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Outline

 Belle and Belle |l experiments.
e |ntroduction to Dark Sector Searches.

* Analyses shown today: Other ongoing searches:

« Search for X (Z', S)inthee¥e™ — u* u~u*u"at Belle II; » Invisible Z' (update) (Belle II)

Phys. Rev. D 109, 112015 (2024).
e Search for ALPs in eTe™ — ya, a — yy (Belle Il)

» Long-lived scalar (5 ) in B decays at Belle |l; |
Phys. Rev. D 108, L111104 (2023). » Search for ALPs in B — Ka( — yy) (Belle)

» Leptophilic scalar (¢, )ineTe™ — t777[7["at Belle; * Dark photon.

Phys. Rev. D 109, 032002 (2024).  |nelastic Dark Matter

 Heavy Neutral Leptons (HNL) in 7 decays at Belle;

* ... many more!
Phys. Rev. D 109, L111102 (2024)

 Summary.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102

Belle and Belle |l experiments

e Belle (1999-2010) and Belle Il (2018-) are B-factories; located in Tsukuba - KEK laboratory - Japan.

« An asymmetric e e collider, operated around 10.58 GeV (=myus)).

 Well known initial conditions, Clean environment, Hermetic detectors.

Belle: recorded ~ 1 ab~—! Belle II: recorded 427 fb~ 1 in Run1 (2018 - 2022) and 103 f6~ ) in Run2 (2024 - )
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Belle Il TDR, arXiv:1011.0352

» Single photon trigger
Dedicated dark sector/low-multiplicity trigger lines for Belle II: ¢ Single track trigger using neural networks

e Single muon trigger.



Dark Sector Searches

_ _ _ _ Direct detection
 Different methods of Dark Matter searches: Direct searches, Indirect searches, collider searches. )( > )(
A
Belle and Belle Il have excellent sensitivity for dark sector searches in the MeV — GeV range. 5 \ / =]
mediator 2
\ 4
_ Standard Standard
 Possible portals between Standard Model and Dark Sector. Model states Model states
« \ector portal (dark photon (A"), Z"). é
-
_% off-shell
 Pseudo-scalar: ALPs 3
invisible
 Scalar portal: Dark Higgs L
: visible
 Neutrino: Sterile Neutrinos
2Me
long-lived

* TJypical signatures : low multiplicity, missing energy, isolated
mono photon, displaced tracks etc.

dark matter mass mpwm



Search for X (Z/, S)inthe e™e™ = u"u u*u"at Belle Il

Search for the process e e™ = u u™X, X - u*u".

Probing two different models: I, — L vector mediator (Z") (couples only to s, 7) [1] Belle I
178 fb™
Muonphillic Scalar (S) (couple only to u) (first time search) [2]
Targeted luminosity is 178 fb~!, which is ~ 2-3 times less data used by Babar [3] and Candiaate

Belle [4] experiments for the Z’ search. muons

Event selections: Belle Il preliminary f Ldt=178fb"
' 1800 — S
i isi i E eje > wuu'
* 4 charge track coming from the collision point (net total charge zero). <~ 1600 Cele — %M_M i
2 1400 Clee —eepu
> I:Ig”’gzuu((yudcs)
e M(4-tracks) within Y (4.5). 2 1200 e3¢ ~aalas
o 1000
* Particle ID: at least 3 tracks are identified as muon and other track is not an electron. g 800
o 600
* No extra energy. £ 400
L 500
* Aggressive background suppression using Neural Network, exploiting different kinematic
and angular variables. 1 g
%‘g 1
Q| P

o
o

1 > 3 21 5 6 7 8 910

M(uw) [GeV/c?]

Main background
components: SM uuuu,
Upy, combinatorial.

. —_ 1] J. High Energ. Phys. 2016, 106 (2016)  [3] Phys. Rev. D 106, 012003
double photon conversion annihilation O [[2]].1. High Energ. Phys. 2022, 129 ((2022)) [ﬁ]]PhyfReivD o4, 011102) PHYs. Rev. D 109, 112015 (2024)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015

Search for X (Z/, S)inthe e™e™ = u"u u*u"at Belle Il

e Searched mass region: 0.212 - 9 GeV/c?.

* No significant excess found.

178 fb™
» Competitive 90% CL upper limits for g’ coupling of the L, — L, model (£); almost similar result of BaBar (~500 fo~1)

and Belle (~600fb_1) with 178fb~! due to aggressive background suppression.

* First 90% CL upper limits for the muonphilic dark scalar (S) model.

Belle Il f Ldt=1781fb" Belle Il f Ldt=1781fb"
1e e
: L,—-L, (Z) - Muonphilic Scalar (S)
107 Trident 107
fe) E > E \
c C
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i [ - . O
; (92"
107° 107 E
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2 2
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015

Long-lived scalar (S ) in B decays at Belle Il

 First Belle Il long-lived spin-0 (.S ) particle search.

Prompt
* Such a new scalar would mix with the SM Higgs boson through a mixing '
angle 6 [1-2]. e
Y e
 Model independent search. Dataset used 189 fo L,
* Channels studied: R I
Bt - K'S,B" - K%K*z)S; S—>xtx",x=e,u, 7, K  Displaced
« Signal B — meson fully reconstructed : _ 80F Bellent """" ) BroktSbntnT)
U gof JLdt=189fb B efeocC £77 MC stat.
% f — e+e‘—>u0/dd/ss'_ + Data
* tracks originating from the interaction point (prompt). © 00 o B eTe ov(45)-58
 and from a vertex separated macroscopic distance (displaced) ijé
(very far from IP). D
S
* Other B non reconstructed
« Main source of Backgrounds: gg(y), t7(y); reduced by requiring &0
—2.5 F

kinematics similar to B-meson expectations. 0 1 2 3 4 5
M'(n*m~) (GeV/c?)
[1] Phys. Rev. D 75, 037701 (2007)
/ [2] J. Phys. G 47, 010501 (2020) Phys. Rev. D 108, L111104 (2023)


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

Long-lived scalar (S ) in B decays at Belle Il

D

Model-independent upper limits on the product of branching ~ * Explored mass regions: 22 MeV/ c? —4.78 GeV/c? for BT — K*S and @
%k
fractions as functions of S mass and lifetime at the level of 1077, 4.38 GeV/c? for B = K'°S.

Belle 1T
B*foK*s  BYK®(=K*mT)S « No observed excess. 189 fb™!
- | : I . . . .
107 1o :--»e First model-independent limits for exclusive BY - K®S; S — hadrons as a
75 l‘!”nm“ f +cu : function of mass and lifetime.
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ms (GeV/c?) 8 ms (GeV/c?) Phys. Rev. D 108, L111104 (2023)


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

Leptophilic scalar (¢, ) ineTe™ — t777[7[ at Belle

One prong decays (D

» Search for the process: e"e™ — 77 ¢, ( = [7]7),l = e, pu.

BELLE
* ¢); is a dark leptophilic scalar that couples only to leptons [1]. 626 fb~!
* Explored mass region:
« ¢ > efe” formy < 2m,
10 < ¢z, < 50 mm for my < 0.1 GeV/c?
+ —
° —_ . .
¢ — ' u formy > 2m, BDT score > 0.95 (signal region)
3000
| ) Belle t Data - Belle t Data
« Explored mass region upto 6.5 GeV/c oo Jat=62607 _ ete” mm ao 2500 [ Lat = 626 fo~! —
i B Two-photon +,, — B Two-photon
. . . > ' ete~ 0 ¢L — KU +i-
« Event selection: 4 charge tracks, large missing 2 so! .l il = % —hn
energy sl | [ Signal(§=1)x5 ™ 1500 A 1 Signal(& =1)x50
£ 200 2
5 c 1000 |
« Main source of background is 7777 . 100 |
i 500
 BDT is used to suppress the backgrounds ‘2" T ‘2"
and the classifier response is used to define ¢ | + bt Q
. . S 1 ++++ ...... by HJ#* ...... i HH+ ......... *+ ...... t H ++ --------- +{ --------- H = 1
different control regions. 3 “ v EIETRANY <
N - N
0.00 0.05 0.10 0.15 0.20 0.25
Me+e- [GeV] M+~ [GeV]

9 [1] Y.-S. Liu et al, Phys. Rev. Lett. 117, 101801 (2016)  Phys. Rev. D 109, 032002 (2024)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002

Leptophilic scalar (¢, ) ineTe™ — t777[7[ at Belle

. . No significant excess found in 626 fbo~ 1. « z >

—_ o Belle e Expected UL (cT = 0) g

= : det = 626 fb~! —— Observed UL (cT = 0) ®
™ 1 -== Observed UL (ct = 10 mm) . . _ — —

T .- Observed UL (cr = 50 ) + 90% CL upper limits on o(e™e™ — 777 ¢p,( — [7]7)) and T

? i T~ + ,— .

S AN | g~ e’e coupling constant ¢. 626 b
? 0] - \\\.\\ P Displaced ¢; only formy < 0.1 GeV

! ' * Limits are on average 19% more constraining w.r.t BaBar [2].

5

_ * Ruled out the leptophilic scalar with mass less than 4 GeV

g that could explain the observed excess in (g — 2),

n Belle

0.050 0.075 0.100 0.125 0.150 0.175 0.200
m¢L [GEV]

dt = 626 fb~!

10* -
{ Belle B B e Expected UL
' det = 626 fb~! —— Observed UL

¢ — up 10° |

10° -

E137

‘ I BABAR ¢, 90% CL
1072 - I Belle ¢, 90% CL

olete >ttt ¢, pp=u ) [fb]
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my, [GeV] [2] Phys. Rev. Lett. 125, 181801
10 Phys. Rev. D 109, 032002 (2024)

Significance [0o]
o



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002

Heavy Neutral Leptons (HNL) in 7 decays at Belle

XE=nt X, =ptu~ X1
« Many extensions of SM predicts heavy sterile neutrinos NV [1].

e N mixes with SM neutrinos. W 015 fb-!

* |t could be long-lived due to small coupling with SM neutrinos.

T

2
N

» The search model probes | Vy,. \2and couplings with other leptons are
considered negligible |2].

e Process:eTe” — t71; T~

: : — — — : Central Drift
signal side: 7= — x”N; N — u*u"v,, where N forms displaced vertex (DV);  chamber */ 5o S
tag side: 1-prong decays. Slcon ’ Q
Vertex IP
Detector 1-Prong v

« Main background Kg — 71" is vetoed (420-520 MeV/ c? ).

—_— [—ox

* Signal region divided in: DV = Displaced Vertex
Low-mass region: mpy < 420 MeV/c? IP = Inferaction Point

High-mass region: mpy > 520 MeV/c?.

[1] T. Asaka et al., Phys. Lett. B 631, 151-156 (2005)
11 2] F. E. Deppisch et al., New J. Phys. 17, 075019 (2015)  °hys. Rev. D 109, L111102 (2024)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102

Heavy Neutral Leptons (HNL) in 7 decays at Belle

Despite the neutrino in the final state, the constraints of the signal decay allows reconstruction of full kinematics (D
with a two-fold ambiguity on m,, (m_, and m_) [3]. @

Low mass and high mass regions have only 0 and 1 events respectively. 915 fb~!

Since no significant excess is observed for 915 fo~! (4S + 5S combined), 95% CL upper limits on | V,,. \2 for
masses in the range 300 < my < 1600 MeV/c?.
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u 10724 >
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12 Phys. Rev. D 109, L111102 (2024)
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Summary

 Broad and active program of Dark Sector physics at Belle
and Belle Il experiment.

 Competitive or world leading results for Belle and Belle II:

Search for X (Z', S) : competitive results from the previous
measurements despite being used few available dataset.

Long-lived scalar () : first model-independent limits for exclusive
hadronic decays of 3.

Leptophilic scalar ( ¢; ) : limits are on average 19% more
constraining than previous searches.

Heavy Neutral Leptons (HNL) : put most stringent limits in | Vi, \2

for the mass interval 1.3 < my, < 1.4 GeV.

« Many more measurements are in the pipeline, Belle Il will
be leading the field of light dark matter searches in the
coming years.
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Belle Il Online luminosity

Exp: 7-33 - All runs
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