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Belle Il: Ideal HEP Experiment for Light NP

Belle Il detector was built for B-decays:
O General purpose detector at asymmetric e "e™

SuperKEKB collider @ /s = 10.58 GeV
0 Running since 2019:

© collected ~ 500 fb~! — 580 mil. BB pairs

Belle Il B-events:

O Very clean environment

On average: 11 tracks

Known initial state kinematics
Near 100% efficiency

Sensitive to lower energy deposits
No pile-up

O O O O O

Slavomira Stefkova, slavomira.stetkova@uni-bonn.de 2 RA4 Kick-off, 2.12.2025
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Belle Il: Ideal HEP Experiment for Light NP

Light NP can be also search for in continuum (albeit no entanglement) and low-multiplicity samples

ete” — | Cross-section [nb]
Y (45) 1.05 + 0.10
cC 1.30
SS 0.38
U 1.61
dd 0.40
T 77 () 0.919
p () 1.148
eTe () 300 4 0.10

Slavomira Stefkova, slavomira.stetkova@uni-bonn.de
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- Y (1S)
= [ On-resonance
S i data (@ 10.58 GeV)
g o
W o
S B T (2S)
= 15 { !
O -
£ b
T1wof | - T(3S)
.. v
o * | b -
e 5 A 4 by oy i (48)
— / \ $
\b/ L + 4“’15/+ +ha +\t*"”"ﬂ +.a;‘-%~;;+si"*+"‘N‘\t__+___-
f continuum background
Y — (T —— R A ——— (R R ——"

0.44 9.46 16.0010.02 ~10.34 10.37 ~10.54 10.58 10.62
e"e” Center-of-Mass Energy [GeV]
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Two Paths for light NP @ Belle Il

Missing energy
decays of

beauty and
charm hadrons

© Direct,e.gete” — ay © Direct, e.g B = Ka
© Indirect, e.g B — Kvv
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Belle 1l Light NP Publications (Direct)

Belle Il publications:

© Search for axionlike particles produced in eTe™ collisions at Belle Il (PRL 125, 161806 (2020)) [eTe™ — ya — yyy]

© Search for an invisibly decaying 7 boson at Belle llineTe™ — ,u+//t_(ei,ui) plus missing energy final states (PRL 124,
141801 (2020)) , (Phys. Rev. Lett. 130, 231801 (2023))

O Search for a dark photon and an invisible dark Higgs boson in 4™~ and missing energy final states with the Belle Il
experiment [eTe” — A’h'] (PRL 130, 071804 (2023))

O Search for a long lived mediator spin-0 mediator in b — s transitions at the Belle || experiment
(PRD 108, 1111104 (2023)) [B — KS(S = xx7,x € [e, i, K, z])] I
© Search fora ¥t resonancein ete™ — u"u~"t77” events with the Belle Il experiment (PRL 131, 121802 (2023))

O Search for a ,u+//t_ resonance in four-muon final states at Belle || (PRD 109, 112015 (2024))

o Search for a dark Higgs boson produced in association with inelastic dark matter at the Belle |l experiment (PRL 135,
1371801 (2025) )

Belle pub. in preparation: Search for feebly interacting particles in missing energy B decays at Belle-
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806
https://doi.org/10.1103/PhysRevLett.124.141801
https://doi.org/10.1103/PhysRevLett.124.141801
https://doi.org/10.1103/PhysRevLett.130.231801
https://doi.org/10.1103/PhysRevLett.130.071804
https://doi.org/10.1103/PhysRevD.108.L111104
https://doi.org/10.1103/PhysRevLett.131.121802
https://link.aps.org/doi/10.1103/PhysRevD.109.112015
https://journals.aps.org/prl/abstract/10.1103/37w5-glpp
https://journals.aps.org/prl/abstract/10.1103/37w5-glpp

Belle 1l Light NP Publications (Indirect in B-decays)

© Large number of B-mesons which do not need to be triggered

o Very good charged particle identification (kaons, pions, protons, electrons, muons)
o Very good knowledge about missing energy due to clean environment

o Very good neutral particle identification (photons, pions)

This allows us all to look for light NP with these signatures

Invisible + track(s) Track(s)

2

Track(s) + clusters

Invisible

o

Invisible + Cluster(s) Cluster(s)

-

we want SM processes to be small and/or well separable as not to be problematic background
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Belle 1l Light NP Publications (Indirect in B-decays)

© Large number of B-mesons which do not need to be triggered

o Very good charged particle identification (kaons, pions, protons, electrons, muons)
o Very good knowledge about missing energy due to clean environment

o Very good neutral particle identification (photons, pions)

This allows us all to look for light NP with these signatures

Invisible + track(s) Track(s)

2

Invisible

o

Track(s) + clusters

Invisible + Cluster(s) Cluster(s)

-

we want SM processes to be small and/or well separable as not to be problematic background
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B —> K (*)1/17 Measurements Overview

Post-summer 2023

[PRD 109, 112006 (2024)]
— first evidence of the BT — K™vv and only

Pre-summer 2023

e an0 .
. Limits: 90% C.L. 2.7 6 agreement with SM
107°F  Belle II (63 fb~!, INC), PRL127, 181802
© Babar (429 fb~!, HAD+SL), PRD87, 112005 SM Average
0.497 + 0.037 § 04
-1 =
Belle (711 tb™*, SL), PRD96, 091101 : ] Belle TI (362 fb'l, COHlbil’lGd)
3.5 0) : : 2.3+0.7 This analysis
1074+ ° | Belle II (362 fb !, hadronic)
m ° 1.1 0] : : 1.141.1 This analysis
e * ' Belle II (362 fb!, inclusive)
E | 2.740.7 This analysis
. . : : Belle II (63 fb!, inclusive)
10-5| ° : 1.9+1.5 PRLI27, 181802
f : : Belle (711 fb!, semileptonic)
: I 1.040.6 PRD96, 091101
: | Belle (711 fb™!, hadronic)
: 2941.6 PRDS87, 111103
10-6» . . . : : BaBar (418 fb!, semileptonic)
IQ A) A A E I 0.240.8 PRDS82, 112002
A x Q N :
* @o, e S | —o BaBar (429 fb'!, hadronic)
% % % . | 1.5+1.3 PRDS87, 112005
$7 S/ 2 7 i R T A R
Q Q % Q 0 2 4 0 3 10
Channel 10° x Br(BT™—K T uvp)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006

Appendix C: Belle II HEPData reinterpretation
inventory

To enable reinterpretation under any NP model with
the model-agnostic likelihood [1], the necessary informa-

tion from Belle II will be published on HEPData (33].
The release will include the following components:

e The SM B" — K*vi differential branching frac-
tion as a function of ¢?;

e Binned joint number densities:
— ITA: x-axis: ¢?, y-axis: ¢2,_. x n(BDT,) (flat-
tened), z-axis: events (weighted);
— HTA: x-axis: ¢2, y-axis: n(BDTh) (flattened),
z-axis: events (weighted);

e pyhf combined likelihood in json format:

— Containing templates for signal and back-
ground after all selections, binned in ¢ _ x

n(BDT2) (ITA) and »n(BDTh) (HTA);

e The code to reproduce the WET reinterpretation
results obtained in this analysis.

Slavomira Stefkova, slavomira.stetkova@uni-bonn.de

Reinterpretation under WET

Published likelihood == statistical model

[PRD 112, 092016, 2025]
https://www.hepdata.net/record/ins2725943
https://www.hepdata.net/record/ins2947386

_— X Sh"l : BOBO * Data,
. 0 B*B~ Bl Signal
ods B Continuum Belle IT
© Symmetry axes [ £dt = (362 +42) fb

SM unconstr.

Belle IT preliminary
J Ldt = (362 + 42) fb!

Cst, + Csr
Candidates

CrL

Pull

-16-8 0 8 16 -16-8 0 8 16 -16-8 0 8 16

CvL + Cvr CsL + Csr CL
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https://www.hepdata.net/record/ins2947386

Ongoing & Future Activities

Ongoing activities:

1. SM measurement of all the B —» K vv modes (1 postdoc @ Bonn):
O B* > K wi:K+t— K2, K - Kon*
0 BY 5 KW : KV - K20, K™ - K¥7™
o B - KSOI/D

2. Public likelihood (1 PhD student @ Munich)

A. Reinterpretation under WET: [EPJC 84 (2024) /7, 693], [PRD 112, 092016, 2025]
B. 2-body hypothesis reinterpretation (light NP): WIP

3. Measurement of hadronic B-meson decays (B — Knn) (1 Master Thesis @ Bonn; under investigation)

Possible new avenues within CmF in collab with RA2 (1 EXP PhD student requested with Manos/
Thorsten):

0 B— KY/D/p...+X (currently under-funded)

O 2-body dedicated optimised search
O Reinterpretation of future SM measurements (will be possibly covered in 1)

Slavomira Stefkova, slavomira.stetkova@uni-bonn.de 10 RA4 Kick-off, 2.12.2025 u
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Rare charm-decays with missing energy

Measure ¢ — u + missing energy (null tests of SM):

O This avenue is largely unexplored, but the dataset is there
— CmF perfect platform to study such decays (1 EXP PhD student requested with Gudrun) also w/ RA2
— interest for FCC as well

O Charm tagging & FEI @ Belle Il provides an interesting sample to study such decays e.g D — nvv ...

@ Only experimental information so far from D® — invisible (Belle,
Cs.p) and D° — 70ui (BESIII, CLrs.pP):

D—F A, A

0 s el -5 0
[10—8] [10—8] T, B(D" — invisible) < 9.4 x 107> (90% C.L.),

70 5 -0 0.9 0 o D, B(D° — nvi) <2.1x107* (90% C.L.).
D™ > #a™ 3.6 0 P /

. o ¢’ ) @ ¢ e
DY — w¥x" 0 0.2 it
DY = amrm (*) 0 0.4 S/ : DP: 6 x 108 (— 10%)

) D, y D/, 10° (— 10%)
D° — X 2.2 2.2 "” 107 9
D+ _)X 56 56 ‘% Xfrag. A? 1_0 (_,) 10 ) 0(1-10%)
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Searching for Light NP in Belle Il

mB = 5.3 Gev

meV eV keV MeV GeV TeV PeV

QCD axion Hidden/Dark  WIMPS
Sector
G )

P>y Adapted from arXiv:1707.04591

<[O

Belle II
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Rare B-decays

Rare B decays: S a0 Sb ’ Y
y (FCNC) QW* Sl | RS

O GIM suppressed tlavour changing neutral currents

— b — s/d(y) b <

O forbidden at tree level, allowed at loop level
O

u,c,t

O m?/M;, suppressed
O Helicity suppressed

Very sensitive to NP since SM contribution small!

x1072

1 B tral nt dec
2 B — +
1))
) 125 +
0 S 4
. B - yy 3 +
2.0 =
= 98}
>~ 0 Do g 27
=1 B°-u*uy &
- 1. g 1-
=¢>3§’V B* - utvy B° - vy > 8= + *
_ : 0 '
Bt >Ktutum BT-outu—utv.  B%°-vup \ A
] =1.0
: | | | | | I | | | | [ I I | |
0, BY->putu- Bt setv Bt ->K*trt~ i DD D N DDD D DO Q9 RRIRE)
] I SV QY QA QY \\/\ N /,0\ AN R NN
. . N A N N
- ¥ - % < LA Do 30 &
| BO_)e+e B+ qu'l'v B+_)K+VV | 0-5 ‘\\') R 1‘ Q / \1‘_ 1’\\\ I% $\ Q\(‘
1 1 I I I 1 1 I I I 1 1 . \% 6\\" (’(\\\7 e\\\ ('/‘\ x %\\ ’
0 1 2

N, L
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How does it work?

What about charm

N
n

__ | The Upsilon System
g - t A 1.Inbo(ete™ - Y(45))
- @ Belle Il charmed hadrons are produced in 7 i ~3nb a(e’e” - qq)
B decaysandin e"e” — c¢ (o ~ 1.3nb) EREIONS (@=uds,c)
2 | } 10.58 GeV
t 10F ! '
~ while charm from B can also be used for charm studies |, N I Y(“)‘
cchar events are our interest e e~ — cé RIS A :
© + LS ow “uh.. ‘-'-'“-\v"". el o> )
: o : : o Yas) y@s) Y3, oo § ]
- fO"OW'"g the B tagg|ng ldea Iet S CO”S'der 8.44 946 10.00 10.02 1034 1037 10.54 1058 10.62

o Y Mass (GeV/c?)
eTe” = cc— Dsig

need to reconstruct

> if X tag. IS correctly reconstructed In its RestOvaent we WI|| find only decay products of [, ig — f
along with kinematic constraint pp_,, = Dmiss (Pmiss = Det + De- — DXy,

- If we do not put any requirement on RestOfEvent and look at

Miiss = \/Piyiss  (Pmiss = Pet + Pe- — Px,.,) correctly reconstructed events will peak at )/ (Dm;g)

- the number of peaking events give the total number of D,S.,;g‘s In the sample (inclusive) which
can is then used for absolute branching fraction calculation
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Charm FEI

ccharFEl

- FEl is existing tool that is trained to efficiently reconstruct hadronic B decays.
—in the chain it is already reconstructing various charm states

- idea of ccharFEl is to adjust FEI to reconstruct charm tags (the recoil of which is a single D), ¢, etc)

- target B modes in the last step of FEI are o } " Displaced 1 - Neutral ]

/ \
/N —
/ — T —————

replaced with a list of target ccbar tags

Vertiges
(specific for D, A, etc. inclusive samples) e p—

Clusters

- all stages of BDTs then retrained on k >
ccbar events / A’
e’ m——) Q/—! ¢
»!
I
s
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Charm Datasets

Experiment Machine Operation C.M. Luminosity Noprod Efficiency Characters
2010-2011 (2021-) 3.77 GeV 2.9 (8 - 20) fb! D%*: 107(— 108) © extremely clean environment
Besm BEPC-II 2016-2019 4.18-4.23 GeV 7.3 fb! D;: 5 x10° ~10-30% @ quantum coherence
(e7e) 201442020 4.6-4.7 GeV 45 fb ! A7 : 0.8 x 10° © pure D-beam, almost no background
* % %k 2 no CM boost, no time-dept analyses
SuperKEKB | 1 [D° 6 x10% (— 1011) | @ clear event environment
E (e"e ) 2019- MR v U4 (= B0} = D : 10° (— 10%9) © high trigger efficiency
Al: 107 (= 107) 0(1-10%)| © good-efficiency detection of neutrals
KEKB 1 D: 107 © time-dependent analysis
E (ete) ARR-ain 10.53 Gev 1 ab Al 108 2 smaller cross-section than LHCb
\ * %k *xx
LHC 2011,2012 7+8 TeV 1+2 fb ! 5 x 1012 © very large production cross-section
(pp) 2015-2018 13 TeV 6 fb ! 1013 ©(0.1%) @ large boost
(2022-2025,2029-) (— 23 — 50) © excellent time resolution
* % kX * 2 dedicated trigger required

- each of experiments has their advantages for different charm studies
- at present BESIII may be hard to compete in many missing energy measurements

— nonetheless, even at present (and especially in near future) Belle Il has a great potential to produce
competitive and leading results (especially with clever ideas and novel reconstruction techniques)
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