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Outline

a quick intro.
® Belle and Belle |l
® the dark sector

@ recent highlights from Belle (II)

® inelastic dark matter PRI 135, 131801 (2025)

® results in B decays

- ALP search (Belle data) JHEP 2025, 109 (2025)
= FIP search (Belle data) arXiv:2601.07104 to PRL
arXiv:2511.10980 to PRL

closing remarks
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(Super)KEKB & Belle (1)

.
L‘ v ™ S Belle Il
e - —

/ 9/ $ New IR
# New beam pipe SuperKEKB

& bellows

u~/¢ [
@

Low emittance positrons
to inject

Add / modify RF systems
v for higher beam current

Positron source
Damping ring

—_— New positron target /

capture section

”
i

Low emittance gun

Low emittance electrons Belle IT
to inject

Fig. 1. Side view of the Belle detector.
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Belle

O eTe collision experiment

e conceived and constructed, mainly for CP violation in B-meson system

e CP violation — a necessary condition for baryon asymmetry in our Universe (i.e.
extreme dominance of matter over anti-matter)

O Belle & KEKB

e operated during 1999-2010 using KEKB e*e™ collider at KEK, Japan
e produced more than 600 physics papers

e observed CP violation in the B-meson system (for the first time, along with BaBar)
& confirmed Kobayashi-Maskawa hypothesis = 2008 Nobel Physics prize

® ~450 physicists from 22 countries
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Belle (and BaBar, too) achievements include:

® CPV, CKM, and rare decays of B mesons (and
Bs, t00)

Mixing, CB and spectroscopy of charmed
hadrons

' d discovery of
Quarkonium spectroscopy an
(many) exotic states, e.g. X(3872), Z.(4430)+

Studies of T and 2y
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Belle » Belle Il

© still not solved

o CP violation in the Standard Model (i.e. KM mechanism) is not large enough
to explain the matter-antimatter asymmetry in our Universe

-> We need New Physics!

* The origin of the Flavor structure of the SM is totally unknown

.
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Belle II

o CP violation in the Standard Model (i.e. KM mechanism) is not large enough
to explain the matter-antimatter asymmetry in our Universe

-> We need New Physics!

Belle > Belle Il

® still not solved

* The origin of the Flavor structure of the SM is totally unknown

® upgrade Belle = Belle Il
o KEKB is upgraded to SuperKEKB,

goal
aiming at X 50 total data size / L dt =50 ab™*

* Belle detector is also upgraded to Belle |

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese 9



SuperKEKB - = ¢+ Bellell

Interaction
Region Belle |l detector

—

A\
AN

electron ring

l

Y . / : ;;--;T'f.;‘, ‘
. \ﬂ.c, RN
- - "“J‘ 5 .‘ e L o o - - 5

\ ot
positron ring injector;
~ to Linac ’ 4 GeV
positron damping ring

Super-KEKB

Lpeak ~ 30 X Li)eak

goal
/ Lipdt =50ab ! ~ 50/51 dt

10

o * = 48/62 nm
= 5.9 mm By* = 0.27/0.3 mm

y

c * = 147/170 um o * =10.1/10.7 um
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Total integrated Weekly luminosity [fb™1]

Belle Il Online luminosity
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ee” — T(4S) as a B-factory

- ' The Upsﬂon System -
% 20 '- -"". 1.lnb o(e*e™ -» Y(4S)) -
= | B ~3nbo(e’e” > qq) ]
a 15 | J:.*':‘ (g =ud,s,c) :
g L 10.58 GeV ;
Tof Y(4S) ‘ :
R b . :
+ - ) : ' ¥ .
L o5 | ' R ;o -
b [ + b4y t’ﬂ‘ \'*#b.q m_s.““..‘.ﬂ 'ta._i a_5
L TAS)  Y@SH  16S) L

044 0946 10.00 10.02

e B(Y(4S) — BB) > 96%, with p§M

10 34 10 3’? 1[) 54

Mass (Gerc )

e nothing else but BB in the final state

10 58

2 x mg=10.56 GeV

10.62

~ 0.35 GeV/c

. if we know (E, p) of one B, the other B is also constrained



Key variables of B decays

AE = E¥ —1\[s12 My =\/(/5/2 -5}

: Signal F-
5 Continuum :
BB background E
" Signal
X Continuum
n BB background

03 02 -0.1 0 0.1 0.2 0.3 8.2 5.22 5.24 5.26 5.28 543
AE (GeV) My (GeV/c?)



Hadronic tagging (HTA)

Inclusive tagging (ITA)

Ki
2
\ T Grec

Efficiency

K* . 2
\ _ rec
g2 : mass squared

/ of the neutrino pair
a8 \>>\
Other

tracks and clusters

-

est of event

. the event Purity, Resolution | =+ (ROE)
e
@ Features of HTA @ Features of ITA
» uses full decay chain information of of B,, » exploits inclusive properties of B,
* high high purity, very low efficiency * high efficiency, low purity
* uses BDT for signal extraction (BDTh) « BDTs in two stages (BDT; mostly for gg;

BDT3 for final signal extraction)

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese 16



How to handle a missing particle at Belle II?
ete” - Y(4S) - BB

® only two B mesons in the final

state >
e Since the initial state is clearly el

determined, fully accounting ..., TN /

one B (B,,,) makes it possible

to constrain the accompanying

B (Bsig
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How to handle a missing particle at Belle 1I?

®ete” - Y(4S) - BB

® only two B mesons in the final
state

® Since the initial state is clearly
determined, fully accounting
one B (B,,,) makes it possible

to constrain the accompanying

b (Bsig

® Having a single missing particle
(e.g.v) is usually as clean as . ¥
getting all particles measured 3 \

® The price to pay is a big drop of
efficiency ( < O(1%))

18



Full Event Interpretation (FEI)

° €+
@ FEl algorithm to reconstruct 5, Biag Bsig 2

B

e uses ~200 BDT’s to reconstruct O(10%) different ~a" 2 S
B decay chains Hadronic Tag Signal Side”

e assign signal probability of being correct Btag et I .

Comput Softw Big Sci 3, 6 (2019) arXiv:2008.060965

.
( Tracks J [DiSPIaced Vertices J [Neutral Clusters 7 X10¢ Belle Il preliminary Belle Il preliminary
1.75 [ W Correctly reconstructed f[i dt=34.6fb! 2000 | W Correctly reconstructed IE dt=34.6fb™"
| mmm Continuum & mis-reconstructed F MM Continuum & mis-reconstructed
N 1s50f ¢ Data N, 7000} + Data
1.50 .
+ + + + 0 S 7 >
[ e % K ™ KL v 3 .l Ngs, =65855 + 590 3 oo} Moy, =35401 = 207
S 1.00
0 o
J/p T = 0.75
£
0.50
0.25 |
O pt 0.0 250 5.255 5260 5265 5270 5275 5280 5.285
| B B 250 5.255 5.260 5.265 5.270 5.275 5.280 5.285 : - - - : : : :
My (GeV/c?) My (GeV/c?)
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Belle 1l Physics Mind-map

and CP
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why Dark World? Suength

A

Strong nuclear

Electroweak

@ We don’t know anything about the identity/property of EM
dark matter particle(s) TOE
Gravity
- Is it just a single particle, or a collection of particles!? ' T—r—>(eV
100 105101
: , Energy
@ If there are several dark matter particles, wouldn’t they

Weak

interact among themselves via “dark force™? nuclear

@ Then, this dark force might be mediated (just like EM) by a

vector gauge boson, which we may call a “dark photon™? X gark

@ Indeed, there might be several kinds of dark gauge bosons
(and dark force interactions) just as in the SM sector

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese 22



The dark sector and connection to SM

® The dark sector can be connected to SM via the so-called “portals”.

The SM Sector The Dark Sector

e

Q9 fi, y’
0 N ' ‘ DM particles?
v, L7, W=, g | portal w interactions?
H

HTH(AS + AS?) Higgs portal
Kb YF, Vector portal
YyLHN Neutrino portal
f;lg_byﬂwtpaﬂa Axion portal

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese 23



Dark PhOtOIl & Kkinetic miXing - as a portal

® Dark photon, first proposed in [P Fayet, PLB 95, 285 (1980)]

® A boson A’ belonging to an additional U(1)" would mix
kinetically with ¥ [B. Holdom, PLB 166, 196 (1986)]

A .

- in general, one can express kinetic mixing as (1/2)€FWF'””

- ¢, the strength of the kinetic mixing, is supposed to be small

® For A’ to acquire mass, an extended Higgs sector is required to
spontaneously break this U(1)’

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese
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ISR B decays

Final-state features 2
o
¢ depend on many model parameters 3|
.. . O . R,
¢ visible prompt decays to SM particles 0 %%,
e invisible decays shown as missing (E, p) /u.,...,f%/(? ¢
- decays to DM particles or very weak couplings ’717:9/3...,\@0'
e displaced vertices o

- long lifetime, weaker couplings Mediator mass 25



how to look for DS in Belle II

A

(@)
s
=
o
S . B,
Yy
.. CQuy™
/@
For invisible final states Mediator mass

e use missing (E, p) — we are NOT testing the energy-momentum conservation

For visible final states

(Q) how to distinguish it from SM particles?

® search for resonant and/or kinematic features (e.g. displaced vertex) unknown
in the SM

26



Dark Higgs in association with
Inelastic DM

A/

N h/
A/ \\\Q T X]_ )(2 Am
€+ N A1
N
Am = m(y,) —m(y;) (> 0)
m_l_

Mass

Ww oo ! Yonsel U.s Jan. 23, 2026 Fermilab Wine & Cheese 27



@ Dark sector with dark higgs /', dark photon A’
e DM particles y,, y; with Am = m(y,) — m(y;) ( > 0)

_|_

o y; (lightest DS particle) — stable & relic DM candidate ‘

e Focusonm(A’) > m(y,) + m(y,)forA" = yi x>

pointing
@ Experimental Signature n

e challenging for tracking (displaced), trigger
e Four tracks in the final state

e (up to) two displaced vertices § 1', h'
2,1 \\
/ h'—= xtx™ (x = u, m, K) “pointing” [l]1BSR | N
¢ 2o = 1A' e*e”) “non-pointing” '/\ i
L non pointing © _ .
e missing energy due to stable y; e

e very small SM background (“smoking gun”)

adapted from Duerr, Ferber et al, JHEPO4 (2021) 146
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ST EEUCT S PRI 135, 131801 (2025) Z:

Belle IT

Dark higgs, Results

@ Signal extraction procedure < 8.0f
. QO | Bellell [£dt=365 fb?
e cut-and-count for signal > 7.0} Preliminary
extraction O
v count events in narrow gi 6.02— B cte ovyy
window of M(xx™) SHEN mm c*e” -BB
. . . \ ] i + — —
e Background estimation using [V — e+e - ch o
| - — L] e"e" me"eete |
data sideband in M(x*x"), § 4.0 m— etem o Tr(y)
not to rely on MC TR . MC stat. unc.
v fullmassrange for u pu~ § Data :
— 2.C _
and K™K j/// %/ f
v for 77, split the mass 1.0 % , :
region at 1 GeV 2 7 7
00705 1.0 1.5 2.0 2.5 3.0

(r+ 2\
@ No significant excess in any mode (or combined) Miin ™) (Gevies)

e 8eventin 71z~ (consistent with background)
v largest local significance of 2.9¢ (1.10 global) at m(h’) = 0.531 GeV
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SNCTERETE SIS PRI 135, 131801 (2025) Z:

Belle IT

Dark higgs, Results

@ No significant excess in any mode (or combined)
e 8eventin n 7~ (consistent with background)
e leventin K™K —,Oeventinu™u~

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

| Belle Il [£dt=365 fb? - Belle Il [£dt =365 fb?
- Preliminary - Preliminary

N

8
ok
=)

Oy

 ete ->TrT (V)
wy MC stat. unc. '
¢ Data

>
o

B cte  —-qQQ ]
wm# MC stat. unc. |
¢ Data

=
Ul

Events / (0.28 GeV/c?)
>

Events / (0.28 GeV/c?)
w Ut
2 o

=
o
@
N
o

0.5}

=
o

.........................

. . . . 1.0 1.5 2.0 2.5 3.0
Mp(K*K™) (GeV/c?) M (u*u~) (GeV/c?)

.............

O
o

0.0b - - e
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Editors' Suggestion PRL 135, 131801 (2025) Z

Inelastic DM, Results

k= =
101 ] < 10
| S
10-2 | LHCD | o 107
10-3 % 1079
S
Q]
W 10—10
1074} [l
‘ \\ CMS > .
I Vel ] 10~ E
10-51 £949 NAGZ/CHARM ap=0.1 | ap=0.1 ]
: PS191 £=15%x1073; m(A’) =3m(x1) 1
_ BaBar mixa) = 2.5 GeV/c? | 10~12 NuCal Am = 0.4m(x,) :
107°: Belle Il fﬁdt= 365 fb~! Preliminary rAn,SnA=) aimg&; 3 ”;ﬁﬂgzg'_‘éiel\’g& f
L . . A . . -1 - == . . . .
101 10° 10! 107751 100
m(h’) (GeV/c?) 0 m(x1) (GeV/c?)
. . ap = 0.
@ Model-dependent limits on the coupling strengths and 5 108
= 1.0 X
parameters © .
. fo . mix1) = 2.5 GeV
e shown here for a specific choice Eﬁ ,; 3m(x1)
. m(A") = 3m(x1 °
e many more plots (~30), for different parameter sets see Appendix for
Am = 0.4m(x1) meaning of the
. . . /
e (Right plot) non-Belle II limits do not assume /', so sinf — 2.6 x 104 parameters

less model-dependent
——— ——
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Axion-like particle (ALP)

Absence of n-EDM

@ Axion as solution to Strong CP problem
® Peccei-Quinn mechanism (1977)
 QCD axion: m> f7> ~ m2fZ (cf. ALP)

@ Cosmological implication -9 a(x)| ag -
e Accounting for dark matter (1983) 327‘[ _ fa |32m

® or, can be a portal to dark sector

) f\./\/‘\/“'y
Detection principle . ""é‘
N\ANSY

¢ Sikivie effect (1983) é <
a --»-—<Y9ay74
B, AN Y

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese
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Photon measurement at Belle |l

® to search for axion-like particles in ete™ — ya for a — yy (i.e. 3y final state)

and a — invisible (i.e. ¥ + missing (E, p))

ete” = Ty

Events / ( 0.01)

Pull

400

350

300

250

200

150

100

50

o

: I T T I :
- Data -
- — Fit .
— Belle Il 2018 (Preliminary) =
= fL dt = 261 pb’ -
= . = 0.998 +0.001 E
- +
ettt gty et |

0.6 0.8 1.2
. ' [ I ' .
:r* n rocey JB e ,.‘*»o:.._._ e R *j
C - | e -~ - - - M .
3 1* | 1 L ~ : ‘E

0.6 0.8 1.2

= Ready for dark matter searches (single or triple ~ triggers)

ete” =X = (1)

E(ECL) / p(recoil)



PRL 125, 161806 (2020) Paff=d

ALP search (1) ineTe™ — va

M? resolution

: +,— . 2.5
® Search for ALPine"e™ — ya fora — yy (i.e. 3y o —
. . o o . i Eo.o3 —— Recoil
final state) and a — invisible (i.e. y+ 1) 20} %
:‘ 2002
N& sl gjo.m
) % : 0083 0.4 0.6 0.8 1.0
o fit M, for 0.2 <m, <6.85GeV © | m, [Gev/c?]
— 1.0
|
e fit M2 _ for m, > 6.85 GeV, S |
. 0.5+
* Look for resonance in the fit
2 4 6 & 10
700 mg [GeV/c?]
—~ a00| Belle I (2018) & S?ft:‘—wroy(y) 6005_ Belle Il (2018) 40
O - [Ldt = 445 pb? B ete” —ete (y) - [Ldt = 445pb7 g |
N i m ete” —yy(y) : <
> (@) /. MCs 500 (P) S
& 300t S =20
o 400 [ £ s
§ 200’_ 300? 8 %.0 0.2 0.4 0.6 0.8 1.0
T | 200 |- My, [GeV?/c?]
2 100} ;
S 100;—
o! 0 20 40 60 80 100 0= 20 40 60 80 100
MZ .. [GeV2/c?] M2, [GeV?/c*]
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Significance

— ya) [pb]

95% CL upper limit on o(e*e

=
o

=
I

1.2

ALP search (1) ineTe™ — va

|
=

l
[
[
l
[
[
l
[
|

|

e - -

Belle Il (2018)
JLdt = 445 pb~?

G ———

" 6

m, [GeV/c?]

10

[ —— Observed UL
- ---- Expected UL

:— Expected UL £20
- mmm Expected UL +10

Belle Il (2018)
[ Ldt = 445 pb~?

m, [GeV/c?]
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PRL 125, 161806 (2020) Paff=d

max. local significance of

& =2.8atm,= 0477 GeV

ALP search-ULong,,

ee-yy
1072 |

Belle Il

photon beam

Javyy [GeV~1]

1074 |

gayZ =0
10—5 . ] . ] . ] . i
1073 1072 101 109 101
m, [GeV/c?]
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ALP search (2)
in B> KOa- yy)

Dr. Sungjin Cho
(IBS/CUP)

-l
A
y
v

w, d > w, d

to study one-loop impact of aWW coupling (gaw) on rare B-meson decays
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B — Ky for ALP, Intro.

Y
y

Vo

h' veto region

Type 30 Myy region (GeV/

70  0.109 ~0.158
n  0.497 ~0.578
n’  0.882 ~0.997

Youngjoon Kwon (Yonsei U.)

JHEP 2025, 109 (2025) Z:

Belle I

@ Search for axion-like particle (ALP)

e a4 — Yy (assume dominant)

e also assume (mostly) prompt decay, but non-
zero lifetime is considered for efficiency loss

e if no signal, set upper limits on ALP-W
coupling, Gaw ] [#] PRL 118, 111802 (2017)

e searchregion: 0.16 < m, < 4.20 (4.50) GeV

0

e No sensitivity for 7°, 1, n'regions

@ Procedure

e continuum suppression and z° — Yy veto

with separate Fast-BDT’s (T. Keck, Comp Softw Big Sci
1,2 (2017))

e then apply extra cuts to suppress B — Xy
background

Jan. 23, 2026 Fermilab Wine & Cheese 37



Events/0.0168 GeV

Data/MC

Events/0.0700 GeV

Data/MC

B — KUyy for ALP, Results w/ Belle data

Belle Preliminary [Ldt=711fb"! B*—K*a(— yy), M, <10 GeV
- — Dua I e - a3
- [ BB ] BF
? ~ MCstat. uncertainty
= —
o+ m, -
I " it H“ ................................... ‘“ - Wl RS ymmmm |l\i\I!lri|i|i|i|i|i|i|mmn.rm W pae ey
i T V il mmm i \|\|\|1|\|\|\|,|\|,|y il L i H\H H \WUI\IMHH\ o""'“‘"“‘Hﬂ\ﬂi\l\l\l|‘ Ml
Yt nnnum £ 5 Deaim
= Ed T ‘ T = |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
M,, (GeV)
Belle Preliminary JLdt =711fb’! B> K'a (- yy), M, >1.0GeV
—— Data ﬂﬂﬂﬂﬂﬂﬂﬂ”ﬂ[ﬂﬂﬂ ete” = qq
BB 8%

— s

i i

}

\H"""

%\&/

7//% MC stat. unce

rtainty

,,,,,, il Ill\

r\ I

L

\ T, =
1.5 2 2.5 4.5
M,, (GeV)
(GeV)
Youngjoon Kwon (Yonsei U.) Jan. 23, 2026

JHEP 2025, 109 (2025)

@ Signal extraction by 1D max.
likelihood fit to M,

@ Data vs. MC compared

o for KTa mode, after MVA
® (tOp) 0.1 < M‘yy < 1.0 Gev

o (bottom)1.0<M,,<4.5GeV

Fermilab Wine & Cheese
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B — KUyy for ALP, Results w/ Belle data

BY — Kga(—> YY)

“ Belle Preliminary [ £dt = 711fb™"

i

f 1.1

{ Rl il g -

I % :."I. l' |I|| l. || III 8 ' S5 SRR T MY 2o
i1 i 9 =i ( ‘. BTN AT 3 § E

|||‘ --" ..

mq (GeV)
Belle Preliminary [ £dt="711fb™" B — K*%(— vv)
| ‘ l :

L el

|4k g_!li" Mu l| !:I““] |::: lll ||"||||| mll‘ I :l Ii'!' ||| MW |:|||] A 1
: - } |||III|| i |||||| “ l || ‘ ‘

|

™ n

Youngjoon Kwon (Yonsei U.)

Bt = Kta(— vv)

" Belle Preliminary [ £dt = 711fb™"

mq (GeV)
Belle Preliminary [ £dt =711fb™" Bt — K*ta(— v7y)
| [ | ||| ’\ [ 1
ik b G R ':": HI iy "' '”" il gl I'h i e 14
1 ‘1,[]! :‘ ¢ ‘ il'l """ || | gl ]1 || | || | :llll Iy ||| |||'| ' \I " ||..ﬁ‘ Beica” g

Jan. 23, 2026

JHEP 2025, 109 (2025)

@ Fitted results

e for each K" mode
v (top) signal yield

v (bottom) significance
level

e the gray vertical bands

D

<O

correspond to z°, #, and 1’

veto regions

Fermilab Wine & Cheese

39



B — K(*)yy for ALP, Upper limits on gaw

104 _Belle Preliminary [ £dt = 711fb~" | B — K%a(— y7)
i) _ i Expected UL 20
% E Fxpected UL 1o
\C_D/ : 90% C.L UL
= |
3 |
> |
10_5': |
ool AT W7 7 . . e .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.9 4.0 4.5

mg (GeV)

90% CL upper limits on gaw as a function of m,
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B — K(*)yy for ALP, Upper limits on gaw

Belle Preliminary [ L£dt = 711fb~"

10—5 .............................................................................................................

. ] Beléle B — K%a(— )

107! | R | -

90% CL upper limits on gawas a functionof m, e (GeV)
in comparison with other existing results

Béeam Dump

1076+
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FIP search in B — hX

FIP = feably-interacting particle

aj””,,
< ;/iv\\? <+
> U
(a)
d
< < <«— C
> d

Youngjoon Kwon (Yonsei U.)

Jan. 23, 2026

h=7n", KT, D

v

11V

0
. Dfp

> u |
// u
p—— d
N <
YD
(e)
Fermilab Wine & Cheese
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Motivation for FIP

@ 3 many new physics models for X; ,with B — hX, |

1nv’

* axion-like particle )

* dark scalars (2) u > u
BT U P
* dark photon, Z' (3) S e j
( S )
* dark baryons (B-mesogenesis) (4) Y <
YD

@ Belle (Il) can search for X; . in mass region up to a few GeV

(1) Izaguirre, Lin, Shuve, PRL 118, 111802 (2017); Zhang, Ishikawa, Kou, Marcantonio,
Urquijo, PRD 109, 016008 (2024)

(2) Filimonova, Schafer, Westhoff, PRD 101, 095006 (2020)
(3) Datta, Hammad, Marfatia, Mukherjee, Rashed, JHEP 2023, 108 (2023)

(4) Elor, Escudero, Nelson, PRD 99, 035031 (2019); Alonso-Alvarez, Elor, Escudero, PRD 104,
035028 (2021)
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arXiv:2601.07104

B — hX.  search wg = BDTO

1nv .
300 BN mixed
@ model-agnostic approach as to why X; __ is 2 chargodar
invisible Pl
 adark matter candidate =
O
* decays to a DM pair -
* long-lived, decays outside the detector
O00 0.2 0.4 0.6 0.8 1.0
@ analysis procedure | | BDTO | |
* tag-side reconstruction using FEI —— Signal MC
* identify % in the signal side o s BDT1
140007 B charm
@ background suppression using BDT in 2 stages 5 120001 W charged -
* to suppress qq continuum bkg = 1000 - mixed
* for remaining bkg. R iliijfirge
A A = 60001
cos Oy, cosOr,, T(0), T(B), CLEO cones, S .
: : )
AE,,, flight distance, £, Epcp S0
00 02 04 06 08 10

BDT1
Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 rermilap wine & theese
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B — hX. , calibration

@ BDT calibration, by using 2-body B decays

« Bt > J/IyK* (for h = K

« BY - D' (for h = D°) with Eg; sideband

@ FEl efficiency calibration
e using B = DY¢y

v r(data/MC) = 0.79 = 0.02 (B™), and

0.78 = 0.02 (BY)

* verified with 2-body B decay modes

@ Figure (left) — p, for control modes

Youngjoon Kwon (Yonsei U.)

Jan. 23, 2026

Candidates / (10/MeV /c)

DO
@)

—_
(4
1

—_
@)

Ot
1

arXiv:2601.07104 Pl =<

Belle prelimz%'d’ mitt
[ Ldt 711 fb~!

B B J/yK
ete” — Y(45) — BB
Bl e —gq
MC Error
¢ Data

PK+

?H__{__W__i doetaetatdy HHH“ ;

.60 1.65 1.70 1.75

ed to PRL g

Belle IT

PK [GGV/C}

Belle preliminary
[ Ldt 711 fb~t

B B° - DY%O

ete” — Y(45) — BB
Bl e —qg

MC Error

i P Do

o

1o oot o L L IS 2 +__§.____+_I + T_+ I_
20 225 230 235  2.40
ppo |GeV/(]
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B — hX., , signal extraction

70 -

@ Signal extraction

 scan step = 1/2 of the signal mass resolution

@ No signal in any mode, any bin
max local significance S, .,;=2.950 for h = n™

1D fit to p,
by scanning my,

nv

at 3.28 GeV (Sglobal=0°656 with LEE)

set 90% UL, using CL, method, on

BB — hX.,)

also set UL on BB — hX( — yy)] where X
decay particles are missing due to long lifetime

Youngjoon Kwon (Yonsei U.)

Jan. 23, 2026

Pull

(@)
(-

W
(@)

oy
-]

Candidates / [7.4 MeV /(]

—_
-
1

2.7
0.0 1
—2.51

arXiv:2601.07104

D
submitted to PRL DS

Belle IT

ot
(-
1

)
(-
1

Combined PDF
—— Signal PDF

¢ Background KDE
® Data

1.50

155 1.60 165 170 175
pr [GeV/(]
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arXiv:2601.07104 Pl =<
submitted to PRL o

Belle IT

. ) upper limits

] BT —wntX Belle preliminary
10—3 . f/:dt =711 fh—1

AB(B = hX

1072

— X — invisible

i

B X— . 10—3_
]_O 4 —— CTx = 2500 mm W
— —— ¢rx = 1000 mm 104+
><: 107 —— ¢ = 500 mm ;
= cTx = 250 mm 10_5-§
T 106 ctx = 50 mm 10-6 ; | BT — DfX
m Bt — pX
oq 1078 107
10~% 107
1074+
s 3
10 10-5;
) f BY s DX
10—6=| . . i . . 10—6 , . .
0 2 1 0 2 1 0 2 4
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arXiv:2601.07104 Pl =<
submitted to PRL o

Belle IT

B — hX, . results w/ others

Belle preliminary | Zdt = 711 fb™!

102

World-leading
or first searches

D — ] ——

1079+ : : : : : | , , , . |
0 1 2 3 4 D 1 2 3 4 D
mg [GeV/c?] mg [GeV /c?]
B B* s KX (this work) EEE B — K*vi (BABAR) h — invisible (CMS)
[ B* — 7*X (this work) M K™ — 77X (NA62) 0 1% — invisible (NA62)
[ mono-y (BABAR) K* — ntvw (E7874+E949)
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arXiv:2601.07104 PhilF =<
submitted to PRL o

Belle IT

B — hX, . results w/ others

Belle preliminary
[ Ldt 711 b1

B* — K*a (this work)

B* — K*a, a — vy (BABAR)
Z - 3y (LEP)

Beam dump experiments

KT — ntyy (E949)

K* — ntyy (NA62)

K? — 7%y (kTeV)

B — K®a,a — vy (Belle)

K — nXine (NA62)

JOOOETUED

b

107° - - -
0.2 0.4 0.6 0.8

m, [GeV/c?]

10UIL1yJOOIL1 NWOLL | 10115€1 U.) JUILL. 40, 4VU40 Celllup vville o«c uileese 49




B™ — K"vi and
b — X (inclusive)

l
i
7 Ao ¥
1% «
S Vet £
B ﬂ,E,t B H,E,t
< < <«—35 )< < <— 3
Uu U U P U

>




BT - K vy
@ In the SM,

e suppressed (*." FCNC loop)
+ BBt - K*wvp) =(5.58 £0.37) x 107° 14l

sensitive to new physics BSM, e.g.

* leptoquarks,

* axions, ) —<

* DM particles, etc.

@ Very challenging, experimentally

* to exploit very clean initial & final states,
along with energy-momentum conservation

[41 W. G. Parrott et al. PRD 107, 014511 (2023)
incl. long-distance contribution from B — 7v)

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026
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https://doi.org/10.1103/PhysRevD.107.014511

T LB PRD 109, 112006 (2024) Pffsd

Belle I

B+ ﬁ K+I/17 Results SM  Average

).497 4 0.037 {‘l.Bj:(]A

15.0 ' |
I : Belle II (362 fb'!, combined
! Belle II I:] SM . — 2.3+0.7 Thig analysis )

12.5 F [ Ldt=(362+42) fb! HTA Belle II (362 fb!, hadronic)

ITA 1.14+1.1 This analysis

Combination Belle IT (362 fb!, inclusive)

2.740.7 This analysis

Belle IT (63 fb!, inclusive)

1.94+£1.5 PRL127, 181802

Q

o Prob(null signal of BY — K1)
= 0.012% (3.50)

Q

Belle (711 fb!, semileptonic)

1.0£0.6 PRDY6, 091101

° Belle (711 fb!, hadronic)

2.9+1.6 PRDS7, 111103

BaBar (418 fb!, semileptonic)

0.240.8 PRD82, 112002

BaBar (429 fb'l, hadronic)

1.5+1.3 PRD87, 112005
| ! ! ! | ! ! ! | ! ! ! |

0 2 Ty 6 3 0 2 4 6 8 10
u 10° x Br(BT™—K T vp)
[Note] u =1 B =497x107°
(SM value, not including B — 71)

e Prob(B* — K vU from SM only)
= 0.17% (2.70)

BB > K ub)yra = (1172102 x 1072

BBT = K vb)ra = (2.7+0.5+0.5) x 107

B(BT - K*uvb)

comb —

(2.3 £0.5797)x 1072
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P e L PRD 109, 112006 (2024) Pigf=d

BT — KTuU Results

@ Post-fit distribution

200 F Belle II B 3K
Q ' _ 3621 y . . . .
~ | | | J Ldv=36200 — gOB; e signal-enhanced region for inclusive-
> " *B- i
8 150 i Bl Continuum tag anal)’S|S
— ; t Data * Data vs. MC discrepancy — analysis
7 1007 was done under SM scenario
= | » 3 a paper on re-interpretation
;g 50 method (EP)C 84(2024)693)
S 0 v why not apply it to BT —» K ui?
D E
E 0 r- -------------------------------------------------------------
_ 5 £ | L |
0 5 10 15 20

BB = Ktwi)pa = (2.7£05+£0.5) x 107>
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Abstract Experimental High Energy Physics has entered  terpretable. We showcase that publishing such likelihoods is
an era of precision measurements. However, measurements  crucial for a full exploitation of experimental results.
of many of the accessible processes assume that the final
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BT — K"ur, Re-interpretation

@ Things to note
* The Belle Il BY — K*vr [PRD (2024)] measurement — performed under SM

scenario
* 1 a paper on re-interpretation method (EPJC 84(2024)693) ) o
v why not apply it to BT —» Kvi? ¢ = M(vv)
@ Method n(x) — T /dq2 8(33‘6]2) 0_(q2)
* Number density & Joint humber density 0 ) )
v 0 = theory, € = efficiency, x = fit variable n(z,q°) = L e(z|q”) o(q”)

* Null model (e.g. SM) vs. Alternative model

0(2) n(x)

() = L [ dg? nofe.¢*) (e - s
wlg?) = ) z w

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026 Fermilab Wine & Cheese
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BT — K"ur, Re-interpretation

aa(q*)/o4(a*) n(z|o,)

- A - A
For example SM ¢°) = L (z|q®) o(q°)

\nAa:q )"

o8(q*)/o4(q%)

Youngjoon k



PRD 112, 092016 (2025) P& ms

Belle I

BT — K"ur, Re-interpretation

Plot for x vs. q2

Belle 11 simulation

1 0.92

109
0.94 =
1071 &
VR 'Q
o o0
— D
0.96 & E
= {1072 &
= =
)
>
0.98 £a
_10—3
0 5 10 15 20
’ [GGVQ] 2 o
o = s/4 4+ M — \/SE
Reconstruction (fit) variable: x = (4gpT, qrzec) qrec / KT \/_ K
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PRD 112, 092016 (2025) Pl

Belle I

BT — K"ur, Re-interpretation

various models (here, shown for d%8/dg?)

T A
: vector

3.5 scalar

5ok tensor 1 B}
S | Parameters of interest
— 25} ). g . . : : :
5 " | forre-interpretation in the weak effective theory (WET),
RS ot ,,/;:;g:iif}/;j// \ _
§ 1.5} & : — [CVL + CVR, CSL T CSRa CTL]
aS ~ :

L =~ In the SM, Only CVL ;é O

0.5 _

¢* [GeV?]
0 JOEEEE ) . -
d—B; = <4GF 2“) oy /IB3K q3 OvL = (@Lyuvr)(Sr*bL),
d Ad)° M . .
1 \/E - ( ﬂ) . Oyr = (VLYyVL)(SRY”bR),
/IBK 9\ 19 2 (M2 M2 ) C
24 2‘f‘|—( )| ‘CVL_I_CVR‘ I 8(mb ) ‘f()( )‘ ‘CSL—'—CSRl OSL— (VLVL)(SRbL)
”) Osg = (VivL)(SLbR),
BK 212 2 — _
| |fT(q )‘ ‘CTL‘ O = (Vio,v)(Sgo™by)
3(’MB _|_ MK)2 JCIH. 23, 2026 ].'CJ.J.J.J.J.J.\JJJ VVill CIJ(.XftJ 1CCTOoCT e



PRD 112, 092016 (2025) Pl

B™ — K™ur, Re-interpretation results

-- x  SM
Mode Parameters Mode 68% HDI 95% HDI
---------- Symmetry axes CviL + Cvr| 11.3 7.82, 14.6 1.86, 16.2]
CsL + Csg| 0.00 0.00, 9.58] 0.00, 15.4]
Belle II preliminary CTL| 8.21 229, 962 000, 112

[ L£dt = (3624 42) fb!

0.95 -

1 l Ll l Ll i | l 1

L I B I L L
—-16 -8 0 &8 16 —16 —8

[

8 16

i 1 l Ll l Ll i Ll

—16 =8 0

Cvr, + Cvr Csr, + Csr Crr,

Marginal posterior for the Wilson coeffs.
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B™ — K™ur, Re-interpretation results

—_— X

V]

Belle IT paper (PRD 112, 092016)

* Provide likelihood and joint
number density for BY — Ko

e Supply tools for re-interpretation

axes

i 1 l Ll l Ll i Ll

0.95 -

l Ll l ] i 1 l Ll l Ll i |

L

1 1 | Ll

l Ll

—16 =8 0

Cvr, + Cvr

Marginal posterior for the Wilson coeffs.
(Bayesian)

N VAL AN N AL A

§ 16 —-16 =8 0

VY N

PN S 4 T )

8

I
16 —16

Csr, + Csr

i
i
i
i
i
i
i
i
i
i
i
i
0

—8 8

Crr,

16

Jan. 23, 20Zu

Candidates

Pull

PRD 112, 092016 (2025) Pl

Belle I

] BRBY { Data
[ B*B- B Signal

B Continuum Belle II preliminary
[ £dt = (362+42) fb!

SM unconstr.

WET

e [GEV] Giee [GeV]

e SMvs. WET (V+T, preferred over SM)

e 3.30 for WET vs. (Bkgd. only)
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b — X.vv Inclusive, why bother?

@ Things to note ;
e Inclusive measurement for X, (= hadronic 0.02-
system with § = % 1) final states | .
—  0.011+"
* sensitive to different (compared to CT‘>
B* — K'up) aspects of SM & NP < :
: : — 0.00-
e.g. not depending on hadronic FF 3 -
3
k!
> <
* not very well-measured O .01
only by ALEPH (BF < 6.4x104 @ 90% CL) b
no separate measurement for ‘B mesons’ _0.02-
v U '
—0.02 —=0.01 0.00 0.01  0.02
Ao LT (rev
w+ W -
_ L.C.1 from Felkl, T., Li, S.L. & Schmidt, M.A. “A tale of
b— p — ‘< <« 3 invisibility: constraints on new physics in b — swv”.
u y > J. High Energ. Phys. 2021, 118 (2021)
61




arbitrary unit

breakdown of X| states in M_™

\)

B Bl K

K Bl Kit w/o n°
Bl Kiz w/ 17°
B K2r w/o 7’
B <2 w/ 17°
B K3t w/o 7°
B K3nw/ 1’

K* e Kﬂ: B K4rn w/o ni°
= KAn w/ 1’
== Kw/2n°

—— 3K w/ atmost 1x°
—— others

3500

3000

2500

2000

1500

1000

500




arXiv:2511.10980 Pl =<

submitted to PRL Be//e]l

b — X v Inclusive, how-to

@ Main features of analysis s T

* Hadronic B-tagging via FEl signal side

* Inclusive measurement of X, final states 7

by using “sum of exclusive” method
1% XS
BORO B* BSlg

K |KY K=
Kn |[K*nT K2rO K*r0 K2n* 3 N
Kon|KxnF70 ngj%ﬁ Kgﬂ'oﬂ'o K*nFrt ngiﬂo K*7070 e e

K3rn|K*nFntaFT KOrtaFa0 KETaFa9%70 [([K*¥nFata0 KO9rtaFrt  KOgTg070 ( )
S S S

KAar Kiﬂjt7ri7T$WOngiw:LwiﬂxKgﬂiﬂxﬂowo KiwﬂriﬂjFﬂingiwﬂriﬂo K*nFptn0,0

3K |K*KTK?Y K*KTK*
3Km | K*KTK*rT K*K¥K3n" K*K¥K*rY K¢K=K¥n* B
tag
The summed modes cover ~93% of the entire X vv decays,
estimated from MC (assume K g is half of K O) /

tag side
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number of candidates

B — XU Inclusive

@ Procedure after X reconstruction

10

number of candidates

* use BDT for background suppression

* validation & correction using control samples

v off-resonance data
v BDT side-band

v B— X Jly

MC scaled to data at each MXs region, Data/MC= 0.82, 1.11, 0.64, TotalData= 180

100

80

60

40

20

Bélle Il J-

Ldt=365.41fb"

L]

: b :
> _
01 02 03 04 05 06 0.7 08 09

= charged
E= mixed
=

== dd
—s§

.

E== signal
7/ MC statierro
—e— data

MVA BB

number of candidates

25

20

15

10

x10°

X722 NPT 11 1 NNNON

_ Belle Il simulation f L dt = 365.4 fb™

0 0.5 1 1.5 2 2.5

B-X,JyMCandB — xs v V MC are scaled to B — X, J/y data at each Mx region
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number of candidates

arXiv:2511.10980 Pl =<

submitted to PRL Belle II

correction factor from B — X J/y control sample

1.00 £0.04 (0.0 < M¥* < 0.6 GeV),

€FBDT
Data 1.05+0.08 (0.6 < M < 1.0 GeV
repr ) VOO ED (0.6 < M3 < 1.0 GeV),
EMC
0.97 +0.14 (1.0 < M < 2.0 GeV),
MC scaled to data at each MXs region, Data/MC= 0.82, 1.11, 0.64, TotalData= 180 B-X JyMCandB - X v VMCare scaledto B — X, J/y data ateach M, reglon
100F = harged 0 » 3 harged
_ Belle Il Ldt 3654fb =::m:;%e % 25—_ ! =::n:;%e
— : . : : : : = Uﬁ : O - — ua :
- e o — —~ : :dd
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B - signal - O B 7074 MC stat error
60_ //// MCStaterrO 8 15__ 7§§§‘B—>X vv
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B — X v Inclusive, Results

@ signal extraction by 2D binned max. likelihood fit to (M, *°, BDT output)

Events

data/MC

0.0 < My* < 0.6 GeV/c® 0.6 < My ™° < 1.0 GeV/c? 1.0 < M{™ < 2.0 GeV/c?

700 : Belle Il preliminary  : == B'B,
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= i | Ldt=36541b" | == ud
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= : —— T
500 _:+_ : == SIGNAL
C : t  |-e—data
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300 ——
200 —
100
0
1.2
1.1
1
0.9
0.8 _ | : . _ : . _
0.75 5 4 6 8 10 12 14
bin index
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b — X v Inclusive, Results

@ No excess => set upper limits (90% CL, by CLs method)

+ BB — X)) <2.5%x107 ( My <0.6)
e BB - Xup)<1.0x10™* (O6<MX < 1.0)

.<;f°°<.Gec Gec GeV/c’
. BB — Xpi) <35x107* (1.0 < My ) g g OO D <0G o< 20 o
L%) 6005_ — JLdt 365.4 fb" i fg’gB
e BB — Xwr)<3.6x 107" (all My region) o —
400 = .
. . . 300:
The most stringent limit o
for inclusive B — X vu =

(the first for B-meson)

§'+++;+++r+"*++‘

data/MC

000 -

o\l

5 i 8 8 10 12 12
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Closing remarks

@ Although Belle Il (and Belle) has been conceived and constructed mainly
for studies of CP violation and heavy-flavor physics, it also provides an

excellent probe for dark sector physics in O(1 ~ 10 GeV) range.

S
In this talk, we showed a few recent < 6ﬁ — Py
dark sector search results from Belle Il integrated luminosity _deiered
% .-_ B [ i:/ L(:)Sgs upgrade I:/i SOZCS upgrade
and Belle. > F
= i Projected by SuperKEKB/Belle 11
8 4__ ...........................................................................................................................................
@ Belle Il Run 2 resumed (after a short = |
. . R a5 / _____________________________________
break) with a goal of collecting several % | s
_1 . A ZL ........................................... Runz'///]ié
ab™" data in the next few years. E A
Please Sta)’ tuned! ]',i .............. / .............................. ; : i
aatf M T % D ]

Jan 2024 Jan 2029 Jan 2034 Jan 2039

Integrated luminosity (delivered) [ab™]









Other dark sector results from Belle Il

J Invisible Z'in ete™ — u ™+ (missing)

@ Invisible Z'in eTe™ = ™t~ +(missing)

® A’and invisible &’ in ete™ — ptu~+(missing)
+ ot —

@ 777" resonance in ete” - utuTttr

@ Long-lived spin-0 mediator in b — sX

Honorable mentions

@ Invisible boson aintt = Zta

Youngjoon Kwon (Yonsei U.) Jan. 23, 2026

PRL 124, 141801 (2020)
PRL 130, 231801 (2023)

PRL 130, 071804 (2023)

PRL 131, 121802 (2023)
PRD 108, 1111104 (2023)

PRL 130, 181803 (2023)
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Parameters of dark sector with inelastic DM

* a = strength of dark-sector U(1) gauge interaction op = ‘1); o

e £ = mixing parameter between y and A’ m(x1) = 2.5 GeV
m(A") = 3m(x1)

» 6 = mixing angle between SM higgs 4 and dark higgs A’ Am = 0.4m(x1)

sinf = 2.6 x 10~4

a typical choice (p.31)
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