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Dark matter hunt with a light sector

Energy frontier

Direct production of new particles -

limited by beam energy
o €YY F "y, (LHC —ATLAS, CMS) ., ...
N\Yy” S 7
y -
- ra %,
Light Dark Matter Mediators
>"portals =
Vector portal ! Cosmic frontier®
Dark photon, Z/, ... i s _ _
oo pes Direct effect search in (mostly)
Pseudoscalar portal - = undefground experiments
CD Axions, ALPs, ... © | e -
: 3 S :
Scalar portal = féo Proton Decay Cosmic Particles 0((
. YK N
Dark Higgs, scalars 9 2\

Frontier The C©

Sterile neutrino '




Dark Matter

It is “dark”.
It exists...

- D> Key:
A lot of experimental techniques S R e
to probe the Dark Matter existence:

- production at colliders .WIMP«;;

Hidden / dark sector

== B

QCD AXIon
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SuperKEKB: a new Intensity Frontier machine

SuperKEKB is a super B-factory
Located at KEK(Tsukuba, Japan)

It's an asymmetric e*e- collider operating

- mainly at 10.58 GeV

('Y(4S); but possible runs from Y{2S) to Y(6S) ), *
R, .
- - SuperKEKB

e*/e°
Jinear injector

nano-beam

scheme

I(A): ~ 2.8/2.0 30x peak luminosity:
B’, (mm): ~ 0,27/0.3 6.3 -103%5cm-2s-1




SuperKEKB: a new Intensity Frontier machine

Peak Luminosity [em~2571]
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2ak luminosity:

. ‘| 035 Cm-2 S-1




Where are we now?

Collected luminosity up to now: 2019-2022

Belle Il Online luminosity Exp: 7-26 - All runs . .

Integrated luminosity
s Recorded Daily

%

*Peak luminosity world record

4.7 x 1034 cm-2 s-1 ’

Total integrated luminosity [fb~1]
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Resume physics run in fall 2023
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Belle II: a new Intensity Frontier detector

Electromagnetic Calorimeter (ECL): Kt and muon detector (KLM):
energy resolution: 1.6%-4% ——= - 48| _muonliD: 11/K fake rate 2%/1% at e

electronID: 11/K fake rate 1%/0.01% at e=95%
Magnet:
1.5T superconducting

Trigger:
dedicated lines for
low multiplicity studies:
- single track
- single photon
- single muon

Central drift chamber (CDC):

spatialresolution: 100 um
dE/dx resolution: 5%
oT resolution: 0.4%
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Belle Il trigger

Dark sector physics

* Low multiplicity signatures
* Huge backgrounds from beam, Bhabha, two-photon

kevel 1 hardware-based combines info from CDC, ECL, KLM
* Tracks, clusters,,muons
e Two-track trigger

e Three-track trigger e
* Egc>1GeV trigger - -
k. > | |
. - = - c 0. sm.gl'e y trigger
S efficiency
Single muan 0.6
* CDC +&LM E
_ _ 0.4
Single track - ; 5 Belle Il 2019
* Neural baged i 0.2 [Ldt=14.6fb1

B .
1 GeV cluster trigger

Single photon 05 1.0 15 2.0 25 3.0
* §>05,1,2GeV E(y) in c.m frame [GeV]
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Dark Higgsstrahlung: e*te--> A’h’

2d peakin M, and M,
Probed by KLOE
Largely unconstrained

P. Branchini— Recent dark-sector results at Belle Il



Dark Higgsstrahlung: analysis

Preliminary
Pl laaiies _ wH(y) 79%
Two-track trigger ? o : .
N muons’ pTuu> 0.1 GeV/C .
oints to barrel ECL

i Belle ll simulation | ere’ Ut Preliminary

40 a1 42 43 [
2 2,4 :

M,u,u [GeV2/c*] [ Belle 1l

- [ cat=8.34fb~!

~9000 overlapping elliptical mass windows

Helicity angle

B

| Belle Il simulation Background
L [ cdt=8.34fb~! Signal

(=]
=
(=]

N

@
o
@

L My =475 GeV/c?
My = 3.80 GeV/c?

Mecoil [GeV/CZ]
Candidates

=
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o
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Normalized entries
o
o

o

o
o
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Dark Higgsstrahlung: results

Preliminary

 Bellell [cdt=8.34fb"! — M= 1GeV/c?

[ 90% CL UL —— M, =2GeV/c?
i M, = 3 GeV/c?
— My =4GeV/c?

Preliminary
 Belle I 90% CL UL
- [ cdt=8.34fb™1

M, [GeV/c?]

Preliminary

 Bellen  [cdt=8.34b" My =2GeV/c?

| 90% CL UL —— My =4GeV/c?
i My = 6 GeV/c?

\’w\—\/\,\_“_ e

My [GeV/c?]
Cross section [fb]

2 3

World first for 1.65 < M, < 10.51 GeV/c? Mo [GeVics)
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Z’ to invisible: analysis
Main backgrounds
ete” > pHu (y)

ete - 11 (y), ¥ . utvy
ete- - ete  utw

ete- 9 H+M_ + miSSing energy TSR = o Belle Il 2018
- - | [ a=2repor 0

&
Look for bumps in recoil mass against a gt pair

Two-track trigger

Two muons, p*> 0.4 GeV/c

Recoil - barrel ECL M,,,;<2 GeV/c?
No extraenergy, y veto

NN trained to optimize Punzi FOM
Eur.Phys.J.C 82 (2022) 2, 121

FSR vs ISR + T decay

P .Branchini— Recent dark-sector results at Belle Il




Z’ to invisible: analysis

11 (y) almost 100% suppressed :
dominates up to ~7 GeV/c? - :
-dominates for high masses g

Look for bumps in 0, ecoil VS M2

recoi I
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20 40 60
Miecoi [GEV?/C?] M2 . [GeV2/c4]
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Z’ to invisible: observed yields

Look for bumps in 6, vs M?2 N ete—ete putus Belle Il [Ldt=79.7 fb~!
. B ete - THT(y)

Bl cte »uTu(y)
¢+ Data

recoil .
Preliminary

Belle Il [ Ldt=79.7fb!

MYy

Candidates / (0.5 GeV?/c?)

=
o
L

Mrzecoil [GEV2/C4]
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Z’ to invisible: results

* No excess found
e Set 90%CL exclusion limits on cross section and coupling

Belle 1l Preliminary [Ldt = 79.7 fb~1

w

[ Belle Il, 0.276 fb~2

(g—2)u*20
P¥-==HARM-I (95% L) _
CCER (95% CL)

Fully invisible Z’

- — 90% CLU Expected +1g  Expected +20 —— 90% CL U Expected *10 Expected %20

. AR P S BT ST W I A A A B R U T A A L 10—4 L MR I R R N G R e e a g b e o o
1 2 3 4 5 6 ) 8 0 i 2 2 4 5 4 8

My [GeV/c?] M, [GeV/c?]
fully invisible Z’ as"origin of (g-2), excluded for 0.8 < M < 5.0 GeV/c?
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NEW - from ICHEP Z2’/S/ALP - Tt

We searched for a 1+t~ resonance in'p*p 1t final states
% M(T’C) = Mrecoil(},l},l)

We probed three different models:

Z’ Lu — Lt model : B
- JHEP 12 (2016) 106 z "
- theo. paper) Eeptophilic.dark scalar S model
- vector-portal - PRD 95 (2017) 075003 ALP — 11
o ﬁrst tTme Search in 1 (theo. paper) ¢ arXivi2110.10628

- Yukawa couplings -

- . - constraints by BaBar jn S—up |~ ~ CeemCun=Crr ; C=C2,=0
A f|rst t|me Search in T E YUkawa'“ke effeCt|V€ COUp|IngS

- ALP-T coupling unconstrained



https://link.springer.com/article/10.1007/JHEP12(2016)106
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.075003
https://arxiv.org/abs/2110.10698

Z’/S [ ALP — T+t - Reconstruction
Dataset: 63.3 fb!

Basic selections:
-considering only-1-prong t decays
— require 4 tracks .

-

- 20+ 2¢ef /T V- .
| -M(4 fracks) < 9.5 Gey @i, Bagkgreunc:
-allowed neutrals
~Scan Mrecoil(fip)*
-NN selection to
get rid of background i,

-t*1 (7v) (1x3-prongs events)

-qq
1




Z'/S/ALP — Tt - Data and MC specta

Preliminary

imine TT(y =

iz E e'e = TT(Y)
JLai=633 e¢ > T L [Ldi=633 10 e —qf W st
e'e = pup(y) s S
c'e = WUt e i
e — W ee = WKIY)
BEce —eettT ee =5 UUTT
Data: 63.3 fb ce =S WUNH
EEce weeTT
—+— Data: 63.3 b’

No had. |, *
states *

III|III|III|III|III|III|1III

Data/MC

DlscrepanC|es expected and understood due to mlssmg features in
S|mulat|on : '

Smooth distribution and no peaking structures in Mrecoi( )
— NB: signal mass resolution from 1.5 MeV to 30 MeV

P.Branchini— Recent dark-sector results at Belle Il 19




Z’[/S/ALP — T"T - Results

No signal observed — set 90% CL ‘upper limits

4 —— Observed UL
- Expected UL
Expected UL x2g

Expected UL £1o Belle 11 Belle Il

=), E20
Preliminary G52l

f.r;dt =63.3fb! _ [rdt=63.3fo?

— 90% CL
Expected UL +20
Expected UL *10

Preliminary

4 5 6 7 8 9 1

Ms [GeV/c?]

Preliminary
Belle Il
[rdt=63.3fo1

=
o
¥

7

Mz [GeV/c?]

Cyy=Czy=0

Cee = Cupy =Crr

|cT/N [Tev—?

7’ — 17 (L, — L- model) only used as benchmark | =j- -

Expected UL +10

T T T T
6 7 8 9 10

2
P. Branchini— Recent dark-sector results at Belle Il MALP [GeV/C ]
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Tt — (et /Mt) & ; o — invisible

Can be relevant for NP models such as light
ALP

— 0our search is, however, spin-insensitive

Best-upper limits on B(t—1a)/B(t—1vv) from
ARGUS (476 pb?, Z. Phys. C 68'(1995) 25) . & *

1 s
From phenomenology: ¢onsistency of B(z—lvv)

with SM. predictions

With current data, Bellé II can already ‘set
more stringent limits

P. Branchini— Recent dark-sector results at Belle Il

t—eX (ARGUS)
— - — 1t—-uX (ARGUS)

] :Ei (Pheno.)

02 04 06 038 1 1.2 14 16
m, (GeV/c?)

21


https://link.springer.com/article/10.1007/BF01579801
https://link.springer.com/article/10.1007/JHEP09(2021)173
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.075032

Tt — (e*/ M) a - Reconstruction
Dataset: 62.8 fb!

Split event in two hemispheres across thrust

axis Require exactly 4 tracks:

1 lepton on signal side . .

E
- veto neutrals 7 nO) for feducing hadronic ba'ekgl’ound

1—lo events are |nd|st|ngwshable from t—1lvv (|rredUC|bIe background)

Look for a “peak”.in lepton spectra computed in the t pseudo-mass

i ecent dark-sector results at Belle 1|



T — (et /M) a — Data and MC spectra

- Belle Il —4— Data - Belle Il

[ PR N MC total uncertainty B R

2 ILdt.= 628 1" . : ILdt.= 628" .

Fpreliminary & Other -preliminary ) Other
o . 1—ea, M, = 1.6 GeV/c? [ 3 . t-po, M= 1.6 GeVic?

1—ew, M, = 1.2 GeV/c’ -0, M= 1.2 GeV/c?
t—eo, M_=0 GeV/c? -0, M_=0 GeV/c?

MC total uncertainty

017

electrons Mmuons

N~
-
—
o
——
wn
e
c
O
=
LU

Events /0

Arbitrary normalization for-t—lo: events (Bir—la) = 50/0)

High purity (96% for electron channel, 92% for muon channel)
— efficiency between 9% and 17% depending on Ma
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T — (e*/ ) o — Results

No signal observed — set 95% CL ‘upper limits

Belle Il

Belle Il
ILdt =62.8f"

Ldt=62.8 b

=—f=— (Observed UL

preliminary

=== [Expected UL

\_i !

Expected UL + 1 std. dev.
Expected UL + 2 std. dev.

electrons

;;-'-
[1h]
1>
'©
T
X
Q
B
)
T
=
m

B(t -uo)B(t —Ww

0.5 0.7 1 1.2 14

M, [GeV/c?]

Largest systematics from particle identification

Most stringent measurements in these channels to date

P. Branchini— Recent dark-sector results at Belle Il

preliminary

0.5

0.7
M, [GeV/c?]

1

=g (Observed UL

=== Expected UL
Expected UL £ 1 std. dev.
Expected UL + 2 std. dev.

Mmuons

1:2 1.4 1.6




Summary

* Negative results from LHC and direct search éxperiments = light
dark sector scenario more and more attractive ..

- Bélle Il at SuperKEKB has great potential thanks to Iow-backgt:oﬁ'nd
collisions, hermeticity, dedicated tsiggers
1 L

+ Belle Il had two results with 2018 pilot run dataset: invisible Z’ and
ALP > yy . - |

| started the physics run in 2019: collected up to

NnOowW

P. Branchini— Recent dark-sector results at Belle Il




Summary

World-leading results for searches of:

. ere—> A’h’, with. A’->upu and h’ invisible . "
within the L -L. model :

within the L-L. model ~ + °
H %l

o, & — invisible

* We expect to lead the light dark sector searches in the next decade

P. Branchini— Recent dark-sector results at Belle Il




SPARE SLIDES - -
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Z'/ S [ ALP — T*T - Reconstruction

Dataset: 63.3 fb! Background suppression via dedicated Neural Network
— 8 NN ranges in Mrecil( i)

Basic selections:
- considering only 1-prong t decays
— require 4 tracks

- 2u + 2e/p/m L
- M(4 tracks) < 9.5GeV = .

- allowed neutrals Lok, " .

- scan Mrecoil( L) " - N

Main bdtkgrounds:
= ) (1x3-prongs eyents)
- qq ' .
= ML

Selection optimized for Z°—t*t~ signa
— achieved 99% background reduction




Z',S,ALP - 17

Z' L, - L. model

First time search in tt

Leptophilic scalar S model

Yukawa couplings
Contraints by BaBar in S>puu

First time search in 1t

Yukawa-like effective couplings

ALP-t coupling unconstrained




From KEKB to SuperKEKB: long term plan

— | peak(Target)

e |1t L[2b-1] 4 40

41 30

1 20
LS2

00155051 2023 2025 2027 2009 2031 2033 2038

4 10

7
o
=
O
g}
m
o
~—
2
P
e
%
O
=
S
=
—

Final goal : 50 ab-!




3-track OR single muon trigger
1-prong t decays (+ neutrals)
4-tracks

+ 2x e/u/m
track) < 9.5 GeV/c2

recoil (MH)

ete- > WH‘TC;T'C' not simulated.

- >

Z', S, ALP - t7: analysis

Background suppression
NN MLP (Multi Layer Perceptron)
8 MLP ranges in Moo (L)
* resonance vs L
FSR production
TT system

Eﬁ: .:.I [

- Optimize selections for Z’ ‘_. s
99% background reduction
I'm

Control sample -
2T+ 2x e/u/n

Belle 1T Simulation
=TT
Haqg

I eepp
— Signal

1 0.5 0

A=(d1-d2)/(d1+d2)

Belle I Simulation

Eqg
B eeup
— Signal

02 0.4 0.6 0.8
- P

1,2
00
Belle Il Simulation
=1t
L__[eTe]
W eepp




Z’, S, ALP - tt: observed yields

Belle TT Preliminary = e'e — 171(y)
7 —e'e —>qq

[ 1di=633 ! e See'
—c'e = Uu(y)
—ee > UUTT
—elel o uupw
F—ee —seeTT
—— Data: 63.3 fb’!

signal mass resolution: 1.5 — 30 MeV/c?

—  Belle Il - .
e e = TT(Y)
C Jrdr=633 10" e T
—ee —me e
Telel = u'n(y)
— e > uuUTT
—ele U
—ee—eeTT
—— Data: 63.3 fb’!

FrryrrrrprrTrprrrprrrfrrrp el
AR RN RN R R L

4 6
M(4-tracks) [GeV/c?]

+
++++ i +++++ L

/

Piscrepancies expected and understood
Non'peakiﬁg in I\/Irecoil (“H) .

ittt +
+++++++++ +++a:+

rccoil(uu) [G eV/(, ]




oeTe»u u~2Z,Z2' -t t") [fb]

—— Observed UL

Expected UL
Expected UL £20
Expected UL =10

90%CL

Z', S, ALP - t7: results

Preliminary
Belle 1l
[cdt=63.3fb7?

|ceT|/N [Tev—1]

P. Branchini — Recent

dark-sector results at Belle 1|

S=21T

(g—2)x20

Q;OQ) Belle II
[cat=63.3 fb-1

— 90% CL
Expected UL +20

Preliminary Expected UL 10

6 7 9

Ms [GeV/c?]

10

Preliminary
aBar Belle Il

ALP 9 T [cdt=63.3fb™?

Cyy=Czy=0
Cee = Cuy = Crt

— 90% CL
Expected UL +20
Expected UL =10

5 6 7 8 9

MALP [G@V/Cz]

10

33



| From KEKB to SuperKEKB >
uper

KEKB
Beam-beam parameter uest for BSM

Lorentz Beam current
factor -

* New e* Damping Ring

Lumi. reduction factor

* New Superconducting P E (crossing angle)& B’
Final Focus (QCS) “Cle Dy £ Tune shift reduction facto y=0_3()/0.3() mm
(hour glass effect)

0.8 ~ 1 l,,=2.8/2.0 A
(short bunch)
(1) Smaller g,*

(2) Increase beam currents
(3) Increaseg,

Vertical beta function@IP

Final goal : 6x10%> cm™s 50 ab! ,




From KEKB to SuperKEKB
Super

KEKB

Beam-beam parameter 4. uest for BSM

Lumi. reduction factor

* New Superconducting P E (crossing angle)& B’
Final Focus (QCS) “Cle Dy £ Tune shift reduction facto y=0_3()/0.3() mm
(hour glass effect)

0.8 ~ 1 l,,=2.8/2.0 A
(short bunch)

Lorentz Beam current
factor -

* New e* Damping Ring

(1) Smaller g,*
(2) Increase beam currents
(3) Increaseg,

Vertical beta function@IP

Final goal : 6x10°°> cm?s' 50 ab!
... For a 30x increase in intensity you have to make the beam as thin,as a




Limitation found so far

Shorter beam lifetime than expected
 As a result, the maximum bunch currents are limited by the balance between the
lifetime and the injection power.
r bunch-current limitthan expe

+ Due to higher impedance of beam collimators, in which the apertures are smaller

than the design values to suppress high background.
| dM-peam et ect (vertical beam size bl W-L[D)
+ Relaxed by the crab-waist collision scheme, but still remains.
| :’:i'_:!"':;iifi-!': etficient
+ Operation efficiency during 2021a, b is almost 0.5, lower than expected one, 0.65.
» Machine tunings, machine troubles, maintenance, etc.

Aging of hardware and facilities, and so on.




| Light Dark matter hunt

Probability of interaction of LDM detectors is negligible
4 e Search for mediators

off-shell » Search for missing energy signature
e Search for both

Invisible

(subleading visible)

<<
€
wn
L))
©
E
—
o}
o
8
©
Q
=

Explanations of some astrophysics anomalies
(PAMELA, AMS, FERMI, ...)

Explanation of the (g-2), effect —
e

L Ll

Explanation (with additional hypothesés) of some
flavour anomalies (LHCB, Belle, ...)

DM mass mpwm
Some light mediators (not interacting with quarks)

could escape direct search exclusion limits




<

Searching for dark matter

zeV aeV feV peV neV ueV meV eV
| I I | I [ I

PeV 30M,
|

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators

<€

| I I | ! ! |
<€

QCD Axion

<€

))
| «

WIMPs

Ultralight Dark Matter

—>
Pre-Inflationary Axion

«—>
Post-Inflationary Axion

<€

>
Hidden Sector Dark Matter Black Holes

" Hidden Thermal Relics / WIMPless DM

Asymmetric DM

F In DM

sIMPs REGAN

<>
Muon g-2

L
Small-Scale Structure

> >
Microlensing

I I I | | { I |
zeV aeV feV peV neV

b))
l «
PeV 30M,

Vector portal
Dark photon, Z, ...

Pseudoscalar portal
Axions, ALPs, ...

Scalar portal
Dark Higgs, scalars

Sterile neutrino



http://belle2.jp/

Belle Il trigger

Dark sector physics

kevel 1 hardware-based combines info from CDC, ECL, KLM

Low multiplicity signatures
Huge backgrounds from beam, Bhabha, two-photon

Tracks, clusters,muons

Two-track trigger o g
Three-track trigger "
1
Ecc> 1 GeV trigger 1 >
: - 2o,

L 8 - Q

O
Single muan 0.6

* CDC +&lLM =
L £ g 0.4

Single track = a 5
* Neural baged . T 0.2

o
o

Single photon
* E>05,1,2GeV :

P..Branchini— Recent dark-sector results at Belle Il

single y trigger
efficiency

Belle Il 2019
[Ldt=14.6 fb~?

4

1 GeV cluster trigger
05 1.0 15 20 25
E(y) in c.m frame [GeV]

3.0



Dark Higgsstrahlung: analysis

Preliminary

"o M, =6.5GeV/c?
N M'h_' = 2.7 GeV/c?

Two-track trigger
Two muons, p{#+> 0.1 GeV/c
0il points to barrel ECL

- Belle Il simulation

~9000 overlapping elliptical mass windows = . J

41 42 23
2 27,4
MMu [GeV<4/c?]

Helicity angle
Belle Il simulation e+e'l~l+u'

- [ cdt=8.34fb™!

Belle 11 simulation\ Background
L [ cat=8.34tb! Signal

L My =475 GeV/c?
My = 3.80 GeV/c? _Backgrou,nds

prp(y) 79%
Tt (y) 18%
ete'utu 3%

Background candidates

Normalized entries

M, [GeV/c?]

P. Branchini— Recent dark-sector results at Belle Il



Dark Higgsstrahlung: systematics

2 control samples _ _ _ _
Split mass plane into orthogonal matroregions

* Each dominated by a single background source

ppy  pp(y) background - Data/MC normalization + shape *

el 1t background

Pre-selections 2-91% BKG & signal e .-. x
BKG shape 9.3% (region specific) BKG
C, cut 1% BKG - -
Mass resolution 2.4% (on average) signal -
Eff. Inside windows 2-5% signal * Negligible effect on Uls (~1%)

Theory (BR A’) 4% signal

* Exception is M,> 9 GeV/c2(~25




Dark Higgsstrahlung: data/MC

Preliminary Preliminary

Belle 1l Bl efe > utu(y)
N 1 Bl cete > 17T (V)
| cat=8.34fb —T iy

¥ Data

Belle Il B ete - utut(y)
o B ete > TrT (y)
fﬁ.dt=8.34fb B cte -mete utu-

¥ Data

Candidates / (0.4 GeV?/c?)

=
O
~
N
>
@)
O
N
—
~~
n
)
S
(O
=2
T
s
(V)
O

40 60 80 10 15 20

Mﬁu [Gev2/C4] Mrzecoil [GEVZ/C4]
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Z’ to invisible: systematics

3 control samples

upy  selection+NN studies low mass
eu selection+NN studies medium+high mass

Belle 1l Simulation

N ee(y) v veto studies
x
5 v - .
- O Y o
03 r'{} | L 1
> S ) B | . -
- Source Low mass | Medium mass | High mass
Q
g selections 2.7%
gl
5 Mass resolution 10%
40 60 Background shapes 3.2%
Mrzecoil [GeVZ/C4]
Photon veto 34%
Look for bumps in 0, vs M2 luminosity 1%

recoil




, Belle Il Preliminary, L, — L. JLdt = 79.7 fb!

Belle Il, 0.276 fb~1

— 90% CL UL Expected 10 Expected 20

4 5




Z’ to invisible results

Belle Il Preliminary, L, — L+

JLdt = 79.7 fb~1

10°
Belle I, 0.276 fb~!
10—1 - ,’
o I
]
#1 0
=" 1i'NA64-e
o e  ES s v
: O e " ;
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Z’ to invisible results
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| 22, S, ALP - 17: systematics

source Uncertainty (%) : - :
trigger
Particle ID
! Tracking
Fit bias
MLP selection : -

Mass resolution s .

Efficiency interpolation : *. i
Luminosity Negligib efflect on sensitivity and Uls - 1
other § =

Total :
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