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B-factories
experiments

Experiments at asymmetric
et e colliders, running
mainly at Y(4S5):

Vs = 10.58 GeV

Belle @ KEKB (1998-2010):

belongs to first generation

of B-factories, collected
1 ab™ ! of data

Belle Il @ SuperKEKB - run
1 (2018 -2022), run 2 (feb

2024 - ): second generation,

collected 0.6 ab™?

e World record
L:5.1x103% cm2s1

» Target £L: 6 x 103> cm2s!
* Target [ L =50 ab’!

Particle identification system e

dea[ for qay e

Matte, Search)

Key features:
| ——

* Well know collision conditions

Clean environment with low multiplicity events
Hermetic detector

Trigger lines specific for low multiplicity events

Overall excellent reconstruction of events even with
missing energy & low multiplicity

KLM detector for K? and u ,
efficiency 1;p>90%

\\\\\\

Electromagnetic calorimeter,
o(E)/E =4-1.6%

Vertex detector,
15 pum spatial resolution

Central drift chamber
spatial resolution 100 um
5% resolution on dE /dx
4% resolution on pr
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Dark sector and Dark Matter at B-factories

Dark Matter (DM) nature still unknown, and it
could be part of a Dark Sector (DS)

—>Light dark matter candidates vector portaé:
Z_Bvey’
—Dark force with feeble SM interactions a.k.a. 2 VH
portals

scalar portal:
HYH(As + 15?)

Low energy e*e™ colliders, such as B- pseudoscalar portal:

factories, can access the mass range 2 (ccGG + cyWW + cgBB)
favored by light dark sectors a
and explore on-shell mediators in the _
MeV - 10 GeV range neutrino portal:

Yy LiHN,
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Dark sector and Dark Matter at B-factories

Dark Matter (DM) nature still unknown, and it
could be part of a Dark Sector (DS)

] ] Invisible decays of Visible decays of A’and
—>Light dark matter candidates A, Z' ALPs.. Z',ALP — yy or ff .. \

—> Dark force with feeble SM interactions a.k.a.

heavy mediator

portals g VS .
0 Y
v) .
©
£ —<
5 S
%3 light mediator
Low energy e*e™ colliders, such as B- @ e e ioed
. E - | = DECAY INTO SM PARTICLES!
factories, can access the mass range 2Me - .
favored by light dark sectors ‘\ ~ DECAY TO SM SUPPRESSED (2 ¥
and explore on-shell mediators in the \ T

MeV - 10 GeV range

Inelastic DM, dark Higgs boson,
(pseudo) scalars..
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Inelastic dark matter with a dark Higgs

Belle IT

Phys. Rev. Lett. 135, 131801

A =X e
couplingap «

* Model with inelastic coupling between DM
and SM [PRD 64, 043502 (2001)]

* Four dark sector particles .
* Dark photon A’

* Dark higgs boson h’ / 4 bh,

* Two dark matter states x; , X, with mass | ’
splitting Am,  (Xx2>X1) ,» phot, K+,

* X2 islonglived and can decay into DM, h' — hgy , o
while x; is a stable (relic DM candidate) mixing 6 A" —y mixing

- h’ islong lived

Analysis with 365 fb~! in the channel:
et e > h' (= x"x A (xix2 » (= x1ete™)) where x € (u, 7, K)

« eTe” final state chosen because of better trigger performance (ECL)
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Inelastic dark matter with a dark Higgs A

Belle IT

Phys. Rewv. Lett. 135,131801

Events reconstruction require : wo X Experimentally
+ Up to 2 displaced vertices y challenging for
* h'(— x*x7) pointing back to IP In trigger due to
°* X2 ™ Xle+e_n0n-p0inting back to '."— .\! |1ESR % 2< 2* presence of
[P displaced vertex . et ’/\ N displaced
 Missing energy due to x; e S, vertices!
2N
!\. /.’
T80f | T
§ Belle Il [£dt =364 fb~?
L rk ]
8 49 mg ‘(,Ivl'?an)nelzh’(-»n*n‘))(z(-»e’*e') . . , ..
® 6.0 - | » Exploiting the characteristic of h’ pointing back to IP
S, = ete” BB . * Almost zero background
; Bl ete-qq 0 .
€ 4.0 ¢ et setemeter |  Veto the K¢ mass region
:>-" mm ete -1 (y)
3.0 . MC stat. unc.
ol » § Data <« Search for a bump in the h’ invariant mass My,,
Lo _ * cut and count method
oo Z * 0 events found in y-channel, 1 in K-channel
) 0.5 2.5 3.0 . . .
MY (Gev/c?) * Background estimated from sideband regions
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Inelastic dark matter with a dark Higgs oy =

<o

Belle IT

Phys. Rev. Lett. 135, 131801

sin@

No significant excess found in data

* set 95% CL model independent upper limits on the cross section
* set 95% CL model dependent upper limits on 8 and €2 X ap, which are the

most stringent limits

~30 plots produced for
different parameter
10-1 ] configurations
, < 1076
10-2| 1 tHeb| = Belle Il [cdt=365
i < 1077 BaBar
10-3 § -8 - P, -
g o 107° S
Ay 5 ‘ // \\\\\ \\\ I
-4l SN -9l . Belle Il
10 (E;:elle |1I<) “MS § 107° g (this work)
this wor e N
ap=0.1 g —10 ks \\
1073} PE1S1 e=15x10727 10 \
BaBar m(x1) = 2.5 GeV/c? \\\
-1 L m(A’) = 3m(x1) I 10-11L ./ i
10-6} Belle Il [£dt =365 fo~! Preliminary 7 - 0.4 mix)y \</CHARM ap=0.1
=T 70 1 m(A) =3m(x1)
10 10 / 210 10-121 // Nl Am =0.4m(x1)
m(h’) (GeV/c?) y uCal h) =o0.4Gev/c?
I y sin@=2.6x 107
10 10_1 100
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Search: B » K™a(— yy) New!

Belle analysis with 711 fb~! (772- 10° of Y(4S))

b ¢
Search targeting Axion-Like Particles B/ w,d
(ALPs) in the MeV-GeV mass range and
their coupling with W boson g4,

Signal B candidates reconstructed by

* Four kaon modes included: combining two photons and one
KO, K+, K** K*° candidate K

- B(a = yy) ~ 100% when m, < m,+  Constrain mass and energy

* m, investigated between 0.16 - 4.50 exploiting no missing energy in
(4.20) GeV for K (K*) modes final state:

My, = [E2, ~—pZ >5.27GeV
Previous limits from BaBar, which used be \/ beam ~ PB

only B - K*a and smaller dataset * AE = Ep — Epeqm between -0.2
|[PRL.128.131802] and 0.1 GeV
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Search: B » K™a(— yy) New!

. . ()
Background contributions: z
* Mainly from e*e™ - qq (continuum) =
* Rejected with a Boosted Decision Tree =
(BDT) based on kinematics and YV wo=see &
tOpOlOgy Variables Belle Preliminary [Ldt=711fb" B K'a(~ yy). M, <10 GeV
= 4 Data efe” > qq
* Use of BDTs also to check whether the y &* b e
. . . L10° = -
associated to the ALP do not originate £ & |
from a r° L T |
| | - Ol
Signal extraction: ¢ SET = .
. . . . T 1= ] |
* Fit the di-photon invariant mass and EoE il
extract signal yield —
. . Belle Preliminary [Ldt=711fb" B*— K*a (- yy),M, > 1.0 GeV
* Signal peak parameters fixed from > 10 . S
© E | BB BB’
MC é 10° = %;Cslt tainty o
* Peaking background (7, n,n") mass 310 i |
regions are excluded from signal - il MHM e N m’ | ]Mﬂﬂﬂmﬂ}lﬂlﬂmﬂﬂ“
extraction L5
. . ¢ Bl e e B
* Use them to validate signal I e e e T
. ~1 1.5 2 2.5 3 35 4 4.5
extraction method Myy [GeV]
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Search: B — K(*)a(_) YY) e 2507.01249

Simultaneous fit on all four channels show no significant excess

World leading 90% CL upper limits on coupling g,

Belle Preliminary [ £dt = 711fb~*

improved at least by factor 2 0
from BaBar % 102
3
>

ALP lifetime (100mm -

500mm) has an impact

especially in the low mass and

low coupling region

* Drop in the signal efficiency
taken into account

Submitted to JHEP

p ) .j A

Béam Du

, =1 Belle B — K%a(— ~vv)
101 10"

mq (GeV)
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Feebly interacting particles as missing energy in B decays at Belle

Preliminary study D

<o

Many particles in BSM theories are FIP candidates.
* ALPs (asin prev. slides) are greatly motivated

* Scalars S as dark mediators

 Dark baryons h

—> this search is broadly interpretable across theoretical e
scenarios E / e«

Channels chosen : (inv.)

* By, - ha,with h € (n¥, K%, p%,DF, DO)

* Range for m, : from 1 MeV up to max 5 GeV Btag —
depending on the channel (due to kinematics) \ /

- Use Belle full dataset 711 fb~1 (772 10° of Y(4S)) Fully

reconstructed

Strategy
* Reconstruct the full event with B;,; and B, in order to quantify the missing energy

* Exploit 2-body decay kinematics: the hadron momentum p;,, in the By;, c.m.s.

uniquely determines the mass of the invisible particle
* Search for a narrow bump in the hadron momentum through a scan
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Feebly interacting particles as missing energy in B decays at Belle

Preliminary study D

<o

BELLE

Event reconstruction and main selections common to all channels:
* Reconstruct B4 with Full Event Interpretation (FEI): uses all final states particle

to reconstruct the decay chain. Select particles offering best candidate
* Require AE;zy =0
* signal By;, partially reconstructed using only the hadron track, not used in FEI
» Specific PID requirements for each channel
* Reconstruct Rest Of Event with all particles in the final state which are not
associated to B;q4 or By

* Require no additional tracks
* Require energy deposits in ECL<1.5GeV

Background:

* Generic BB and continuum qg both rejected with a BDT

* Peaking background are treated differently
* Narrow resonances are vetoed, e.g. K mass region, D* mass region vetoed
* Rare decays are modeled with same signal PDF
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Feebly interacting particles as missing energy in B decays at Belle ,:B

BELLE

Preliminary study

« Perform afitonp, in sliding window. The signal PDF parametrized as function of p;,
* No excess is found, we evaluate the 90%CL upper limits on the branching ratio

 Compared to previous studies, these are the most stringent = Decay measuredin] 20 " ecay measured in
this work previous study
B* — 7% inv. Belle [11] B* - rtup
Belle Preliminary 90% & iinparlimits elivhiniaiy & . N " —
J it =11 e A S e B* - K* inv. | Belle [11] B* — K*vw
E 10—3_ B -Dd Expected +20 - 10-4 B* = pa Expected +20 Bi — pi inV. BABAR [15] Bi — pi iIlV.
= Expected +10 = 3 Expected =
ﬁ —— Observed g — O)l()l:u(\‘/::l o B a —* D :: mnv. N/ A N/ A
g S ——
P E BY — DY inv. N/A N/A
S 1074 1 sl L RN A e | T T T I
gf(’ g0 : Previous world best|This work |
X
= |
S = |
A g I 1.4 x 107° ~ 1076 1
-5 | T — =
T o 107 [11] P.R.D 96,091101 I L6x107° ~10°
Q >, I —5 —6 —6
= S [15]P.R.L.131,20,201801 | _ 10°-10 ~10°
1 N / A ~ 10_4 I
10704 . ' ' 1071 1 N/A ~107° :
0 1 2 3 0 1 2 3 4 | |
m, [GeV/c? m, [GeV/c? L e e e e e e ] I
—2 = =
10 Belle Preliminary 90% CLs upper limits ,Be”e thmili?ry 90% CLs upper limits Belle Prclimiuajry =) 5 90% CLs upper limits
[re=miet Expected JB ff’; :1(711{11 by - Expected [ Lt =711 o =13 e Bxpected
BEDe Expected +20 1074 Expegiied 199 104 B* _:Jt" X :Q Q: Expected +20

Expected +10 Expected £1o Expected £10
—— Observed

—— Observed —— Observed

= < =
2 z 3
71 =z ‘%
= 01 3 8
Q «Q
: : x : R
= A = o | % u
e o " AT 3 .
Q 14 2 i \ &
10 E T | | T
T 106 107
+ E‘Q 2 : EQ
2 - % =
& 9 S SR 2
Q S S
-5 1077 T T T T 10774 T T T r !
10 p 1 3 3 0 1 9 3 4 0 1 2 3 4 5
m, [GeV/c? m, [GeV/c?]

ma [GeV/c?
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Feebly interacting particles as missing energy in B decays at Belle

D

Preliminary study /o

Results reformulated for two different interpretations of the feebly
interacting particle. Only the channels with most stringent limits are shown

Limits on the ALP-W coupling Limits on the 6,,,;,, between a dark
Jaw for an invisible ALP arising sector scalar S and SM particles,
in FCNC from B decays produced in rare B decays
10°
a — invisible B B* — K*S (this work)
NA62 K+ — 7t X [ & — invisible (CMS)
107! E787+E949, K+ — ntui 10-14 B B - Kvp (BaBar)
BaBar mono-v, 23 fb~! —==Belle II projection
BaBar B — K*vw —==h signal strength (HL-LHC)
1072 Belle B* — n*a (this work) === h — xx (HL-LHC)

Belle B* — K*a (this work)

gaw [GeV1]
=

10" -
Preliminary
107° Preliminary study study
~l
10754 ;
0 1 2 3 4 5 0 1 2 3 4 5

ma [GeV/c?] mg [GeV/c?]
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Summary

Belle and Belle I have a unique sensitivity to dark matter particles in the
MeV-GeV mass region

* Provide world leading limits in many searches

 Full list of publications targeting dark sector in backup

Here briefly presented the latest analyses:

 Inelastic dark matter and dark higgs, published in PRL (Belle II)
* Search for ALPs in B meson decays, submitted to JHEP (Belle)

» Search for feebly interacting particles as missing energy (Belle)
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Outlook

*  We expect to be even more competitive, see details in our Snowmass report:
* Increase dataset size, for which we have already reliable limit projections
* Second run ongoing!

1072

L1 1111

* Analyses ongoin (non exhaustive): w
* Dark photon in visible final state
 Dark photon in invisibile final state > e
- IDM without Higgs boson DN :
* Simultaneous search for dark Higgs and dark 1*g
photon
* Both for visibile and invisible dark Higgs

11 lIIllIl

105 L

* Challenges:
* Keep under control the higher background due to higher luminosity
* Keep single-object triggers (track, photon, muon) at best condition
* Implement displaced vertex trigger and tracking
Stay tuned!
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Belle II trigger system

* Trigger must suppress high-cross-section Trigger based on:
QED processes 0(1-300 nb), without * calorimeter clusters (ECL) for
«killing» the signal cross section <O(fb) electrons and neutral particles
- Need precise knowledge of acceptance & * Central Drift Chamber (CDC) for
efficiencies of detector charged particles tracks
*  KLM for u, K particles
| R
L>).. +
5 - | ] Example of low multiplicity lines
& ol Single photon trigger, | available at Belle II :
v efficiency threshold @1 GeV + Single-photon trigger (ECL)
%0.4- + _ . S.ingle-track tri.gger (CDC)
= Belledi 3018 * Single-muon trigger (KLM)
0.2 [Ldt=4.6fo=! :
' Makes Belle II dataset world-unique
1 GeV cluster trigger
0.0

05 1.0 15 20 25 3.0
E* [GeV]
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Belle and Belle II dark sector searches

Belle

c eteT o> h(mAANA (> xtx ) withx =€, 1, T, [PRL 114.211801] (2015)
et D Z (o U U U T U e [PRD 106.012003] (2022)
 Dark leptophilic scalar ¢, ineTe™ > t 17 (= €T€7) e [PRD 109.032002] (2024)
« Heavy neutral lepton Nin T~ > T N(= U U VL) i [PRD 109.L111102] (2024)
S A T 7 [arXiv 2503.22195] (2025)
Belle II

S TET D YA(O YY) e s [PRL 125.161806] (2020)
e eteT s utuZ and et e = et UTZ e [PRL 124.141801] (2020)
O T o D ettt e e s ettt et rs e en e [PRL 130.181803] (2023)
©eTeT D A (DO UT U e s [PRL 130.071804] (2023)
© T T o U U T e b [PRL 130.231801] (2023)
« Non SM resonance in utu~t 7~ final state .....ccoeevveiveveece e [PRL 131.121802] (2023)
* Long lived spin 0 mediator in b — s transitions........ccccccecvvviv v [PRD 108..111104] (2023)
* Non SM resonance in 4 muon final state.........cccccvvvvriiiii i iirieeiennn, [PRD 109.112015] (2024)
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