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Introduction

e B-factories have unique reach in direkt searches for the light dark sector
o low mass mediator particles on the MeV-GeV scale
Dark Sector Candidates, Anomalies, and Search Techniques
e Recentresults from Belle Il:
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Belle Il and SuperKEKB

e B-factorylocated in Tsukuba, Japan
e colliding electrons and positrons at mv(45)=10'58 GeV/c?

e collected luminosity from 2019-2022: 424 fb!

SuperKEKB accelerator

e peak luminosity world record: 4.7 x 103*cm™2 s collision point L Belle 11 detector |

e target x50 Belle data (=50ab™?)
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see talk by Doris Kim on

Belle I and SuperKEKB Wednesday (session B)

Belle Il detector

e general purpose detector: B and D physics,

- Resistive Plate Counter (barrel)

ol =S¢intillator + \WLSF + MPPC (end-caps)
EM Calorimeter:( \\\\\~

Csl(Tl), waveform sampli
Pure Csl + waveform sa

guarkonium, T-physics, dark sector, ...

KL and muon detector:(KLM) ]

e cleancollision environment (e* s e’) [

e large solid angle coverage (> 90%)

3 tification
[P 5 74 > ropagation counter (barrel)
o  well known missing mass and energy electron (7GeV) v i | evoze Bkl

2cm diameter

e dedicated low-multiplicity triggers Vertex Detector

® excellent PID [Beryllium beam pipe
[2 layers DEPFET + 4 |ayers/D

o  two/three-track trigger
o Eg>1GeVitrigger
o  single muon trigger
(drift chamber + muon detector)

positron (4GeV)

He(50%):C2Hs(50%), Small ce
lever arm, fast electronics




Dark Higgsstrahlung: e'e — A h’

e U(1) extensiontoSM  » Phys.Rev.D 79, 115008 (2009)

o  Darkphoton A
m  coupledto SM photon via kinetic mixing parameter €
m  mass generated via spontaneous symmetry breaking
o DarkHiggsh’

m  coupleswitha,to A

o

m does not mix with SM Higgs >3 Belle Il search
5.29 GeV/c? [--=-----------
& Z
Q?% X x
. . . g QY %,
e M, <M,:hislong-lived (invisible) = 2 charged tracks ° A D
& o
My &M andM, &M _ ¥ 1058 GeVic?
partially constrained by KLOE (2015) -
KLOE M


https://www.sciencedirect.com/science/article/pii/S0370269315004372?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.115008

Dark Higgsstrahlung
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Belle Il

o) 8.34 fbl (20 19) 5F[ cdt=8.34fb"1
backgrounds N§ af

o ete - utuly) 79% _ 8 3f

o ete 1Y) 18% observed yields 3

o ete—eteuty 3% =,
selection of

o  two reconstructed muons, p;"*>0.1 GeV/c 0

o  recoil momentum in the ECL barrel, no nearby photon

o  cutonhelicity angle
strategy 8

o scanforexcessin 2D planeof M ___ . vs Muu =

o  ~9000 rotated elliptical mass windows o % 5

to test signal hypotheses

M2, [GeV?/c*]

My=6.5GeV/c?
My =2.7GeV/c?

/ Elliptical mass

windows

*Conceptual, not to scale
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Dark Higgsstrahlung - Results

e nosignificant excess above background was 107
observed — 90% CL upper limits g 107
X
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submitted to PRL
» ArXiv: 2207.00509
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https://arxiv.org/pdf/2207.00509.pdf

Z": the LM-LT model

e extension of standard model with a U(1)’ group

e gauging LH-LT, the difference of leptonic y and T number
e Z'isresulting new massive gauge boson that couples only to p and T leptons &= Z 0g'ty" Z, L
e can provide solution for e

o dark matter puzzle (Z’' as mediator between SM and DS)
o (g2),

o b—spy, R, R,.anomalies » Altmannshofer et al. JHEP 1612 (2016) 106
» Shuve et al. PRD 89, 113004 (2014)

e Bellellsearchfor Z in p*u final state with
o Z'—invisible (heutrinos / dark matter)

\ . . .
o 711 > final states with missing energy, M, &M

recoil


https://arxiv.org/abs/1609.04026
https://arxiv.org/abs/1403.2727

Z' — invisible

10°
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e data
o 79.7fb1(2019-2020)

103
102
e backgrounds

o e'e—puly) .

o e'e—T1T1(y)

o e'e—e'ey'y

10!

10°

Candidates / (0.5 GeV?/c?)

fury
o
U

N

. 0 20 40 60 80
e selection M2 _ . [GeV?/c*]
o tworeconstructed muons, p;**> 0.4 GeV/c
o  recoil momentum in the ECL barrel, no nearby photon Belle Il Simulation
o neural network trained to optimize Punzi FOM o
» Eur. Phys. J.C 82,121 (2022) -
e strategy 5 -
o  template fitin 2D plane of 6 __, vs Mzrecoil

1072

20 40 60 80
Mrzecoil [GeVZ/C4]

Candidates / (0.25 GeV?/c* x 0.5°)


https://doi.org/10.1140/epjc/s10052-022-10070-0

Z' — invisible - Results

e nosignificant excess above background was observed — 90% CL upper limits

100 Belle Il Preliminary, L, — L. vanilla Jrdt =797 fot 168 Belle Il Preliminary, L, — L. fully invisible [L dt = 79.7 fo~!
Belle Il, 0.276 fb~! Belle Il, 0.276 fb~!
107t E i 5 107! 5
1
Fl (g—2)ux20 Al exino (g-2px20
--------- 1 (95% CL) ',':','NA64—e - = ETTARMAIl (95% CL)
o 1072 CCFR (95% CL) D 1072 R CCFR (95% CL) 5
Vo CMS (95% CL) :
Al y
1072 ¢ 1 1073 ]
— 90% CL UL Expected =10 Expected =20 — 90% CL UL Expected =10 Expected 20
10—4 L 1 1 1 1 1 1 L 10—4 L 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Mz [GeV/c?] Mz [GeV/c?]

excluded fully invisible Z' as explanation for (g—2)H for 0.8 < M_, < 5.0 GeV/c?
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Z,S,ALP — 11

e searchforaTtrresonancein u"u 1T final states

e data
o 63.

e selection

3fb1(2019-2020)

o  4tracks: 2u + 2 e/u/m (1-prong T decay)
o  M(4-track) < 9.5 GeV/c?
o 8 neural networks - trained for different ranges in Mrecon(“”)

e backgrou

o e'e
e'e
e'e
e'e
e'e
e'e

o O O O O

e strategy

o fitforasignalinM

nds
"—T11(y) (1x3 prong)

"—qq (g=u,d,s,c)
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Z,S,ALP — 11 -

Results

)
101 r
e nosignificant excess above background was observed — 90%
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» [1] PRD 95 (2017) 075003
» [2] arXiv:2110.10698
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.075003
https://arxiv.org/abs/2110.10698

Summary

e Bellell recorded 424 fb* so far — only partially used for present results

e newresults for
o  Dark Higgsstrahlung search
o Z'—invisible search

o Z,S,ALP — 11search

e suitable for light dark sector searches
o  hermetic detector
o  clean collision environment
o excelled particle identification

o dedicated low multiplicity triggers

e moretocomeinthe future

13



Thank you!

backup slides
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From KEKB to SuperKEKB T o ;
g ) 120

Belle + KEKB (1999-2010) B 10

2_ -1 02019 2024 2029 2634 0

* peak luminosity: 2.1 x 10* cm™%s

= f i
® collected almost 1 ab™ " at different resonances and
off-resonances

Belle Il + SuperKEKB (first collisions in 2019) Belle Belle I
® nanobeam scheme 4+ increased beam current 4 . AN s
— goal is 30 times higher luminosity \\?%Q’:{/} ‘
* luminosity world record (2.9 x 10** ecm™?s™ 1) | ‘\’ ,
* goal: collect 50 ab™* during lifetime (now: 213 fb™ ') ",

® challenges: dealing with higher machine backgrounds chaIIenge:mirerreased bearﬁ. baékgrounds

and trigger rates

(LER/HER) | E(GeV) By (mm) B (cm) ¢ (mrad) I(A) L (cm 31
KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 2.1 x 107
SuperKEKB | 4.0/7.0 027/030 32/25 415 3.6/2.6 60 x 10**
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Normalized entries

— ete-
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—_TtTT
0.8 1 —— hadrons

Dark Higgsstrahlung <o

e M, >M, :h—AA = 6charged tracks 02
searches by BaBar (2012) and Belle (2015) 00 - -
2-track trigger My [GeV/c?]

control samples
o My  Mp(y) background

o eM 1T background systematics
0.10| [ cat=8.34f0" Sigoal Pre-selections 2-91% BKG & signal
0081 M, =475 Gevic? BKG shape 9.3% (region specific) BKG
M, = 3.80 GeV/c?

0.06 G, cut 1% BKG
00st € = |coS(Opericity )| Mass resolution 2.4% (on average) signal
0.02 - Eff. Inside windows 2-5% signal
0.00 OW e %%%0_4 Z{G Theory (BR A') 4% signal

Gy


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.211801

Dark Higgsstrahlung

Candidates / (1.2 GeV?/c?)
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Dark Higgsstrahlung

H

M ec [GeV/cz]

[y

Belle Il Simulation
[ cdt=8.34fb1

o 2 4 6 8 10
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Signal efficiency [%]

w

»
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Belle Il
- [ cdt=8.34fb!

90% CL UL
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My [GeV/c?]
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107¢
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€2 xap
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Z' — invisible

e withinthe LH-LT model the Z’ can decay invisibly only via neutrinos
e if we allow a hypothetical decay of the Z’ to dark matter, the BF(Z'—invisible) can be enhanced

e we consider both cases in our search

12 : , A
—— Z' > invisible E
1.0 9 — Z'-uu
s 2 off-shell
08} & e
5 invisible "
" 0.6 ©
o)
0] o Ve
D o4l = b b
o2l N SM decay o
(visible or neutrinos) .
0of . I
long-lived
02 . . ‘ ; . .
-2 0 2 4 6 8 10 12 '

M (Z") dark matter mass mowm



-- BF(Z'~»inv)=1,¢'=0.01
10 — L,—L;,g'=0.01

Z' — invisible

e previoussearches for Z'— u*y” by BaBar, Belle, CMS
e 2-tracktrigger

mz [GeV/c?]
e control samples

O MMy selection+NN studies (low mass)

o el selection+NN studies (medium + high mass) systematics

O ee(y) yvetostudies

" Souce | Low mass | Medium mass | High mass

selections 2.7% 6.5% 8.3%
Mass resolution 10% 10% 10%
Background shapes 3.2% 8.6% 25%
Photon veto 34% 5% 5%
luminosity 1% 1% 1%
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.011102
https://arxiv.org/abs/2109.08596
https://www.sciencedirect.com/science/article/pii/S037026931930214X?via%3Dihub

Mz [GeV/c?]

Belle Il Preliminary, L, — L. vanilla
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Z,S,ALP — 11

o L-L:Z
T

o firstsearchin 1T final state

e leptophilicscalar: S
o  partially constraint by BaBar in S—pup

o first searchin 11 final state

e ALP:a
o assume Cee=Cw=CTT and CW=CZY=0

o ALP-1 coupling unconstrained

23



Z,S,ALP — 11

systematics
e control sample
P T soue | Uncertainy 00
o 2m+2e/u/m 5
. . trigger Vi
e 3-track or single muon trigger ES
Particle ID 3.9-6.2
2 —— \l S ———— Tracking 3.6
- BE=ee>qq
120 :_ .[L dr =633 fb! ﬂ * * = —)g’e';_l(';;' Fit bias 4
[~ e o uu(

e #H # HH — gl MLP selection 2.8
.g 80 — * B=ee oeeTT )
E - T —+ Data: 63.3 fb'! Mass resolution 3
= 60 [— i

wE Efficiency interpolation 2.5

0E- /+ Luminosity 1
o s + other 1
= 4r
2 o DR gttt ‘ Total 8.8-9.9
a / 2 4 6 8 \ 10

M(4-tracks) [GeV/c?]

e*e” 2 e*e X\ . dronic Missing ISR



Punzi-Net

» Eur. Phys. J.C 82, 121 (2022)

Min. detectable cross-section at Luminosity L

& +aVBW® + 5v/b? +4aV/BO +4B(0)

e(t)- L \ t
N surviving

background events

Omin(f) =

Signal efficiency

True label NN output

yi-Yi(w,b) -5, <4———— Scaling factor

e(r) > e(w,b) =Y New

X
N generated MC
signal events NN output
The constants a and b are the number of sigmas *

corresponding to one-sided Gaussian tests at some
predefined significance level, a and B . Here a is the
probability of rejecting H, when it is true (type | error), and
B is the probability of not rejecting H, when instead H_, is
true (type Il error).

»

B(t) = B(w,b) = Y (1—yi)- $i(w,b) - sy,
True Label f
Scaling factor

G. Punzi, Sensitivity of searches for new signals and its optimization

0.006
= 0.005
o
w
5 0008
c
3
2 0.003
0.002
0.001
0
o000 1 2 3 4 5 6 7 8 9
20
15 y ol p M
A o trppates” "eeeee ot FOMace
R e e B S
-4
05
00 1 2 3 4 5 6 7 8 9

0.008

0.007

4 Max Punzi-net
4 Single Cut Punzi-net
BCE Trained Network

Mgeneratea [GeV/C?]
Trained on 4 kinematic variables:

variable description

The transverse momentum component

of the muons with respect to the thrust axis.
The transverse momentum component of the
higher energetic muon with respect to

the lower energetic muon.

The longitudinal momentum component of the

pl‘.lhr\l\l (“ )

Pl i (Hma)

Pl (Himax) higher energetic muon with respect to the lower
energetic muon.
priptu) The transverse momentum of the dimuon system.
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https://arxiv.org/abs/physics/0308063
https://doi.org/10.1140/epjc/s10052-022-10070-0

Projection of integrated luminosity delivered by SuperKEKB to Belle Il

[fb] Int. Lumi (Delivered)

KNS Int. Lumi (Delivered)
Target scenario: extrapolation 1000 I 2°":'gﬂ Target
from 2021 run including expected 51 0f-!
Improvements. 3000 | |oemr M,f”’:ﬂ— o

_ s e znm man ka2
Base scenario: conservative
extrapolation of SuperKEKB 3000 Base
parameters from 2021| run

0
20/4/1 21/4/1 22/4/1 23/4/1 24/4/1 25/4/1 26/4/1 [YY/M/D]

We start long shutdown | (LSI) from summer 2022 for |15 months to replace VXD.There will be other
maintenance/improvement works of machine and detector.

We resume physics running from Fall 2023.

A SuperKEKB International Taskforce (aiming to conclude in summer 2022) is discussing additional improvements.
An LS2 for machine improvements could happen on the time frame of 2026-2027
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