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Total integrated Weekly luminosity [fb!]

Luminosity Profile and Dataset

e June 2022 : Runl operation stopped
— World’s highest luminosity of 4.7x10%** cm2s?
— 428fb*' data were accumulated so far

* 362fb! on resonance, 42fb! off-resonance, 19fb! energy scan
» C.f. Belle collected 1040fb!

[,.geln wi

Belle Il Online luminosity Exp: 7-26 - All runs
175 Integrated luminosity T 10
mmm Recorded Weekly / ' ' '
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 Dark Sector Mediators (and dark matter)
— Pseudo Scalar : ALPs
— Scalar : Dark Higgs
— Vector : Dark Photon, Z’ in L -L

p -t

* ATOMKI X17 (a variant of dark photon?)
* Inelastic dark matter : y, and ¥,
* SIMP

— Fermion : sterile neutrinos
Heavy QCD Axion
Dark matter in B-Mesogenesis (Dark Matter has baryon number)
CP odd scalar A°
SUSY singlino
Magnetic monopole/dyon

And new particles in your models

20231218



Dark Photon

* Belle Il TOHEFRFBRITF-HTLVZEL
— Belle, Babar M FlIfEAV5&LYD T,



Dark Photon

« U(1) gauge boson M kinetic mixing [XZE1E SN TULVEELY,
JtF Y dark photon A’ [ZERHL9 B2 EMBIRETH S,
* Dark photon [&

— Invisible : dark matter [ZFRIE (my > 2m,,), FEETEH o
— Visible : SM #IF[ZRRIE(m, < 2m,,,), FEEEH 82(XEM

— %20, >> 2oy,

» Vector Portal : eB,,,, A"

SM (B: U(1)y gauge boson)
€ ’
A’ B A
Y, Z

SM L _
gauge kinetic mixing

TR EA FPWS2019
20231218 MDRSARTH



Dark photon M 4 Rk

e £=103¢9 B¢ 1GeV A’ T 5fbl

|cos(B,,)| < 0.933
LA BN B L R B R B R B

g 100 .
< i )
.;]; 80__ __
© 60} —
wf :
20 F .

0- | | N | |

0 2 4 6 8 10
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Invisible Dark Photon

o FIKREILIEF1D
— Trigger : ECL total energy >1GeV

. ERER

— e*e2vy(y)
— Cosmic

— Single beam background

« R
— g~<3x104 with 20fb?
— £~<4x10° with 50ab!

20231218

mono-photon + invisible

102

pm—

Belle Il simulation 20 fb™

e o I T T Sy A

E~ NA64 2.84x10" EOT

10—5 P " L PR 1 Loa sl
- 1 10
m,. (GeVi/c?)

7



Visible Dark Photon

o FRARBE(LIEF & dilepton

— Trigger
* hie or two track trigger
* Special trigger for low mass A’

* Signature
— e'e2> A'y, A2 ete or utuw
- BRER

— e'e> e'ey

— e'e> puy

— ¢~afewx10*

20231218



L-L RETDZ
#5475 dark photon

£ LA dark sector ELVD &Y anomaly free [Z motivate &4 7=
ERILLVSENR

]

L fZ& muon g-2 [Z motivate SN =



L-L BETODZ

S BRETIZ FE_FE=HRXDL T+
/(\Lb\‘f GLAL i, T, v, and v,

. ’ | | |
— Two parameters : m, and g m, [GeV/c?]

L=—gmp"Z w4+ g2 7 — g0 " Z v + 9 vy 2 s
dark matter ~Q) BRIE I tE %

— 3L dark matter &#5E AIBET m,>2m, &> dark 0%&ERTEL muon E—F TIER
matter ~® FRIR 735 EL AV IF (X 100% (fuIIy

invisible model)
— DM IZHEEELGZELERX vanilla model

« Muon g-2 anomalyZiiBA TZ%

20231218 10



Vanilla Model

* Muon g-2 Zan A9 SR IZxt 9 Sl R
— mp2m FEEACHBREN TN

* Belle and BaBar with muons
* neutrino trident experiments CCFR and CHARM-II

— < 10MeV (Not shown)
¢ BOREXINOIZ &% one loop THD R

— FFSNTLDMREKIEL 10Mev <m, <2m

« SROIFER
— 77>V EED
— BF(Z’>vv)~ 100%

" __Belle (Bom) CCFR
— %Y invisible mode TH B, - Belle (visible) [JCHARM-II
1 10
m.. [GeV/c?]

20231218 11



Invisible 2" in L ,-L_model *, "

20231218

Typical cross section

~10fb with g’=0.01 and M, = 1GeV

Signature

ete DU UZ D pury

Trigger

2 track with opening angle

Search

Dominant backgrounds

* eeDeepy, TTY, UUy
Recoil mass and 0., to identify the signal

Candidates / (0.5 GeV?/c?)

105 ¢

104

103 ¢

10!

100

107!

102 |

79.7fb1 data

. jr,et
- .-\,\ \-C‘ -
>"‘./\J’\/‘\/\A/\<\ /: ‘-«.__\ x
// —
e K

Preliminary

Bellell [Ldt=79.7 fo !

F ete —mete putu-
FE ete s TrT(Y)
P e o ptp(y)

t § Data

eepp
TTY

by

0 20 40 60 80
Mr?ecoil [GeV2/C4]
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79.7fb1 data

Limit on invisible Z’

* Invisible BRIETHFE THOH T muon g-2 anomaly BT %
PR 7 HEFR
— 0.8< M, <4.5GeV

109 ¢
. Belle ll, 0.276 fb™1

1071k e, gk

- —
T

o 107 §

10~3 - Belle Il Preliminary _f.l'_ dt = 79.7 fb™!, 90% CLUL  H

M7 =0 Expected =10 Expected +20
L = [ =0.1Mz -
lﬂ—d o by by ey b b by b b
0 1 2 3 4 5 6 7 8
Mz [GeV/c?]
20231218 13
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Invisible Z’ : IS DRE

* 50ab! HAIE muon g-2 ZERBATESMEEHTORRBLLLZ
HEBRAVAI BE

, Belle Il Simulation, L, — Ly Expected 90% CL UL
10 E E|
= Belle Il, 0.276 fb~! J 8
107 F . E
-2 | x 29 _
10 ? 1\:I:;....-fi'-l'i'lﬂ* E
9 40 E -~ 3
1ﬂ_¢:_ —— fLdt = 80fb™? i
i JLdt = 500 fb=! —— fLdt = 5ab™
107 F —— fLdt = 1ab™! JLdt = 50ab™! -
C . . oy . . o ]

107 10~ 10°

2
20231218 mz EGEV"'.': ] 14



Axion Like Particles (ALPs)



Axion Like Particles (ALPs)

* Axion like particles (ALPs) L F D

— Global X# D B EHIEN
— FBIXIEERH O String compactification

SM gauge group ZENDEx KD B EE S & 181820 FEFHDALPs B FFTE
*  QCD Axion [FEEELRREERICEBZENHSH (m f,~ mf) ALPs [ZILEEL

F R A HELL parameter space DALY

o HHDI=HIZALP A FELMEESLAELVE 2 parameters

g.., - coupling constant

20231218

m, : mass of ALP

a ~
* Axion Portal : — F,, F"*¥

- ]- - ]- .- - i fa
oL = —-.’f':tr,.rf'-l'!w + 3'1("31’.!:1'-!_;‘_'} — _'}

Decay width (lifetime)

L, =

2
 Gany M

64

3
il

SM gauge boson
f_l

~
~
~
~

T a

16



S i g n a t u re _ Hook (2015). arXiv:1411.3325 N

 ALP can be generated from
— ALP-strahlung

— Photon fusion
under study

* Cross section
— ~1fbforg,,=10* GeV+

2 2\ 3
o — ga’y”yaQED (1 _ m_a)
“ 24 E

* Sequential two-body decays
— e*e>ya, a>yy
— Only three photons in a final states

» Belle Il search for shorter lifetime region

. '] -
— Large coupling and large mass ro_ Gy T

o =
* beam dump experiments = longer lifetime

— two photons are resolved in EM calorimeters

20231218

64

[l

3

a

s'2 =10.58 GeV, gayy = 107 GeV™'

Photon fusion
-5
10 ALP-strahlung

0.1 0.5 1 5 10
m;, [GeV]

Gayy [GeV™]

=y
<
=2

107§
§ J. High Energ. Phys. (2017) 2017: 94.

10-8 axaaal FLRH B R RS
1074 1078 1072

m, [GeV]




445pb1

Search for ALPs at Belle |l

* Trigger

2.5
. | _‘0'04 Diphoton
— hie: Esum>1Gev [ o3 — Recoil
. . 201 NEcoz
 Two Reconstruction technique = |8
O | ®@o.01f
. ..‘...- -
— Invariant mass for low mass [0.2, 6.85]GeV SN S,
q) L .2 0.4 0.6 0.8 1.0
. . F . [GeVic?
— Recoil mass for high mass [6.85, 9.7]GeV 9 ol e
o O
. . O I
* Dominant background is SM e*e =2>vyyy S
S
2 Z 6 8 10
m, [GeV/c?]
Diphoton invariant mass Recoil invariant mass
p_for m_ in [0.2, 6.85] GeV for m_in [6.85, 9.7] GeV
= Belle Il (2018) T 40 _ Belle Il (2018) i Data_
N& 600F frdt = 445 pb 230 l kS ! | JLdt = 445 pb~? g:g: ::iyé@(v)
2 soof ® 3 I || | o (a) 77 acitaru‘r/\)é(gr)tainty
()] S5 ()
o ' S l i | O 300 |
= 400 - 10 L
§ 20 Sgoo 04 06 08 10 § 2001
S 200 M2, [GeV?/c*] 3
S 2 100}
T 100 35
O O
20231. '/ 20 40 60 80 100 ° 40 60 18

MZ, [GeV?/c?] MZ . [GeV?/c?]



Significance

Limit on o(e*e 2> ay)

* No significant excess is observed
— Largest local significance of 2.8c at m_=0.447GeV

e Setalimitono.

— o<1pb
! Belle Il (2018) 1.6 | mo Expected UL +20 Belle Il (2018)
: [ Ldt = 445 pb™? L4 | ™= Expected UL =10 JLdt = 445 pb~?
: " | == Observed UL
1
1

1.2 | ---- Expected UL

95% CL upper limit on a(e e~ — ya) [pb]

B e e o

m, [GeV/c?]

20231218 19



Phys. Rev. Lett. 125, 161806 (2020) 445ph!

Limit on ALP parameter space

* Coupling around 103GeV! level

* World’s best limit around 500MeV

 We can improve the sensitivity more than one order of magnitude in coupling
with 50ab™* data

 Adding photon fusion process gives better limit

1072 | ee-yy

photon beam

e |

1
L
L
\\
O
H~h;

10— L€ rg Inv %'7)‘% o)
. Gayz =0
L T s — 1p!
107 10° 10

20231218 ma, [Gevfc?.} 20


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

Dark Scalar

e Dark Photon Hm5 D ERST

« BRREFIL—TERIETO top quark hi> DERET



Dark Higgs i Ax

« Dark photon A’ [dark Higgs field D B % <
AL DN TEEERELNE
LM 7ZEL N> physical dark Higgs b’ DN {EFE

— 4 [ElE SM Higgs& D mixing [F R FE LAY
— Portal H[F TILEEL

« Dark Higgs [& dark higgsstrahlung
process CTHERLTAIEE : e'e” 2 A'H

* 4 parameters

— My M, %
— & : kinetic mixing
— ap: coupling constant of dark sector

* M, >M,

— Dark Higgs [& visible h’>AA 2y

— already covered by Belle and Babar
* M, <My

— Dark Higgs [& invisible

Search
region

— KLOE. TOHLMERINTLVELY KLOE M 4
— GUVMERFEENE-TLVS

20231218 22



8.34fbt

Search for Dark Higgs in ete 2> A’h’

* Dark photon decay § S pE—"
) ;i My =2.7GeV/c?
- A’%M]_,l Eﬁ = 9 e
— M, >1.65GeV for trigger limitation o % %DJ st g
M X = . : (=]
* Dark Higgs # % g g, _ &
— invisible W o\\V / Elliptical mass
. . . L Belle Il Simulation  WINAOWS
— Recoil mass against dimuon system @ Q R N Tama- 108
. . M2, [GeV?/c*]
* Trigger on dimuon .
— two track with opening angle A¢>90de _ *Conceptual, not to scale My
—  90% efficiency
e Search in two dimensional plain
- M, VS M,
* Correlated
— Ellipse signal windows - — 10
Belle Il (Preliminary) det:s‘s fo' = 2full track trigger (A¢ > 90°) qu Belle Il [ ] e:e:—*u:u:(y)
i ] § 107 [ cot=8330"" = fodedi il
. > m i Data
 Dominant backgrounc £ s} - o~ S Lol
+A- & - v o
— e'epupy e ' -
(] =1 R
— - ] . 2
e*e2eeup N _ L:
2 207
ghet . e P 8
20 40 60 100 120 140 103
20231218 track 0 [deg] 40 60 80

M2, [GeV?/c*]




Limits on o(ete2>A’h’)

* No significant signal is observed

* Counting method to set the cross section limits in each bin
— o(ete>A’h’) < 10fb for wide region

* World’s leading limit for 1.65 < M, < 10.51GeV

Preliminary

)]

- Belle 11
- [ cdt=28.34fb1

w

B

M ecoil [GeV/CZ]

=
T

o
A
!

M, [GeV/c?]

Discreteness is due to binning effect

20231218

104
4103

102

sl

10!

109

Preliminary

Candidates
My [GeV/c?]

| Belle Il
[ cdt=8.34fb1

90% CL UL

M, [GeV/c?]

103

102

10!

10°

Cross section [fb]

8.34fbt
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8.34fbt

Limits on Physics Parameters

* 4 parameters: M,, M,, € and a
 Limit on €2,

— Kinetic mixing € and coupling constant o, cannot be
separately constrainted in this process.

* First limits in this mass region

1073 ¢ 1073

 Bellell  [£dt=8.339fb7" — M, =1GeV/c? F Bellell [rdt=8.339fb"! —— My =2GeV/c?

10_4 ; 90% CL UL e th =2 GeV/C2 10_4 ‘_ 900/0 CL UL — MA' — 4GeV/C2

Mp = 3 GeV/c? Mar = 6 GeV/c?

—— My =4GeV/c? i \\\ﬁwﬂ_mvnéup‘ —— My =8GeV/c?
Q 105t L
S
v i
w 107t i
-8 1 ! 1 ] i

10 0 2 4 6 8 10 10—8 1 | 1 | |

My [GeV/c?] My [GeV/c?]

20231218 | 25



B ] F AR 1% T Dark Scalar
« BHRfEFM b>s Penguin ARIRIE \,_\_Q’,/ ,
loop MHZ top quark E L .

— HIEEE N THL

e SM Higgs &D mixing ML dark <

scalar Z{EAZEMTIRETH S

— Mixing angle 6

e Scalar Portal : (uS + X' S?)|H|?
LA Hs .S

=
AN ,’
Now
e >
LN
’ \

- - ~
- - S
H - H’ ‘Sv

H-=----- ®------ S scalar mixing

20231218 26



189fb! data

Long-lived Dark Scalar in B Decays

* Dark scalar particles S
~ M,<2M,
« SOy & relic density ZEHBAH KA EIR LI TICHEBRESN TLNVS
— SM Higgs &EIRE A2 EMVH K D with the mixing angle 0

o HIFEEITXEL fermion TTHLY TEP
— long-lived if O is small

* B—2>K'Sand B>K*YS decays
— Sisradiated off from internal top quark in b=>s decays J/

— S—2>ee, uy, i, KK
— In total, 8 decay modes
. Bh\E% AT I R R g
Trigger ZXUZLECTRLY 8
— Clean displaced vertex signature %”'
2

T
80 - Belle I Preliminary

b Jrde =188 07 eeécc
ee—>uu,dd,ss
ee—>Y(45)>BB

40F

— Dominant backgrounds are combinatorial
* ee—>cc, ee—~>uu,dd,ss, ee>Y(4S)=>BB

— Long-lived K is a good control sample

d | | | |
s
20231218 © o5 . 27
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* BFIZXY HETILIFRFDHIR

As functions of ct and mass.

b

mixing angle sin @
=)

=3

=y
(=]

Limit on B=>K*) S

Model independent ct=1cm, 10cm,

For 8 decay modes

First limit on S decaying to hadrons

o ETIULUKRFDHIFR on m, vs. sind

Dark Higgs mixing with the SM Higgs
Filimonova, Schafer, Westhoff, Phys. Rev. D 101, 095006

Model dependent

Belle ll Preliminary
JLdt =189 b1

lg

20231218

scalar mass ms (GeV/c?)

publication in preparation

1
1]

10

95% CL on B(B—KS) X B(S-»x*x~)

Bt-K*S

189fb! data

B"—)g’(""’(—»KJIr mn-)s

RV

S-sete~

S-utu

=53

===
S$n+ﬁ‘

Belle Il
[Ldt =189 fb~?

il

S-oK*TK~

10

10°

ms (GeV/c?)



Sterile Neutrino

* Bellell TeiLIR&HFELT-

— Belle MHIEAVGELY



Sterile NeutrinO °FeerionPortaI:YNfHN

e« EWscale&kY T THMNIENeutrino DERKIE
— B,DHEFD(EILTr=vIHRE

B->D(*)lv, B*>utv

— LT D EREE

 Active neutrino A\ Sterile neutrino & mixing
Ue4, Uu4, Ur4

«  BRIEDFFE active neutrino ~M mixing T
« HEARWIZEFdn

— Weak interaction THRIE

— B[ mixing DEHE

Production

from meson decays:

\YN
> N

-
-
-
P
-

H -

right-handed neutrino

|

. D
example: 52

20231218

30



0.01

Sterile NeutrinoD#l|fE .-

1070
. 1078
e Collider o
8, ;
— LEP, LHC, Belle oul 5”1” e
* Fixed target My eV

— CHARM

— BEFE—FIEIINTREROHEIEADLTILD
o BEBRETIX 2vBP 2 majorana neutrino THNIX

OvBBASNATBE
— 76Ge—>7%Se e'e” (GERDA)
— 136Xe—> 136B3 e'e” (KAMLand-Zen) 0.1 I 10 100
My (GeV)
d > > u
Wi e i
~ v . |-
d W o _oeem _ '
> U
® s
. BEAORS2—A LS NN
10 100

20231218 ' My (GeV)



Belle T® Sterile Neutrino 5=

« BHfEFARIE 1301.1105 . > ______

— B2D(*)IN, N=>I 7 (I=e,u) N
= U7 U2 UL U, | ISR BrhREE >
¢ Tl/jol\s/ﬁhﬁii 2212.10095 10" \‘\\\\ 7 e e

— 12Nm, N2> In(l=eun) 'Iz_lrlU“”U
UL U, U, U (3R -

ul

10

(=1
i
o]

n
L
)
+
=~
n

AVA 0

0

U

0

-1
-2
-3
-4

f—

0

o Hpi&EREZE R 4 T mixing matrix 1 -
element M43 |U |4 ZHIE 0

0

AUG

-1
2
-3

0

-4

10

20231218 0 02040608 1 1214 1.6 1.82
M(v,) (GeV/c)



B*>u*N at Belle I

. B*OuN, NDutr
e N I[XZEL VD T Helicity suppression DN EEFISN S

-2

! u I | | | T 173
O ” | _
%, © o E
. xf i i | ]
- C | ‘\ ’ }' E
“ I j :
o " Yy _
4 | i we

107 - _gl
- "— ‘/. E
) - (/ _
= -5 o J/V/‘/ _=
@ 10 ~ E
' FCCoce (B) IE
-8, |
107 B My :

- | | I | ! [ R N 1

10 |

Asaka, Ishida 15
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Invisible Sterile Neutrino

o FREELGLMESE N IXERITEGL
— BD(*)IN
— B*2>u*N
« HAIDB% tag LT Recoil mass Z 8|
— FEID) efficiency (~0.3%)DAMh 3
- EREBEZRHIZL

o HRLMRLULND T mixing matrix element D23 |U |2 ZHI[E



Summary

Belle Il TIXTL—/\—DYEB LS IZEH, BRI FIERN
AIRETH 5,

Dark sector mediator & CIEXEEYBICRIET 581
FERHES,

S EERBATEFEH A TL =D, inelastic dark matter 4>
ATOMKI X17 72 EBERLTLVET

FLOVERNHYEL -8 A TS,
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2: The Recommended Particle Physics Program Dﬂ 28
Figure 1 — Program and Timeline in Baseline Scenario (B)
index: MOperation ' Construction MR&D, Research P:Primary S:Secondary
§ Possible acceleration/expansion for more favorable budget situations.

4 B =8 = gg
Science Experiments : if 82 42 33
Timeline 2024 Science Drivers 8
LHC PP PP
LZ, XENONnT P
NOVAIT2K P s
SBN P s
DESVDESHII s s | P P
Belle Il s s | P
oo DN :
Rubin/LSST & DESC s s P P
DarkSide-20k P
HL-LHC PP P | P
DUNE Phase | P s s s
CMB-S4 s s | P P
C1A s P
G3 Dark Matter § s P
IceCube-Gen2 P s P
DUNE FD3 P s s s
DUNE MCND P s | s
Higgs factory § P s P | P
DUNE FD4 § P s | s |s
Spec-S5 § s s | P P
MuZ2e-11 P
Multi-TeV § PP P | s
LIM s P P P

Advancing Science and Technology through Agile Experiments

ASTAE §

Science Enablers
LBNF/PIP-II
ACE-MIRT

SURF Expansion
ACE-BR §, AMF

| | I

Increase in Research and Development

GARD §
Theory
Instrumentation

Computing

TEST FACH

|

Approximate timeline of the recommended program
within the baseline scenario. Projects in each cate-
gory are in chronalogical order. For loeCube-Gen2
and CTA, we do not have information on budgetary
constraints and hence timelines are only technically
limited. The primary/secondary driver designation
reflects the panel’s understanding of a project’s
focus, not the relative strength of the science cases.
Projects that share a driver, whether primary or
secondary, generally address that driver in different
and complementary ways.

DRAFT Exploring the Quantum Universe: Pathways to Innovation and Discovery in Particle Physics

[ZH7R— (453D Higgs factory®)

2: The Recommended Particle Physics Program Bﬁ 29

Figure 2 — Construction in Various Budget Scenarios
Index: N:No Y: Yes R&D:Recommend R&D but no funding for project C: Gonditional yes based on review P: Primary S: Secondary
Delayed: Recommend construction but delayed to the next decade

# Can be considered as part of ASTAE with reduced scope m -2 ZZ
fp 2f §2 23 ¢

US Construction Cost >$3B 22 g 82 73 3 |
Scenarios Less Baseline More Science Drivers 8o
on-shore Higgs factory “ P | s PP ‘
$1-38

off-shore Higgs factory Delayed Y v ‘ P[s PP
ACE-BR R&D | R&D | c P PP
$400-1000M

CMB-54 s s P p
Spec-S6 s s P ‘ P
$100-400M

leaCube-Gen2 P s p
G3 Dark Matter 1 s P

DUNE FD3 P s | s | s
test facilities & demonstrator PP PP
ACE-MIRT P

DUNE FD4 P s | s | s
G3 Dark Matter 2 s P

MuZe-Il P

SIEDM P
$60-100M

SURF Expansion P P

DUNE MCND P s | s
MATHUSLA # P P

FPF # P P B

Medium and large-scale US investments in
new construction projects for possible budget
scenarios. The projects are ordered in three
budget brackets according to the number of “N”
entries and then by approximate budget sizes.
For the off-shore Higgs factory, test facilities &

, see R 6. See
the caption of Figure 1 concerning the science
drivers, and Section 8 for the rationale behind
these choices.
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