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SuperKEKB and Belle II

® Succeeding Belle/KEKB, designed to explore the luminosity frontier

v" Targeting at 6x10%%/cm?/s and 50 ab™! data
» precision measurements and searching for
physics beyond the Standard Model (SM).

v" Center-of-mass (c.m.) energy 10.58GeV
» besides B and charm, also good for t physics

and dark sector searches.
o(ete™ > Y(4S)) = 1.05nb

o(ete™ > 1t717) = 0.92 nb and no need to be on Y(4S)

® Physics commissioning started in 20109,

up to the end of 2024,
v" peak luminosity 5.1x103*/cm?/s
v" integrated luminosity 575 fb-!

® Data used in this report:

Belle:  900M t pairs (1 ab™?)
Belle II: 400M 1 pairs (0.4 ab™)
(run 1, till 2022)
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SuperKEKB and Belle II

® Succeeding Belle/KEKB, designed to explore the luminosity frontier
v

>

v

» besides B and charm, also good for t physics
and dark sector searches.
o(ete™ - Y(4S)) = 1.05nb
o(ete™ = t™t7) = 0.92 nb and no need to be on Y(45)

. Belle Il Online luminosity Exp: 7-35 - All runs

Integrated luminosity
mam Recorded Weekly
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® Data used in this report:

Belle:  900M 7 pairs (1 ab™)
Belle II: 400M 1 pairs (0.4 ab™1)
(run 1, till 2022)
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T physICS
at Belle and Belle I

Lepton Flavour Violation (LFV)



T Physics at Belle and Belle I

® In the c.m. frame, t*t" fly back to back from the interaction A signal particles
Chrust

point (IP), with 5 GeV/c for each, with low multiplicity.
v Background from gg and low multiplicity events. L
v Machine learning classifiers, Boosted Decision Tree (BDT), e’ \‘\\ fIﬁg e
are widely used for signal and background separation. L

® A thrust vector, t, is determined to separate the signal and tag
hemispheres. [Phys.Lett. 12 (1964) 57-61] ~~e

t, the best approximation
of the 1 direction of flight

Thrsut T = max {M}
i (Zifpi™

® On the tag side, well known 1 decays are used as a “tagger”.
v" 1(3)- prong tag with 1(3) charged tracks
v" leptonic t decays: 2 neutrinos
hadronic t decays: 1 neutrino oy others
v"inclusive tagger using rest of event information (new approach) '

® Signal region usually defined on (AE;, m;) plane
AET = Ef'm' — \/5/2 (mm® peaking at the p mass)

81%:final state with
one charged particle

14%:final state with
three charged particles
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https://www.sciencedirect.com/science/article/pii/003191636491176X?via%3Dihub

T Physics at Belle and Belle I
Lepton Flavour Violation

® Belle and Belle 11 have collected ~1.3B t pairs, and pursued many precision measurements.
v''m_=1777.09 £ 0.08 £+ 0.11 GeV/c?, most precise up to date. [PRD 108, 032006 (2023)]
v" Novel technics for Michel parameter ¢’ measurement. [PRL 131, 021801; PRD 108, 012003 (2023)]
v" Test of light Lepton Flavour Universality. [JHEP 08, 205 (2024)]

® Recently, charged LFV gets attention in searching for new physics. In SM, the charged LFV is allowed with
finite neutrino mass. The rate is ~ 109, far below the current experiments reach.

. % F 0 0 0 =
® Various new models could enhance them to 10-8~10-19, g oowomosw . o SRV
reachable by Belle 1. [prRD 77, 073010 (2008)] z s
& 10°: °
® Many studies in the LFV search have been done at Belle £ . . .
and Belle 1, e.g. the recent results at B0 A :
v 1 - K¢ (lepton and pseudo-scalar) A T S e Ty TR A SO
v T £¢¢ (3 leptons) z ' v '
. . . . 1077
v 7> fa (lepton and invisible spin-0 boson) . -
v" Many other modes, e.g. LNV, £V, ... B T -
4 : ° hot zone " ::3;;"%%:::fﬁfff:fffzf°}ii;fa};’.gﬁ:rf;*::::ﬁ»’fif-‘:iiff SRS
in the next decade . CLEO «CMsS - BaBar . Bellell (5 ab{) masaits
+ ATLAS + LHCb + Belle = Belle Il (50 ab™) Snowmass 2021 White Paper P97
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012003
https://link.springer.com/article/10.1007/JHEP08(2024)205
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.77.073010

T-> K%, (£ =e p)

® The decay rate could be enhanced by leptoquark mediators (zuds). [ErJC 70,

® First LFV study to combine the Belle and the Belle I data

® Total 4 charged tracks with 0 net charge

signal side: 3 charged tracks (K2 - w*m™)

+

tag side: single-prong t — evv, uvv, m*v

major background from qq (and low multiplicity process for £ = u)

e=~10.2%

® No significant excess above expected background
In the elliptical signal regions

B(r - eK®) < 0.8 x 10~8 @90% CL

B(t - ukd) <1.2x 1078 @90% CL

World most stringent upper limits

FPC 2025, Vietnam
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JHEP 08,092 (2025) (D
published last week
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https://epjc.epj.org/articles/epjc/abs/2010/13/10052_2010_Article_1482/10052_2010_Article_1482.html
https://link.springer.com/article/10.1007/JHEP08(2025)092

T - {47 g

JHEP 09 2024, 062 (2024)

* pt pr arXiv 2507.18236 submitted to JHEP
T = Hpp 389M t pairs, 424 fbl T ety 303M < pairs, 428 for!

can enhance the rate to 108 _
_ _ ® Signal side: #,¢' = e, u selected by lepton ID
® Signal side: 3u background, £t~ (y) and £*£~£* £~ dominate,
tag side: all kinematic information of rest of the event rejected by data-driven BDT

(inclusive tagging) ﬂ & = 15~24%
o= 20 8%

® No significant signal observed
® 1 event observed with 0.7 expected background B<1.3~2.5%x 1078 @90% CL

B(t = upp) < 1.9 x 1078 @90% CL*

Belle IT Sigual region @ e

f/ Sl signalside 4 ¢ €sig Nexp  Nobs | Bipe (107°%)
g B~ a
SN e~ete~ | (15.0£0.1)% | g1+43 5 2.5 K
e DN . eetp | (204£0.0)% | 121457 12 1.6 %
e~pte” | (285+£0.1)% [ 105738 17 1.6
RS | Thag _ 4 6.6
AN popte | (201 +£0.0)% | 20766 18 24 X
_ SO e e | (41£00% | T5HE 9| 13

| Y% most stringent one to date
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https://dx.doi.org/10.1007/JHEP09(2024)062
https://arxiv.org/abs/2507.18236

arXiv 2503.22195 (D

JHEP accepted @
736M 1 pairs, 800 fb!
T — 'ga PRL 130 (2023) 181803 Belle II BELLE
® ¢ a neutral boson invisible to the detector (e.g. ALPs), i {)T Y
. . . signal side P
not allowed in SM, but predicted in many new models. [PRL 124, 211803 (2020)] ’ - q
. . . . + “\““\_\ Tsigf -
® Signal side: two body decay with only single lepton (e or i) detected ¢ ¢
tag side: hadronic 1-prong and 3-prong t decays (with single neutrino) / Ttag
€ =0.9~1.4% (0.3~1.5%) for £ = e(u) v,
’ [ h  tag side
- - - - - — .’
® Search for excess of P; distribution over irreducible T — £vv (3 body decays) / (h: m*, m*n°, )
. . - - - t
in the pseudo-rest frame of 7y, whose 7 direction is determined by the tag I (\”f;; ”Ee C)
. : P ” + Py g
side hadrons and a selection on 6, rp = arceos e
2|p7’t tht ag |
® Scanning a mass hypothesis from 0 to 1.6GeV/c? . 90;0”1.4 o0
= = elie = "Br(t— ea) = 1.0x10° 3 g elle - Expected UL
no excess observed and 95%CL set on the rate 2 ®vpaa  J O =F0RBERETIOW 4 g5 Belle creced s o
= 70E Total background 3 3_—-..L=800fb I Expected UL + 2
S Gozgé}igfﬁk—g’éoégiﬁc 1 T 25 eswcLu — Osonea UL
B(t » ea) < (0.4 —6.4) x107* =iat m-?ggzxgz 15 2 e Skt el !
g 4007 e, m =1 eVv/c? N
B(t — pa) < (0.2 —3.5)x107* I @
20F
10; I—m T ”|m..“ L |
s % 02 04 06 08 1 12 14 16

=071 02 03 04 05 06 07 08 09
FPC 2025. Vietnam p¢ [GeVic] m, [GeV/c’] P10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211803
https://arxiv.org/abs/2503.22195

Status of LFV search in 7 sector at Belle/Belle |1
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LFV related publications in recent years

Belle

ToPA e [arXiv 2503.22195; JHEP]
B- K®a(=yy) oo, [arXiv 2507.01249 (JHEP)]
Y(2S) »fr,(£ =€, ) ........... [JHEP 02 2024, 187]

BT - K*tt¢F, (L =e,p) ...... [PRL 136, 261802]

BY = tXeF, (L =e,p) .......... [JHEP 08 2023, 178]
T2V, (V0 = p° ¢, w, K*°) ... [JHEP 06 2023, 118]

B = t¢F (b=e, ) cocc........ [PRD 104, L091105]
T>fy,(=eu).......c.........[JHEP 10 2021, 019]
Belle 11

T @8l e, [arXiv 2507.18236 (JHEP)]
R(D*) in semileptonic B decays [arXiv 2504.1220; PRD]

T UL oo [JHEP 09 2024, 062]

T > AT /AT [PRD 110, 112003]

light LFU in t decays .............. [JHEP 08 2024, 205]
R(D*) in hadronic B decays ...... [PRD 110, 072020]
TP e, [PRL 130.181803]

light LFU in B decays ............ [PRL 131, 051804]
LFUINB® > D* #v .............. [PRL 131, 181801]

https://www.belle2.org/research/physics/publications
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(2023)
(2023)
(2021)
(2021)

(2025)
(2025)
(2024)
(2024)
(2024)
(2024)
(2023)
(2023)
(2023)

Belle + Belle Il
T - PKO [arXiv 2504.15745; JHEP] (2025)
B® » K*0ttet (P =¢ )

[arXiv 2505.08418; JHEP] (2025)
B® - Kott¢T (£ =e,u)

[arXiv 2412.16470; PRL] (2024)
LFVint

EPJC 8:513 (1999)

PRD 66, 115013 (2002)

PRD 66, 034008 (2002)

PRL 89, 24 (2002)

PLB 547, 252 (2002)

PRD 68, 033012 (2003)

PLB 566, 217 (2003)

PRD 77, 073010 (2008)

PRD 97, 095009 (2018)

EPJC 80:506 (2020)

EPJC 85:805 (2025)

------
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https://arxiv.org/abs/2503.22195
https://arxiv.org/abs/2507.01249
https://link.springer.com/article/10.1007/JHEP02(2024)187
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802
https://link.springer.com/article/10.1007/JHEP08(2023)178
https://link.springer.com/article/10.1007/JHEP06(2023)118
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091105
https://link.springer.com/article/10.1007/JHEP10(2021)019
https://arxiv.org/abs/2507.18236
https://arxiv.org/abs/2504.11220
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112003
https://link.springer.com/article/10.1007/JHEP08(2024)205
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181801
https://arxiv.org/abs/2504.15745
https://arxiv.org/abs/2505.08418
https://arxiv.org/abs/2412.16470v1
https://link.springer.com/article/10.1007/s100529901088
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.073010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.115013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.095009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.034008
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_8059/10052_2020_Article_8059.html
https://journals.aps.org/prl/issues/89/24
https://epjc.epj.org/articles/epjc/abs/2025/07/10052_2025_Article_14505/10052_2025_Article_14505.html
https://www.sciencedirect.com/science/article/pii/S0370269302027818
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.033012
https://www.sciencedirect.com/science/article/pii/S0370269303008372

T — fa, 1S not only for LFV search In T sector
as ALP could also be for dark matter candidate

dark sector search
at Belle and Belle Il




Dark sector search at Belle and Belle |1

® The e*e B factory, Belle/Belle 11, is good to access the mass range favored by light dark sector, with
on-shell mediators in MeV/c? — 10GeV/c? range.

® Typical production mechanisms to search for dark sector
v’ ete” — SM particles + mediator (direct production from collision )
v" SM particle - SM particles + mediator (production in decay)

ete™ = Xoy Xpark B/D/t/...> Xsm Xpark

’
’
s’
s’
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; ; 3
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\
\
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\

® Different event topologies
v" visible decays: final states with all SM particles — dark sector mediator search
v"invisible decays: final states with dark matter or dark sector mediators candidates — missing energy
v" displaced vertices: weak couplings lead to long lifetime, could decay outside the detector (invisible)



[arXiv 2505.09705]

Dark Higgs with inelastic dark matter  rreaoed

365 bt

® Non-minimal model with inelastic coupling between DM and SM [PRD 64, 043502 (2001)]
ete > h'A

h' - xtx" and A" - x1 x>

X2 > x1ete” (prtpt, it KYK)

where x = u, T, K

v h’ dark Higgs (long lived)

mixing with SM Higgs, mixing parameter 0

v' A’ massive dark photon,

mixing with SM y, missing parameter €
coupling to dark matter ~ \/ap

v" two dark matter y4, x» with mass splitting

x> long lived and could decay into DM
x1 invisible (relic DM candidate)

® 4 charged particles with up to two displaced vertices

ANANE NN

h' - utu-, mtn~, K*K~ pointing back to IP
X2 — xiete” non-pointing to IP
missing energy due to two y4

7 free parameters:

My, My, my, , Am = my, —my, and

0,e,gp = +J4map

A" — x coupling a;,

A" —y mixing

Y €

\\ P

AN h

N

h" — Hgpy mixing ™

I
1
1
1
1
I
I
I
]

first search for long-lived DM at Belle 11
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://arxiv.org/abs/2505.09705

Dark Higgs with inelastic dark matter  riueed™ /5
® search for enhancement peak in my,» = m,+,- spectrum 2o 0

® 95% CL upper limits, under different parameters’ hypotheses, set to
v o(ete” > h' y1 x2) - B(h' - x1x3) B(x, » x1€te™): 101~103 b

v sin(@) and ezozp(%)‘L
AI

Belle Il [cdt =365 fb~! Preliminary

e

Belle Il

\
| N B-KS ]lf

Belle I

__ (this work)
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https://arxiv.org/abs/2505.09705

[arXiv 2507.01249] &€ 2>

B — K(*)a(_) yy) submitted to JHEP

711 bl BELLE
Search for an ALP in FCNC B decays, which has the similar rate of the SM process in new physics
B - K®a(- yy):
v' 4modes: B® - (KO/K*)a; Bt - (K*/K*Y)a
K> ntn~ K** > K*tn~, K*, K** - Ko™
v" Signal: one identified/reconstructed kaon with
one di-photon to form a B candidate

v a emission from W boson, coupling « g, ,
B(a - yy) = 100% when m, <K myy,
Scan for signal in 0.16 < m,,, < 4.5(4.2) GeV/c? for K™ modes
peaking background due to 7°, 1, n’ excluded
(B* —» K*tn(") approach validation)
No significant excess from simultaneous fit on all 4 kaon modes

90% CL upper limits on g,y are set (most stringent)
Improved by a factor of 2 from previous result [PRL 128,131802,BaBar]

BaBar Bt — K'a

[<P]
=
(a5}
Z

=
4=
+

=
X
e

Beam Dump Belle B — K™a(— 77)



https://arxiv.org/abs/2507.01249
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802

DM search related publications In recent years

Belle

B = K @(o U1 oot
£ T 7 USSR
7~ > N(- u*tu~t,), N =heavy neutral lepton ......................ooeen...
ete”™ >ttt ¢ (> £1¢7), ¢, =leptophilicscalar .............................
Heavy NeutrinO IN T deCays ....c.viinriiii i e e e,
ete T o (o U T U T

Belle 11

Inelastic dark matter with a dark Higgs ...,
ete”™ - utu~ (utu™), with non SM resonance state ................cccee.......
long-lived spin-0 mediator in b —s transitions ...........ccceeeevvveeeeeinveeeeecnneennn,
ete” > utu ™ X(t 7)), X=Z S, 0rALP ...t

ete” o A(o T T R e,
(R T 7 PSSP

€T D YA(D YY) e
€T o BEUTZ 0 = Lo

https://www.belle2.org/research/physics/publications

—

— e

]

el ] b ] e

(JHEP)]
- JHEP]
]

(2025)
(2025)
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https://arxiv.org/abs/2507.01249
https://arxiv.org/abs/2503.22195
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012003
https://arxiv.org/abs/2505.09705
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/prl/abstract/10.1103/PhysRevLett.131.121802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

Summary

Besides B and charm physics, Belle and Belle Il are also unique experiments for T physics study

and low mass dark matter search.

Belle II is taking data since 2019 and has already completed many exciting results in t decays,
especially in testing LFV, and in dark sector search.

A

v 1o K¢

v 1o {fa

v Dark Higgs with inelastic dark matter
v' ALPsearchin B - K®a(- yy)

Belle Il will eventually collect 50 ab! data, which is

Peak luminosity [x10°cm2s1]

about 100 times of the current recorded dataset.
Certainly more exciting physics outputs will come

in the near future.

Exciting era of Belle 11 is coming. Please stay tuned!

FPC 2025, Vietnam

Projected by SuperKEKB/Belle 11
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. [PRD 110 (2024) 112003] (D
T~ - (A/A)Tl'_ 364 fb-1
® LFV and Baryon number not conserved, but |A(B — L)| = 2,0, allowed in some models
Bt~ - An~) < 4.7 x 1078 @90% CL
Bt~ - An~) < 4.3 x 1078 @90% CL

0 [JHEP 06 2023, 118] . &
T > LV 980 fb-1

BELLE

®@ f=c,uandV? =p°% ¢, w K*° and K*°
® 10 modes are measured (8 of them the world‘s most stringent limits)

Mode ) (%) NBG Osyst, (%) Nobs Bobs (Xlo_s)

Tt = putp 7.78  0.9540.20(stat.) £0.15(syst.) 4.6 0 < 1.7
7E et p 8.49  0.8040.27(stat.) 40.04(syst.) 4.4 1 < 2.2
TF = T 5.59  0.474+0.15(stat.) +0.05(syst.) 4.8 0 < 2.3
7t 5 eto 6.45  0.3840.21(stat.) +0.00(syst.) 4.5 0 < 2.0
™+ = ptw 3.27  0.3240.23(stat.) £0.19(syst.) 4.8 0 < 3.9
7t — etw 5.41  0.744-0.43(stat.) +0.06(syst.) 4.5 0 < 2.4
7F = K 452 0.8440.25(stat.) 40.31(syst.) 4.3 0 < 2.9
7 - et K*0  6.94 0.5440.21(stat.) 40.16(syst.) 4.1 0 < 1.9
7 = uTK* 458 0.5840.17(stat.) 40.12(syst.) 4.3 1 < 4.3
7+ et K*0  7.45 0.2540.11(stat.) +0.02(syst.) 4.1 0 < 1.7
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