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) B-factories

® Asymmetric e*e colliders optimized for the production of B € 20
meson pairs, but also D mesons, T leptons, ... o
S |
® Collisions occur at Y(nS) resonances s f
=
= Mainly at Y(4S): Vs = 10.58 GeV _ Tof T(3S)
just above the production threshold of BB w | )
BR(Y(4S) — BB) > 96% o sf i 1
. S i i tottony g A G s S
® Beam asymmetric energies: boosted BB pairs, S °
for CP-violation time-dependent measurements D44 A6 OOGIOEE 1AM 1647 THokd, 1058 G,
® High peak luminosity L > 10%* cm?s” S enteratiass Ensrgy [Sel]
/ First generation of B-factories
D
</[o
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§ The SuperKEKB collider LT e

® SuperKEKB: new generation of B-factory that provides
luminosity to the Belle Il experiment

= Asymmetric beam energies: e (7 GeV)/e* (4 GeV)
Operating mainly at Y(4S), but foreseen runs from Y(2S) to
Y(6S)

electron / positron
linear injector

= Highest world peak luminosity with the nano-beam scheme

positron damping ring

Nano-beam scheme

q

* ~
B,* ~ 1/20x SuperKEKB
I ~1.5x - 1(A) ~ 2.8/2.0

30x peak luminosity: - B,*(mm) ~ 0.27/0.3

6.5 103 cm2s
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§ SuperKEKB: a new intensity frontier
machine

1035 )
® Set a new luminosity world record on June 22", -
2021: N S
| 34
3.12 x 10% cm2s™’ £ 10 SEP-II
>
® SuperKEKB peak performance: 'n 1033
£
2 I(e/e*) = 830/690 mA (target: ~ 2.9/2.0 A) g 1032
:" DAONE
M )|
> B.*=1 mm (target: ~ 0.3 mm) o SPEAR
y 1031 ] /f/
® Target peak luminosity: 6.5 - 10%° cm2s™ 1 _TRISTAN
1030 | PETRA | ‘ | |
1970 1980 1990 2000 2010 2020 2030

Year
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K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

§ Belle Il detector @ SuperKEKB
Electromagnetic caIt:)rimet»s'r‘(‘}::(ial_):§

waveform sampling (energy, time, pulse-shape)

2

fectr, Ons a.

Magnet:

1.5 T superconducting

Trigger:

Hardware: < 30 kHz
Vertex detectors (VXD): Software: < 10 kHz
2 layer DEPFET pixel detectors (PXD)

4 layer double-sided silicon strip detectors (SVD)

pOSftrons a+

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDC):
He(50%):CsH, (50%), small cells,
fast electronics

DEPFET: depleted p-channel field-effect transistor
‘WLSF: wavelength-shifting fiber
MPPC: multi-pixel photon counter

Major upgrade of Belle@KEKB
® Covers more than 90% of the total solid angle
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] Belle Il operations

Belle Il Online luminosity

Exp: 7-22 - All runs

14
® First collisions during commissioning run

on April 26" 2018 11

2 0.5 fb? collected in 2018

® First collisions with full detector on March 2019

=2 > 240/fb collected in almost 3 years of data
taking

Total integrated Weekly luminosity [fb=1]

® Target integrated luminosity of the Belle I
experiment:
50/ab (x30 Belle + BaBar)

0 4

Integrated luminosity
mmm Recorded Weekly

B fﬂRemmeddt=24305[fb_1]
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} Belle Il physics program
M‘w:jbuﬂs;o

New Ch * 6
armonfu - J}

® Thanks to the high luminosity . botomony \ f-‘a_«
and the detector performance, e e
Belle Il will be competitivein . \Newhag,,
many physics researches b 8,

T
onz~ 2
Spin Fragme{r“?‘,‘qﬂr@g’/ &

= Flavor physics ey

Axion-Like P,
art_.q,es N

Invisible 2' ¢ 4(‘%.)

Dark Higgs park Seu_o‘

= Standard Model tests

Heavy tau neutrings
&2

Q€
oS 4
LLPs Long-Lived 5’ .

—r ; 5
g o au mag, , . $
= Search for rare or i, &, o &
S u p p ressed Lepton Flavor Violation (LEY) - Q?, .
processes in Standard Model »” &
Tau Electric Dipo'® VoS &

= Dark Sector physics
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https://academic.oup.com/ptep/article/2019/12/123C01/5685006

} Belle Il physics program

PHYSICAL REVIEW LETTERS

Highlights Recent  Accepted Collections Authors Referees Search Press About Staff ™

First Belle Il physics

Search for an|Invisibly Decaying Z' Boson at Belle Il in : :
e"e” — putp (eT ) Plus Missing Energy Final States publns

I. Adachi et al. (Belle Il Collaborati

Phys. Rev. Lett. 124, 141801 — Publ PHYSK:AI— REVIEW I—ETTERS

e [ - -
MUSIEELPIEEEERIEEY  Highlights  Recent  Accepted  Collections  Authors ~ Referees  Search  Press  About  Staff ™

Search for Axionlike Particles Produced in eTe~ Collisions at Belle
Il

F. Abudinén et al. (Belle Il Collaboration)
Phys. Rev. Lett. 125, 161806 — Published 14 October 2020
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General
introduction to
dark sector @
Belle Il




} Dark sector

® Main motivation: the absence of dark matter discoveries at the electroweak scale by the LHC or direct detection
experiments motivates the interest for models with low-mass dark matter candidates

® Theoretical scenarios introducing light dark matter with M ~ O(MeV-GeV)
need light mediators too

interaction

= Dark matter not charged directly under the Standard Model @ Non-gravitational

I
< Dark matter may interact to Standard Model through several “portal” interactions [1,2]:

- vector portal (dark photon, Z',...)
- scalar portal (dark Higgs,...)

- pseudo-scalar portal (axions, axion-like particles), Dark matter
- neutrino portal (heavy neutrinos)

=2 Not just solving the dark matter puzzle. Could explain:
- some astrophysics anomalies: positron excess, ..., (PAMELA, Fermi, ...)
- some anomalies in B meson decays: R, R,,.... (Belle, LHCD, ..)  [1]atell et al,, Phys. ReV. D 80, 095024 (2009)

-the (g — 2) anomaly, recently confirmed at Fermilab [3] [2] Essig et al., arXiv:1311.0029 (2013)
H [3] Abi et al., Phys. Rev. Lett. 126, 141801 (2021) @
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https://arxiv.org/abs/1311.0029
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801

} Dark sector searches @ B-factories

The relationship between mass of the mediators and
DM candidates leads to different topologies.

A

® Negligible interaction probability of dark matter with
the detector

2 Search for mediators (visibles or invisibles) heavy mediator

NE

= Search for final states with missing mass

= Search for both

light mediator N\
light dark matter ) ,L((\O

2 SM
— DECAY INTO DM! '<
i DM

® Advantages of B-factories

(AS3Q) 42024 UDQIOL 01 SUPaID)

light mediator
heavy dark matter

— DECAY INTO SM PARTICLES!

Y
— DECAY TO SM SUPPRESSED —-CE v
;

»
»

dark matter mass mpm

2 High luminosity

mediator mass ma

= Well known initial state

: . 2Me
= Clean environment with low background

2 Hermetic detector with good PID performance

® Excellent capabilities for low multiplicities and missing energy signatures at B-factories
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I Dark SeCtor SearChes @ Belle II [1] Battaglieri et al., arXiv:1707.04591
(D ® Dark matter candidates

® High luminosity provided by SuperKEKB @

® All advantages of the B-factories Belle I Belle Il will provide an
. . . important contribution in the
® High performance detector with dedicated search for dark sector physics
triggers with M ~ O (MeV - GeV)
Dark Sector
®
QCD-axions WIMPS Black Holes
-« @ CO——=0 o—>
ueV meV eV keV MeV GeV TeV 30M, @
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} Belle Il dark sector trigger

® 2-level trigger:
< Hardware-based Level1 Trigger (L1): < 30 kHz
2 Software-based High Level Trigger (HLT): < 10 kHz

® New “dark sector” triggers make the dataset
collected up to now world-unique

= Single photon trigger operational for entire
dataset
- not present in Belle
- 53/fb in BaBar recorded with single
photon trigger

= Single muon trigger using KLM recently
introduced, efficiency ~ 90%

= 3D track reconstruction at L1 level using
neural networks

2 o o =
I o o) o

L1 trigger efficiency

=
N

0.0
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Single photon trigger

1 GeV threshold* efficiency |

Belle Il 2019
[Ldt=4.6 fb~?
1 GeV cluster trigger

.

0.5

1.0

1.5 2.0 2.5
E* [GeV]

3.0

*Actually, newly designed trigger allows sensitivity down to
0.5 GeV of single photon
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§ Search for a Z’ boson

e Vector boson Z’ with a coupling g’ only to the 2" and 3" generations of leptons, introduced by the L-L.
model [1,2,3]:

0=T1sel=1

17 / 0=+1sel=p -
> L= 040y Z4 _ - W T,
4
® Possible final states:

= Invisible decays:
-Z’ - vv (U or T neutrinos)
- primarily Z' = xx (light dark matter) if
kinematically accessible

= Visible decays:
"L = [1] Shuve et al,, Phys. Rev. D 89 , 113004 (2014)
_Z: - TT uve et al.,, VS. ReV. .
[2] Altmannshofer et al., JHEP 106 (2016)
[3] D. Curtin et al., JHEP 02 (2015) 157
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.113004
https://link.springer.com/article/10.1007%2FJHEP12%282016%29106

§ Z' - Invisible (B e oot

® Searching for an invisible Z’ for the first time, with 0.276/fb collected by Belle Il in 2018
2 If dark matter particles kinematically accessible exist, than BR(Z’ - invisible) = 1
2 BR(Z' - invisible) = 1 for M, < 2m whatever the dark matter is
e Hermetic Belle Il detector and clean e*e collisions allow precision determination of missing energy
® Two cases:
3> ete = U issi 2 _ 2 CMS CMS
e*e’ - y'y- + Missing Energy M2 =8+ MMM — 2\/5( E,u Sy E;r )
> (Lepton-Flavor Violation)
® Search for a narrow peak in the recoil mass distribution against p*p- ( )
ev Default u et
e” e
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

§ Z' - Invisible (u*pr)

et Default

® ‘e - p*y + Missing Energy

® Main background components:
- e*e = T'T(y): missing energy due to neutrinos e

- e*e” = p(y): missing energy due to undetected photons
- e*e" = e*eu’y: missing energy due to undetected electrons

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona



§ Z' - Invisible (u*pr)

® ‘e - p*y + Missing Energy

® Main background components:
- e*e = T'T(y): missing energy due to neutrinos
- e*e” = p(y): missing energy due to undetected photons

- e*e" = e*eu’y: missing energy due to undetected electrons : ;
S, S ek Ineuc Belle 11 2018 - Simulation
3.0 - mmm signal: My = 3 GeV/c? .

® Dedicated background suppression based on the
different origin of missing momentum in background

(neutrinos for Tt and ISR for pu(y)) and signal (FSR)

pleimax [GeV/c]

= Exploits lepton kinematics

prze™" [Gevic] @
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§ Z' - Invisible (u*pr)

® ‘e - p*y + Missing Energy

® Main background components:
- e*e = T'T(y): missing energy due to neutrinos
- e*e” = p(y): missing energy due to undetected photons
- e*e" = e*eu’y: missing energy due to undetected electrons

® Dedicated background suppression based on the
different origin of missing momentum in background
(neutrinos for Tt and ISR for pu(y)) and signal (FSR)

Counts

= Exploits lepton kinematics

No significant excess observed in data

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona
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} Z' - Invisible. 90% CLULon g’

(Pl Bl LI LI I | I—

1
® 90% CL upper limits on the coupling constant L . v——

g’ as a function of the Z' mass
-g'below 5- 1072
107 |

L,-L, (obs.) 90% CL UL

® First Belle Il physics publication: Belle Il 2018

-3
Phys. Rev. Lett. 124 (2020) 141801 10

Ly-L, BF(Z'= inv)=1 (0bs.) 90% CL UL _|
— L,-L; expected UL

J' Ldt = 276 pb™

=== Ly-L;, BF(Z'—= inv)=1 expected UL

—4 |l||IIl||lIlIIIIlII]IlIIlIlIIIIlIIIIlIII
10 0 1 2 3 4 S 6 7 8

M. [GeV/c]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

§ Z' - Invisible (LFV)

® No excess observed in data

® First model independent limits on
€ - o(e*e’ - e*u™ + invisible) down to 10 fb

® First Belle Il physics publication:
Phys. Rev. Lett. 124 (2020) 141801

E 80
10° _ felle I 2018 e Data g - _ Belle I 2018
Ldt = 276 pb + ¥ m ) i det = 276 pb™
N re) 60 -
10 | He J 3 :
0 £ P S 50 F
E 2"2‘: :l": (g) +|E €0 (obs.) 90% CL UL
8 1F 4% eteseepy 171 1 1 +|3- 40 -
O r Q ------ &6 expected UL
- "Hnﬂ X 0 30 |
-1 L i J | ru !’1 ‘F' N ,7ﬂ’i I( , - -E
107 | N g 0 20F 5
i SNEN Q g !
X ﬁ | 5} 10 o e e et
102 F | = L
:Illllllllllk‘llllll IAIIAII(II]II IIIII OTIIII|III\|IIII|IIIIIIIII|IIII|\III|IIIII
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Recoil mass [GeV/c?] Recoil mass [GeV/c?] @
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

§ Z' - Invisibile, future prospects

® Short-term program
. Belle Il Simulation Expected 90% CLs UL - Median™
10 ~

=2 Much more integrated luminosity
(already available)

107!
= Analysis improvements (MVA based

background suppression) _
O 1072 |
2 New trigger lines i
Yy A8 _ PO _ .
® Preliminary sensitivity 10-3 b [Lde=ofb Jrde =50
- det = 50 fb~! (more inclusive trigger)
= Starting to investigate the model | mmm Belle Il PRL124, 141801, [Ldt = 0.276 fb~!
parameters that can explainthe (g -2),  1p-4 Lo oo o oy

0 1 2 3 4 B 6 7 8 9

2
® Analysis will be finalized by Moriond 2022 (Spring 2022) Mz [GeV/c?]
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§ Highlights on Z' - uu @ Belle I

* ee - ppZ, 7' >y

® Existing results by BaBar with 514/fb and Belle with 643/fb

® Competitive with early dataset (100/fb) due to aggressive background
suppression

=2 MLP (Multi-Layer Perceptron (NN)) based
background suppression
® Main background: QED puuu processes "
- ISR &
- Double-photon conversion

ISR

® Analysis will be finalized by Summer 2022

Double-photon conversion
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.011102
https://arxiv.org/pdf/2109.08596.pdf

§ Highlights on Z' - uu @ Belle I

* ee - ppZ, 7' >y

® Existing results by BaBar with 514/fb and Belle with 643/fb

® Competitive with early dataset (100/fb) due to aggressive background

suppression

=2 MLP (Multi-Layer Perceptron (NN)) based
background suppression

® Main background: QED puuu processes
-ISR
- Double-photon conversion

® Analysis will be finalized by Summer 2022

® Preliminary sensitivity at 90% CL w/o systematics included,
using fit scan strategy on dimuon invariant mass

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.011102
https://arxiv.org/pdf/2109.08596.pdf

§ Highlights on Z’' -» Tt @ Belle II

® e‘e = p'pZ,Z' - vt First time search!

e Benchmark model: possibility to reinterpret the results found for the Z’ boson of the L,-L, in other models, and in

particular those with Tt resonance in a yutt final state

® The analysis is challenging:

2 The presence of neutrinos in the final state makes it
impossible to exploit the Y(4S) kinematic costraint

® Main background components expected: qq, TT, Uy, eeuy
® Background suppression:
2 MLP (Multi-Layer Perceptron (NN)) based

® Profit of B-factory clean environment

® Analysis will be finalized by Summer 2022
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§ Highlights on Z’' -» Tt @ Belle II

e‘e = p'pZ’, Z' - vt First time search!

Benchmark model: possibility to reinterpret the results found for the Z’ boson of the L, -L, in other models, and in

particular those with Tt resonance in a yutt final state

The analysis is challenging:

2 The presence of neutrinos in the final state makes it
impossible to exploit the Y(4S) kinematic costraint

Main background components expected: qq, TT, yy, eeyy

Background suppression:
2 MLP (Multi-Layer Perceptron (NN)) based
Profit of B-factory clean environment

Analysis will be finalized by Summer 2022

Preliminary 90% CL sensitivity w/o systematics on MC,

107" E

o 1072

T

g

l =

Belle Il simulation: Preliminary

Belle I 2018
J Ldt =276 pb'1

LI L o | E

+100/f0

Ly-L, (obs.) 90% CL UL
L,-L;, BF(Z'— inv)=1 (obs.) 90% CL UL _|
— Ly-L; expected UL E

-==- Ly-L;, BF(Z'= inv)=1 expected UL

P R AR B S S B SR

0

L 2

using cut and count strategy (final strategy: fit scan on recoil mass against ppu)
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} Axion-like particle (ALP) (B proatyie o g |

® GeV-scale ALPs: pseudo-scalar portal mediator between dark sector and Standard Model

e If ALP-photon coupling (g,,) dominates, than BR(a - yy) ~ 100%

e Different topologies depending on model parameters (m_, gaw): focus on mass region where ALP decay is prompt
and photons can be well resolved by Belle I

10™1

Resolved

1072

L e

T

1072

1074

T

10-5F

Gayy [GeV]

T

1076

107

T

10°8

AR TIT | AT | IR | L1
E 1073 1= 107"

m, [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

¥ Search for an ALP

® Select events with three photon invariant mass compatible with
collision vs

e Search for a narrow peak in M2yy or M?
resolution of signal peak

depending on best

recoil’

® Largest background from e*e” = yy(y)

700
. Belle Il (2018) 40 4
« < 600 | _ 5 & <
§ Ng [Ldt = 445 pb 330 %
> r (b) 3
1 3 500 . D)
&) ©] { < To)
o 4 (o]
10 E 400 £10 ®
: T
o ¥ 300} 5 "
v % © 04 06 O 1.0 E“’
© 2 2/-~4
£ 3200 Myy [GeVZ/c™] o
.. © =
= & 100 g
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0

0 20 40 60 80 100
Mx%v [GeV?/c?]
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§ Search for an ALP: results

Search ranges from 0.2 < m_< 9.7 GeV/c? with the 0.445/fb collected in 2018 with Belle I/

= 500 fits with steps of half mass resolution
No excess in data observed
= Highest local significance 2.80, observed at

m_=0.477 GeV/c?

e
o

:— Expected UL 20
| W Expected UL 10
[ —— Observed UL
- ---- Expected UL

e o9 o = = s
2 o ©® o N »
—_—

o
[N}

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

Belle 11 (2018)
[Ldt = 445 pb~?

1
I
|
|
|
i . " " ]
4 6
m, [GeV/c?]

©
o

10

Data — fit

o(Data)
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Candidates / bin
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| Exclusionong,

® 95% CL upper limits on the coupling e
10+ ©
constant g ]
ayy Ao
-g,,, below 107 g
.'TT' © Belle Il
=l
> 1073 J w
T _ Q
® Limits improve over recast from e‘e” - yy G A
analysis by LEP-I| — R
-
[1°]
O 104
® Firstresult for ALP at B-factories and second
physics publication of Belle II
Phys. Rev. Lett. 125, 161806 (2020) . [ electron beam dumps "\\ gayz =0
e es 1072 1071 10° 10?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

§ Search for a dark photon A’

® New massive vector gauge boson, A’, with a coupling to the Standard Model photon through the kinetic

mixing mechanism, with strenght € [1,2] [(11P. Fayet, Phys. Lett, B 95, 285 (1980)

[2] P. Fayet, Nucl. Phys. B 187, 184 (1981)

> Lo —ecA JH

nsem

Interation stenght

® This gauge boson can be produced at e*e colliders through different processes: B
- direct production: ete >y A ete =y A (A - xx)
- meson decays: - Ay
- dark higgsstrahlung: et+e-—-» A* - AW’

e Direct production with ISR particularly interesting: e’e' —» y A’

® Two basic scenarios depending on dark photon mass:

> M, >2m,:invisible decay A’ - XX

> M, <2m : visible decay in Standard Model particles

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona


https://www.sciencedirect.com/science/article/pii/0370269380904888?via=ihub
https://www.sciencedirect.com/science/article/pii/055032138190122X?via%3Dihub

§ A’ > invisible

® Single photon in the final state needs a
single photon trigger, present in the full Belle II
dataset

® For signal events: peak in the energy of the
photon depending on the M,

S—Mi,

> E, = NG

® Main background components:
- e*e” - e*e(y): electrons out of acceptance
- e*e” = yy(y): photons lost in e.m. calorimeter (ECL)
inefficient regions (gaps)
- cosmic rays

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona

3

Belle Il simulation
signal only

boost
direction



§ A’ > invisible,

® Event selection criteria based
on EV VS GV distribution

yyy, with two ——— il
undetected
photons —
D
O3
=
O
L
e*ey, with both e*er 1}

out of detector . .
acceptance \_,/ Belle Il simulation

N

N

background

~Background simulation, assuming 20/fb

50 100 150
Ocm [°]
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vy, with an
undetected photon



o 1 ‘ :
 90% CL Exclusion on € e e e O

o e'e -y A (A —inv.): very promising @ Belle Il, even with low statistics [1]

® Expected to perform better than BaBar [2]: 107 ST
- smaller boost and bigger calorimeter: i
larger acceptance w N
- KLM veto: 4 N -
reject events with a photon undetected in the 102 il
calorimeter = BaBar 2017 L
- no ECL cracks in pointing to the interaction E 3
region: better calorimeter hermeticity D ]
Belle II 10—4 e NAG4 -

7 JIE C 3

: e i tp=05,m =m,/3 i

. 10—5__I & u s ¢ ......‘I s e @ e

1072 107 1 10

m,. (GeV/c?)

® Analysis timescale ~ end of 2022
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https://academic.oup.com/ptep/article/2019/12/123C01/5685006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.131804

§ Search for a dark Higgs

® Dark photon mass produced by the Higgs mechanism involving
a dark Higgs boson [1]

® Both A’and h’ can be produced at e*e colliders through the
dark higgsstrahlung process

e Different signatures depending on h’ mass

> M, >M,.: prompt decay h" = A’A’, up to 6 tracks in the final state.
Investigated by BaBar(2012) and Belle(2015)

> M, <M, h'is long-lived, thus invisible.
Investigated by KLOE(2015)

® PBelle Il focuses on the invisible h’

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona

=

[1] Batell et al., Phys. Rev. D 79, 115008 (2009)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.211801
https://www.sciencedirect.com/science/article/pii/S0370269315004372?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.115008

§ Dark higgstrahlung @ Belle II

o e'e - Ah,A - uu, h' - invisible
= Signature: 2D peak in recoil vs dimuon mass
® Analysis strategy:

= scan+count in elliptical mass windows
(9k overlapping ellipses)

® Background from QED:
-e'e - ()
-ete - T'T(y)
-ete - etetyr

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona
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§ Dark higgstrahlung @ Belle II

o e'e - Ah,A - uu, h' - invisible
= Signature: 2D peak in recoil vs dimuon mass
® Analysis strategy:

= scan+count in elliptical mass windows
(9k overlapping ellipses)

® Background from QED:
-e'e - ()
-ete - T'T(y)
-ete - etetyr

® Background suppression based on helicity angle
(muon energy asymmetry)

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona
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§ Dark higgstrahlung @ Belle II

Expected 90% UL on €% X ap *

® Very promising expectations even with the 5 | Belle Il Simulation * Preliminary 107
2019-only dataset (less than 9/fb) _ systematics
[ cdt=18.339fb~} | —
4 A \\
2 Complementary to BaBar and Belle A £107°
Li o o
> . S
2 Probing the region left unexplored by KLOE S Q}\"' X
Z 2 % 3 10_6Nh.)
: - : <
2 Probing non-trivial €%a, couplings
(below 5 - 107) 11
85 iy
® Analysis is going to be published soon! 01 KLOE

My [GeV/c?]
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} Highlights on B = Kh’

® Long-lived h’ produced in b — s transition
® h’mixes with the Standard Model Higgs boson with angle 6
® Search for a bump in the invariant mass of tracks coming from a

displaced vertex 10~ gy

® | HCb and Belle Il complementary

® Exclusion regions expected
with 50/ab at Belle Il in green

........... i 103%
1 : o 107
C i Y * e Analysis timescale ~ end of
: ; 2022 _
: : 107}

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona

b w

Filimonova et al., JHEP04 (2021) 39

|

1072

1075¢

LHCb



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006

} Inelastic Dark Matter (iDM) @ Belle II

® Expanded dark sector with two dark matter states with a small mass
splitting and a dark photon M

> Y, is stable (relic candidate) Xz Am
X X

2 X, is long-lived

e FocusonM,>m  +m,/:thedecay A" x,x, is favored
Vertex detector

Drift chamber
Calorimeter
o=, 1, hadron
Y / Muon system
et ut, hadron
[1] Duerr et al., JHEP04 (2021) 39
[2] Duerr et al., JHEP04 (2021) 146
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https://link.springer.com/article/10.1007%2FJHEP02%282020%29039
https://link.springer.com/article/10.1007%2FJHEP04%282021%29146

) iDM @ Belle Il

® Expanded dark sector with two dark matter states with a small mass
splitting and a dark photon

> ¥, is stable (relic candidate)

2 X, is long-lived Non-pointing

e FocusonM, > m . +m;: the decay A" x x, is favored decay vertex

Vertex detector

Drift chamber
Calorimeter
e, i, hadron / Muon system
et ut, hadron
£ \
7
“\_ 7 ISR photon
<7
[1] Duerr et al., JHEP04 (2021) 39
[2] Duerr et al., JHEP04 (2021) 146
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https://link.springer.com/article/10.1007%2FJHEP02%282020%29039
https://link.springer.com/article/10.1007%2FJHEP04%282021%29146

§ Search for iDM

® Search for a peak in the center-of-mass frame energy of the
ISR photon plus a displaced vertex V°

® Background:

- photon conversion, e*e = yy(y), y = e*e
- meson decays, e*e” = KK °(y), K,° decays

® Background suppression:

2 VY momentum
l+

) I~

4 X1

< Pointing angle a,,

V? momentum vector

Vector connecting V°
vertex to interaction point

Entries

Belle Il Simulation

MC equivalent luminosity = 100 fo!

140 | log €E=-2.8, m \= 0.2 GeV
N log €=-2.8, m" = 0.5 GeV
B log €=-3.6,m", = 2.0 GeV
120 |- log €=-3.6, m", =3.2 GeV
C other *
100 ut
[ dd
[ - N ss
80 - KSKLy
B st T
60 |- - )
i — Bhabha background excluded
40 Signal Arb. Normalization
20 |
O L L
0 1 2 3 4 5

6

V° Centre-of-Mass Frame Momentum (GeV/c)
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Normalized Intensity
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Belle Il Simulation
I log €=-2.8, mx1 =0.2 GeV 5
025 ———— log e=-238, m ,=0.5GeV E* _ a=MG,
[ —— log €=-3.6,m =2.0GeV v 2V/s
ook —— log €=-3.6, mX1=3.2 GeV
i my =25 mx‘, A=0.4 mx‘, aD=O.1
0.15 | L
0.1F
0.05 -
OV - il PR | PP rop T I NP i ]]-n
1 15 2 25 3 35 4 45 5 55 6
Photon Centre-of-Mass Frame Energy (GeV)
Belle Il Simulation MC equivalent luminosity = 100 fo™*
log €=-2.8, m .= 0.2 GeV
140 | log €=-2.8,m = 0.5 GeV
Bhabha background excluded log €=-3.6, m; =20 Gev
120 - Signal Arb. Normalization Iotigef: 3.6, m,=32GeV
100 | u
- 3-body decay dd
80 |- KOK?
sy
- 2-body
60 I - ()
decay
40
20 lh_
o lae _1&-,-!!#_;!, ,_.-:b_-'lshﬂlﬂh.
0 2 4 6 8 10 12 14 16
> -In(1-cos(a,,))

More pointing



} iDM prospects

® Estimate signal yield by counting events in ISR photon energy window (final analysis will use a template fit)

® With early Belle Il dataset expect to probe

dark sector-Standard Model couplings down to 102 - 10*

® New displaced vertex trigger under consideration

® Analysis timescale ~ end of 2022
-1.0

Belle Il Simulation
-1.5F
A= O.4mX1, Mma = 2.5mX1

—4.5F cut and count

S | Y E
10-2 10-! 10°

X1 Mass (GeV/c?)
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Duerr et al., JHEP04 (2021) 39

ap = 0.1, ma = 2.5m,,, A =0.4m,,

—-—- thermal target (Qpyh?® = 0.12) %

1 em xo decay length “
-------- 60 cm y» decay length o {1071
=== Belle II mono-vy proj. rescaled i i
=== Sensitivity of displaced search i 10-12
=1 BaBar mono-vy limit rescaled



https://link.springer.com/article/10.1007%2FJHEP02%282020%29039

§ Conclusions

The Belle Il experiment is exploring
Dark Sectors at the luminosity frontier

=2 Will lead in the MeV-GeV mass range
in the coming years

> 240/fb collected up to now

World-leading results with early data: ontolroom during rst phases collstons on March 2075

2 Z' > invisible: Phys. Rev. Lett. 124 (2020) 141801

= a - yy: Phys. Rev. Lett. 125, 161806 (2020)

Many new searches ongoing: dark Higgs, dark photon, visible Z’, Long-lived dark particles ...

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona


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

ey ).‘ip;r..-’;f;n .
o h‘:

-.‘F!- hl

Thank you for
the attention!

Luigi Corona - INFN and University of Pisa

@ luigi.corona@pi.infn.it
on behalf of the Belle Il collaboration
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§ Taking data during the pandemic

® Non-stop operations with COVID-19 pandemic

2 Social distancing requirements Data-taking
efficiency: 89.5%

= Strong developments for close to or fully remote sub-system operations

2 Huge commitments from japanese colleagues and residents in Japan

_KEK campus

(SpeakApp) (RocketCh@BellellExp Hall ) Sub-system experts

— Elelelaleleletets

(Accelerator ctrl room $ Another bidg Y & Ctrl room \:‘Safety
sl

ﬂ'\ A | o . Vift Remote ctrl
lg
b %

$- '>i room shift
SuperKEB BCG

| /PN
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§ Luminosity

Beam Beam-beam
currents parameter

-

|

|ﬁ

—

Q
S x

I:: fy:: RL

8 %

Yy

Vertical beta
function at IP

Y
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Geometrical
reduction
parameter
(~0.8-1)



} UL on visible A’ searches

BaBar limitong ~7-10*

10
m,. (GeV)
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} Weak direct detection bounds

LI | T T T T 1T 1T 11 I T T T T 1T 1T 11 ®
10_43 |||| T T ||||||| T T T T T 1711 —
10! 3
— 3 i
E . ]
o 10-44L \ 10° e
~ = 3
:/3 - -
© § ]
== » 10! ||| 1 1 1|||1|| 1 L1 1 111 _
c 45 10! 102
.% 1072 WIMP mass [GeV/c2]
= -
o i
Al _
E 10—46 —
10_47 Jl 1 I 1 1 1 1 1 L1 1 I 1 1 1 1 1 L_1_1
/

10! 102 103

Access to mass 2
below fow GeV WIMP mass [GeV/c~]

LDW2021. Dark sector searches at Belle II: recent results and future prospects. Luigi Corona

Large detectors search for DM
scattering against nuclei/electrons

 Dark sector
. particle

SM SM
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