Dark Sector Searches at Belle Il

Huw Haigh, on behalf of the Belle Il Collaboration

The 30th International Symposium on Lepton Photon Interactions at High Energies
huw.haigh@oeaw.ac.at

12" January 2022

||||||||| \’/
<7 HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

Belle I

European Research Council

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Dark Sector Searches

® Probe light dark sectors with low mass mediators z )
0O(GeV) 2 off-shell
e Possible portals between SM and DS include: g invisible
o  Vector portal (Dark photon, Z’) %
a

o  Pseudo-scalar portal (Axion-like particle)
o Scalar portal

o Neutrino portal 2me / long-lived
- D :
e Belle Il advantages: y <L il
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o  Hermetic detector

. ) WIMPs
o  Clean collision environment ——
o  Excellent PID Hidden / dark sector ~—
. T . Black
o  Dedicated low-multiplicity triggers . holes
QCD Axion 92  Higgs
T T N N N N N N NN N N |
L I B S B B B T
meV eV keV  MeV Gev  TeV 30M
Mass scale



SuperKEKB

B-factory located in Tsukuba, Japan.
e Asymmetric e'e collider operating at m
=10.58 GeV (7 GeV e + 4 GeV e7)

Y

° ig,)o instantaneous luminosity increase
over KEKB

® Regular operations commenced March
2019
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Belle Il

e 1102 members from 123 institutes across the globe
® Pilot runin 2018, physics runs began March 2019 Belle Il Online luminosity Exp: 7-22 - All uns
~E0ah ] _ 1 ety
e Target x50 Belle data (=50ab™) T | Feaemmmmersirty [ o
. . . . _ 2 / 2
e Wide-ranging and varied physics program: B and D P | -
physics, quarkonium, T-physics, dark sector, ... s -8
Electromagnetic calorimeter (ECL): K. and muon detector (KLM): ] % : 100 &
Csl(Tl) crystals, waveform sampling to measure time Resistive Plate Counters (RPC) (outer barrel) ‘é’ 1 | | 2 T | ) | [ - g
and energy (possible upgrade: pulse-shape) Scintillator + WLSF + MPPC (endcaps, inner barrel) s 50 =
Non-projective gaps between crystals 2 2
Magnet: 01 -0
e,e;r\.. 1.5Tsuperconducting | AaAIROAbED %’,‘g;\}@@,%"ﬁ'\‘\, > \,,b ,,,,,,,, "'QQ»"
QM% : M

Date

Updated on 2021/12/27 18.05 JST

(2)layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

[Vertex detectors (VXD):
1

267fb! recorded
Particle Identification (PID): ] integrated luminosity

Time-Of-Propagation counter (TOP) (barrel)
He(50%):C2Hs (50%), small cells,

fast electronics

Aerogel Ring-Imaging Cerenkov Counter (ARICH)

[Central drift chamber (CDC):




Belle Il




Trigger System

- Belle Il (Preliminary) frai=ssm!  ee-vri 1x3 prong
o Hardware based low level trigger (L1) S sl " EAE SO S SO
‘S [ .
o  Software based high level trigger (HLT) 5 el : :
e Reduce effects from beam backgrounds (Touschek effect, s | B — —— |
beam-gas scattering, radiative Bhabha, ...) AT IR OO S ———
° L1 trigger (not available in BeIIe) TCT I NN S SR, SN, SO NSNS SISO S
o Max trigger rate 30KHz o L— : —— TRT—
224, 28 p Shop, SCLy 3¢y My Ly, “Mp, SC
o Combines 4 sub-detector triggers; CDC, TOP, KLM, ECL U oy bt Yacky. O gy LI enérg‘f
e Dedicated trigger lines for dark sector and low-multiplicity B ananamans aamae saams aeamcsamm
physics: S
o  Single photon 5 ;
o  Single track 5os6
o Multi-track triggers S04 ’
o  ECL cluster triggers = Bellell 2019
Jo2 [Ldt=4.6fb1
o 3D neural trigger . 1 GeV cluster trigger
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U(1)’ extension of standard model -> new massive gauge

boson
Couples to pand T leptons (L“— L) via g’
possibilities;

o

(@)
(@)

(8-2),
B — suu
Mediator between SM and DS

JHEP 1612 (2016) 106
PRD 89, 113004 (2014)

My <2M, = BF[Z'— visible] =1,
2M, < Mz <2M, = BF[Z' — invisible] ~1/2,

My >2M, = BF[Z — invisible] ~ 1/3.

if My > 2M,
BF(Z' — xx) = 1

L=> 050" 71
v/

Belle 2 DATA
event display
run # 3236
Event #493624



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

First published Belle Il result - 2018 using 276pb™ (2018 pilot run
data)

Event reconstruction - recoil mass from p*u-pair with photon veto.
Main challenge: reduction of u*uy background.

Bump hunt of recoil mass distribution.

Main backgrounds from QED processes;

o Wy
o Wue'e
o  TTYy

I Background

Belle 11 2018 - Simulation
3.0 - mmm Signal: Mz = 3 GeV/c2 ]

prd™a [GeV/c]

prad™in [GeV/c]

PRL 124, 141801 (2020)
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Counts

Belle Il 2018

f Ldr = 276 pb™

ete— uu(y)
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FFete ety

e Data

Belle Il 2018

f Ldr =276 pb™
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

1073

10~

Belle Il Simulation Expected 90% CLs UL - Median™

-—= [Ldt=9fb! —— [Ldt=50fb?
F oo [ Ldt = 50 fb~1 (more inclusive trigger)

mmm Belle Il PRL124, 141801, [Ldt = 0.276 fb~2
]

My [GeV/c?]

*preliminary (conservative) systematics

Updated result expected
soon!
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Invisible Z’ 1l - LFV

PRL 124, 141801 (2020)

® Event reconstruction - recoil mass from ep-pair 107 Belle Il 2018 * Data
; I | Ldr =276 pb”
with photon veto. ol Jran=zee i
® Included in same publication 2 e
. . . . 3 1F ==eemearw
e Model independent search with the same criteria. 3 |
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

Axion-like Particles



Axion-like Particles |

Pseudoscalar particles that couple to bosons
e Unlike QCD axions, coupling and mass of ALPs are
taken to be independent
e Search conducted via two photon coupling;
o  Photon fusion (high QED background)
o  ALP-strahlung (more promising)

. Photon fusion
g
LD - ‘Z” g B B Ta ~ 1/g2, m3

s =10.58 GeV, gayy = 107* GeV™"

First search at B-factory

\
Photon fusion X
107%} \
————— ALP-strahlung \
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Axion-like Particles Il

700
- Belle I (2018) 40
° Search for events containing 3 photons which sum to beam energy [Y :& B00F [Ldt = 445 pb NEso
(4S)], no tracks. EJ 00 | (b)+ %20
Main challenge: signal signature, three photons often difficult to resolve — 400 ‘ﬁlo
° Bump hunt in diphoton mass and squared recoil mass. E 300k %
o  Low ALP mass -> squared diphoton mass —> § 200 Méj'l[‘GeV%'/Gcél]
o High ALP mass -> squared recoil mass S
e  Main backgrounds: & 100
o e'e—yy(y) 0
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Axion-like Particles Il

e Search conducted with 445pb™ of 2018 pilot run data.
500 fits in sliding ranges with steps of half mass resolution. PRL 125, 161806 (2020)

® No excess observed (largest local sig. - 2.80)

8 16 = Expected UL +20 Belle Il (2018) .
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

Dark Higgsstrahlung



Dark Higgsstrahlung |

e Dark photon mass generated via spontaneous symmetry breaking of U(1)’ extension to SM, introduces dark
Higgs boson
® In minimal scenario: a single dark photon, A’, and a single dark Higgs, h’
® e'e— A’h (higgsstrahlung)
o Focusonm,<m, =>h’haslong lifetime, escapes detection

o  Search for u'i + missing energy
o Peakin 2D recoil mass vs. dimuon mass distribution

M A

rec

mq§
SN
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Dark Higgsstrahlung li

e Background suppression based on kinematic features
e Main challenge: measurement strategy, looking for two
particles while scanning and counting 9000 elliptical mass

wu

windows.
® Improvements w.r.t KLOE result;

©  Probing unconstrained regionsin 2D m___ . vs. m.

N

plane.

N

o  Probing non-trivial regions of szaD

Recoil mass [GeV/c?]

e Backgrounds:

+ -
© u u Y KLOE result

R Phys. Lett. B 747 (2015) 365-372
O MHpHpee
o TTY

Results very soon

L [ cdt=9fb1

\
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o 2 4 g 8 10
Dimuon mass [GeV/c?]
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https://arxiv.org/abs/1501.06795

Conclusion

e Broad and varied dark sector searches at Belle Il => set to
lead the field in the MeV - GeV mass range in the coming :
years il T e ——

e Belle Il has collected 267fb™ thus far -> will collect ®50ab™ in e '
the next decade.

i

Ui i
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®  First results published (using 2018 pilot run data): ?ﬂ
o Z' — invisible (with LFV Z’) (PRL 124, 141801 (2020))
o ALP —vyy (PRL 125, 161806 (2020))
e Further results in the pipeline with data collected since
2019:
o A’ —invisible search

Dark higgsstrahlung

Z' — invisible update
B decays

o O O O

Much more!

19


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806




Dark Photon

U(1)’ extension to SM introduces new massive

gauge boson A’ of spin 1.

e Coupled to SM photon by kinetic mixing

parameter €

[ ]
mD

v < 0.5m , => A’ decays into an invisible state

e Search for single high energy photon (ISR)

e Backgrounds;

(@)

@)

@)

e'e” — yy(y)
e'ee — e'ey

Cosmics

1073

10 E

1075t

1 Illlllll L1 1111
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Improvements over BaBar;

(@)

O

(@)

No projective cracks in ECL
KLM veto
More hermetic calorimeter

m,, (GeV/c?)
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Other Searches

e Dark photon
e Darkscalar; e'e — T'T°S(— I'I")
e Dark matter from B decays:
o B"— K'S(— I'l)
o B"— K'a(—vyy)
e Inelastic dark matter (LLP)
e Other Z’ decays:
o e'e = UuZ (- u'y)
o e'e—->uuzZ(—1T)
e Magnetic monopoles
e AND MORE!

22



Electromagnetic Calorimeter (ECL)

Belle 11

390

R\250

e No projective cracks in ¢ in ECL barrel
® More hermetic => more efficient
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