

e Scan 1n step of half resolution (2 to 10 MeV)

7> |
o Eiasha WAHEED
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104

Belle I

| ' [PRD 108, L111104 (2023)
Long Lived Scalar in B decays PRD 108, L111104 (2023

BY-KYS  BUoKT(2KTmT)S No excess found
108 Iy e First model independent limits for exclusive B — KS; S — hadrons
| W ] + : .o : : % _
1077 iy 0 l 2 e Most stringent limits for direct search in K e e
i : : : . : :
~ 58 - e Interpretation as dark scalar Higgs with mixing angle 60 with SM Higgs
X
I 1 _|
~ 107° ] |
N E +3. : 1 L3
i) _ 1 — -1 S ——-_L_1 N J
3 L s ct=50cm G ~ «Tey  Scalar Mediator
~ g - — ¢cT=10cm )
LQ 10 \\
7 | — CT=1cm _
% 1078 INe ?
188 ;
c 1 B ‘
g T | | (W
O r
X 1078 5 ' 5
8 | LHCDb r ‘
107 - cT=500m 1 o
- Belle Il E — T 10 ] aBar
T | — e | ¥ B\ Belle Il
% NAG2 PS191 [Ldt =189 fb~1
10_8-1....... ey gepgit PRI N BPSE £ ey gepand . - . . . — | | .
Lo 10° 107 10°

Mg (GGV/CZ)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104

Belle

(%) [arXiv:2507.01249 (2025)]
. . 7
e Search for an ALP 1n flavour-changing neutral current B decays Li“ 42 m2 sin® 0
y __ gawmg sin” Oy,
e Highly suppressed in SM ¢ v | la= 64T
e New physics could appear at the same order of the SM m
e ALP production from W= boson in B — KVa decays B 2/ \g K
u, d > u, d

* Bla—yy) =100% form, <my, e Event reconstruction

e ¢ w18 coupling strength of a to W boson.

e 4 kaon modes: Kg, KT K
e Mass range: 0.16 — 4.50 (4.20) GeV/c? for K

e Signal B candidates reconstructed by combining a pair
0 and K of photons and a K candidate

S

e vertex fit to the selected B candidates, constraining

photon and kaon candidates to originate from IP
e Previous limits from BaBar, which used only B* - K7 a ,

and smaller dataset [PRL.1.28.131802]

Constrain mass and energy exploiting no missing
energy 1n final state

Belle analysis with 711 fb~! corresponding to
772 M BB pairs .
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https://arxiv.org/abs/2507.01249

Belle

(%) [arXiv:2507.01249 (2025)]
SearCh fOr B — K a( — }/}/) Submitted to JHEP

Background contributions:
e Fromete™ — ¢g (continuum)
e Bdecays (ete” — Y(4S) - BB)

¢ Boosted decision trees (BDT) used to reject background

Belle Preliminary [Ldt=711 fb” B*— K*a(— 7Y, M, < 1.0GeV

Mw <1 GeV
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e Event shape discrimination for BB vs. continuum

e 7' — yyrejected with , additional BDT trained by ‘e T
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https://arxiv.org/abs/2507.01249

Search for B — K(*)a( — YY)

Belle

[arXiv:2507.01249 (2025)]
Submitted to JHEP

Signal extraction

e Signal extracted with a scan over M,

e Steps of signal mass resolution (~8 - 18 MeV)

e Use B — Kh( = yy) (h — n,n’, 7°) to validate signal

extraction method

e Simultaneous fit on all 4 kaon modes: KV, K*, K™
and K~ T

D

O

Belle I
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https://arxiv.org/abs/2507.01249

Belle

(%) [arXiv:2507.01249 (2025)]
SearCh f()r B — K Cl( — y}/) Submitted to JHEP

® No significant excess observed

e upper limits evaluated from simultaneous fit to four
kaon modes as a function of the ALP mass, compared
with existing constraints

e ALP lifetimes

World leading 90% CL upper limits on coupling g_;,

Belle Preliminary [ £dt = 711 fh!

o At low masses, ALP can have long decay length

e Signal efficiency goes down as light ALPs escape
the detector (long lived ALP 1s taken into account)

k

Beam Dump

e This is accounted for

gawmé sin* Oy
[, =

6471

1076

107
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Summary

e World leading or competitive results from Belle data and even with a subset of the Belle II available data

e Belle and Belle II have set world-leading constraints on a number of models and published several additional
dark sector analyses (list in the backup)

e Results covered in this talk:

e Belle II analysis: Search for inelastic dark matter with a dark Higgs [arXiv:2505.09705 (2025)], submitted to PRL

e Search for ALPs in B meson decays

o Belle Il analysis: B —» KS( —» eTe /u*u=/a*n~/KTK™) [PRD 108, L111104 (2023)]

e Belle analysis: B » KMa( — yy)  larXiv:2507.01249 (2025)], submitted to JHEP

e So far Belle II recorded ~575 fb~! ; more results with higher statistics and improved analyses are in the
pipeline, with reliable sensitivity projections at future luminosity.
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Belle and Belle II analyses

Belle 11
o Search fora ;" resonance in ee — pippp events Phys. Rev. D 109, 112015 (2024)

e Scarch for a Dark Photon and an invisible Dark Higgs in y1 " 11~ Phys. Rev. Lett. 130, 071804 (2023]

o Secarch for a resonance decaying to 7"z  ine"e” — u "7t events Phys. Rev. left. 131, 121802 (2023)
e Secarch for the LFV7 — [a (invisible) decay Phys. Rev. Lett. 130, 181803 (2023]
e Search for an invisible Z'in ee — pnuZ’ Phys. Rev. Lett. 130, 231801 (2023)

e Search for an invisibly decaying Z'in e e~ — ' (e*u™) plus missing energy final states Phys. Rev. Lett. 124, 141801 (2020}
o Secarch for ALPs produced in ete™ collisions Phys. Rev. Left. 125, 161806 (2020)

Belle

e Search for lepton-flavour-violating tau decays to Za arXiv: 2503.22195 (2025) accepted by JHEP
e Scarch for a dark leptophilic scalar Phys. Rev. D 109, 032002 (2024)

e Secarch for a heavy neutral lepton Phys. Rev. D 109, L111102 (2024}

e Search for Z' — 11~ in the L, — L, gauge-symmetric model Phys. Rev. D 106, 012003 (2022)

e Scarch for the Dark Photon and the Dark Higgs Phys. Rev. Lett. 114, 211801 (2015)
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Low Multiplicity Triggers
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[PRD 108, L111104 (2023)

Long Lived Scalar in B decays

e [nterpretation as Pseudo-scalar ALP: For the model-dependent search for ALP with coupling
to fermions, combined fit 1s performed 1n all relevant and kinematically accessible analysis
channels, separately for various lifetimes.

e Exclusion regions in the plane of the coupling gy = 2v/f,

| with the vacuum expectation value v and the ALP mass
{' m,, from this work (blue).

"

Belle Il

e The constraint colored in gray with dashed outline 1s a

W '.1 reinterpretation not performed by the experimental
0\ LHGD (k) | collaboration and without access to raw data.
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e 90% CL upper limits on the coupling gy as a tunction of the ALP mass obtained with the CLs method with simultaneous

fit to the four kaon modes. The green and yellow bands are the £1 and £2 standard deviation ranges, respectively, for the
expected upper limits 1n the background only model.
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