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Dark matter puzzle

* Dark Matter (DM) is one of the most compelling reasons for NP searches

DISTRIBUTION OF DARK MATTER IN NGC 3198

Possible sub-GeV scale DM scenario: light dark sector

weakly coupled to SM through a light mediator X

Ve (km/s)

* Vector portal — Dark Photons (A’), Z’ bosons

* Pseudo-scalar portal — Axion Like Particles (ALPs)

* Scalar portal — Dark Higgs/Scalars

* Neutrino portal — Sterile Neutrinos
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— focus on dark sector searches at e+e colliders
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Light dark sectors

Dark Sector Candidates, Anomalies, and Search Techniques
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— different topologies leading to
different kinds of DM searches

mediator mass ma

2Me

*B—factories can access the mass range

naturally favored by light dark sectors

heavy mediator off-shell

= DECAY INTO DM!

— DECAY INTO SM PARTICLES!

Long-lived "
— DECAY TO SM SUPPRESSED —-—( E Y
p\’

dark matter mass mpm
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Key ingredients

* No leading model, possibly very small

couplings:

1) Be signature-based

2) Profit of clean environment at lepton
colliders + hermetic detector —
known initial state

3) Devise specific low-multiplicity
triggers

— Suppress high-cross section QED
processes BUT NOT KILL the signal

— Requires detailed knowledge of the

detector efficiencies

4) Collect largest statistics

invisible , a — yy 33
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SuperKEKB accelerator

* Asymmetric-energy e+e colliders + 4 detectors — efficient reconstruction

of neutrals (Tt° n), recoiling system and missing energy o

ete — T(4S) [10.58 GeV] — BB
* B & T factory (0,, ~ 0__~ 1 nb) + light dark sectors
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* GOAL: 30 x KEKB peak luminosity, £= 6 - 10*cms™
(nano-beam scheme technique”)
— Peak luminosity record 4.14x10°* cm®s™ on May 17"

*https://arxiv.org/abs/0709.0451 L.Zani - Dark sector probes at Belle II. Blois, May 2022
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https://arxiv.org/abs/0709.0451

SuperKEKB and Bellell

* Asymmetric-energy e+e colliders + 4 detectors — efficient reconstruction

of neutrals (Tt° n), recoiling system and missing energy

e+ 4 GeV 3.6 A

Belle Il

ete — T(4S) [10.58 GeV] — BB

* B & T factory (

0,.~ 0.~ 1 nb) + light dark sectors

4 New beam pipe Supe!‘KE KB

& bellows

Add / modify RF systems
beam-beam 1 for higher beam current

parameter

beam
current

=B

KEKB SuperKEKB

' factor

i AT e
(A): ~1.6/1.2 I(A): ~3.6/2.6 '
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* GOAL: 30 x KEKB peak luminosity, L= 6 - 1(
(nano-beam scheme technique”)
— Peak luminosity record 4.14x10°* cm?s? on |

* Final target — 50 x Belle, 50 ab* @Belle Il

KL and muon detector (KLM):

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

Electromagnetic calorimeter (ECL):

J

Csl(TU crystals
waveform sampling (energy, time, pulse-shape)

e~ (7 GGV)

Trigger:

Hardware: < 30 kHz
Software: < 10 kHz

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD, partially installed)
4 layer double-sided silicon strip detectors (SVD)

* 4 Gey,

Particle Identification (PID):

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

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

DE PFET J L
s

MEPC u -pirel photon

*https: //arxiv.org/abs/0709.0451 L.Zani -

Dark sector probes at Belle Il. Blois, May 2022
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https://arxiv.org/abs/0709.0451

Belle |l triggers and data sets

* Hardware-based trigger (L1) combines information from several sub-detectors - —
- Belle Il (Preliminary) det=8.8fb'1 ee—t1— 1x3 prong
(CDC, ECL, TOP and KLM) g -

— Novel menu of low multiplicity triggers unavailable at Belle (single

photon, single muon, single track with neural network reconstruction)

L1 trigger efficiency

Main challenge: trigger on two-track + missing energy signal processes
<O(10 fb) without being saturated by QED processes O(1-300 nb)

0 i :
2o 23 Shp, £ 2q Lag £
fuy ,,aokzxfu% k;l';%kst o1, s,f;‘:;fers ea%w% Ol ey

30 Belle Il Online luminosity Exp: 7-26 - All runs 4
' Integrated Iu_minosity 202 F 400
25:?‘2“”“’5:" — : % - * collected 0.5 fb-1during the 2018 pilot run (without vertex detector):

o B Z'—sinvisible PRL 124 (2020) 141801, ALPs — yy PRL 125 (2020) 161806

1 L

2.0 (4R y48s §

* On data > 2019: Dark Higgsstrahlung, Z’ update

by Huw Haigh in the
parallel session
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....... Shut-down from July 2022, resuming operation in 2023
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Accumulated 0.4 ab! (40% of Belle) — many analyses in the pipeline

F
(=]

L.Zani - Dark sector probes at Belle Il. Blois, May 2022 7


https://indi.to/XkzBc

Searches for visible decays

heavy mediator

el

— DECAY INTO DM!

(AS3Q) 429494 ud Qo] 03 SHP3ID

mediator mass ma

N
=

— DECAY INTO SM PARTICLES!
¥
— DECAY TO SM SUPPRESSED _Cé y

dark matter mass mpm

* ALPs to photons
* Visible Z°

5
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Axion-like particles

* Axion-like particles (ALPs) are
pseudo-scalars coupling mainly to
bosons, with non-renormalizable

coupling constants [g_,] ~ 1/M

Explored photon coupling g, in

ALP-strahlung processes

(photon fusion: sensitivity under
study)

Exploit flavor changing neutral
current and rare meson decays to
investigate g, coupling ongoing

studies for B—Ka

Hook (2015), arXiv:1411.3325

LD — ga4w aFWﬁ’W

gaV a Trra pv
L=— 1 a W, W

BF(a — vv) = 100%
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ALPs: a — Yy

* Select fully neutral events consisting of 3 isolated photons with

\ = [
. . . . Two of the | | I/ Three resolved,
a total invariant mass consistent with center of mass energy slieterisoverap: | ; T i—
. . N | or merge. / | /| photons.
— use calorimeter trigger (ECL efficiency almost 100%) : 161 . ‘ o D e
/| Invisible Resolved
* Optimize to maximize ALP sensitivity - 10°F
p 107
* Signal yield extracted with binned extended max likelihood fits in ~ ALPdecaysoutsideof ==~
the detector or decays % 1074 E
AR H . into invisible particles: <
sliding ranges (half mass resolutions step) to: Sinele photon el ste. £ 1070
(=]
106k
- - - - - - 10-7
Diphoton invariant mass Recoil invariant mass e
10—8 1 1 1 1
i . 1074 1072 10-2 10-1 100 10" The searches for
200 for ma n [0'2’ 6'85] GeV for ma n [6'85’ 9'7] GeV m, [GeV] invisible and visible
= ALPd to thi
N SelenuE) L5 <400 Deiell 2015) - - —y(y) regione.cays e
L O00F [rar=aaspbt F T JLdt = a45 pb=? mm ete- —ete-(y)
> (b) 2 ;- (a) . ete~ —yyly)
2 500} s % 7/ MC stat. uncertainty
L] { 20 o 300
= 400 | B =) no excess found (highest
~ = ~—
§ 300} 5 D, § 200 local significance of 2.80)
3 200 M2, [GeV2/c*] é
5 100 ] 1
) . Data set: 445 pb-
0 20 40 60 80 100 40 60

M2, [GeV?/c*] M2o [GeV2/c?] from 2018 pilot run
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

ALPs: a — VY results

* Set 95% CL upper limits on the signal cross section and translated in g,,, limits

2\ 3
o, = M (1 —ﬂ) — 1/100 000th of final target data set
s

- 24
— World’s best limit around 500 MeV!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

to very small ALP-W coupling g, *

* For m, << my, naturally long-lived ALPs mainly decay

into photons

* Search for B+ — K#*a, a — YY as narrow peaks in the

ALPs in meson decays

b— syY is extremely rare in the SM and uniquely sensitive

Previous results

from Babar on
424 /fb at Y(4S),
gaWUL < 10—5

PhysRevlLett.128.131802

diphoton invariant mass vetoing peaking background

regions, both prompt and long-lived searches.

EM
Calorimeter

Muon
detector

Arbitrary Units / (0.008 GeV/c?2)

10

Belle 1l ongoing studies

m,=1.0 GeV/c?, cT;=5.0cm B ->K*a( - yy)
T T T T T T
Belle Il 2021 (Simulation) (D
double sided
I = Crystal Ball @ 1
| MC Signal Belle I

—— L
4 0.5 0.6 0.7

08 08 10 11
M,, [GeV/c?]

* Also studies for heavy QCD axion ongoing, search for a —nNmm, N —yy

BF(B* — K*a) x BF(a — vy)

* Belle Il will extend the searched range

‘‘‘‘‘

IlIIIII

11 III]II

=1 lIIIII

!\}-
wm

*E. lzaguirre, T. Lin, B. Shuve, PRL 118 (2017)

tom > 2.5 for larger lifetimes ( up to

cT, ~ 40 cm)

— Competitive sensitivity with 100/fb

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.131802

/' boson: L“—LT model]

* New gauge boson Z' coupling only to the 2™ and 3™ generation of

leptons (L“—LT) may explain: =g
— DM puzzle L= Zeg gfyj Zﬁi€
- long-standing (. g—2)u anomaly! ¢
- Anomalies observed in rare B decays, B— K*up, R, B.Shuve and I.Yavin (2014) Phys. Rev. D 89, 113004.

Altmannshofer et al JHEP 1612 (2016) 106.

* Search for the process:

ete— U2 ,Z2'"— 1, v, X

L.Zani - Dark sector probes at Belle Il. Blois, May 2022 13



* Search for a di-muon invariant mass peak in ete— M- M*M-

events

* Main backgrounds from QED processes: u+u-u+l-, ISR,

ISR

* Neural Network (MLP, MultilLayer Perceptron) exploiting dimuon momentum (P, ) e

double photon conversion, combinatorial

Double photon conversion

and other 14 discriminating variables in 4 different mass ranges to reject background —»
suppression factor between 2-14 on the searched di-muon mass range

94, 011102 (2016)

D
Belle: 643 fb,

Babar: 514 fb?, PRD

arXiv:2109.08596v2

107}

1073 =:.,-- i Sl L  BABAR
""" Belle (Born) CCFR
----- Belle (visible) EJCHARM-II
Coaal : SRR A e

|
10

1
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> 4

\_/

Belle IT

Competitive with early data
set (~ 200 fb?) due to
aggressive background 120

140

. 100
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dN/0.0499 F
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https://arxiv.org/pdf/2109.08596.pdf

[/ —TT

* Search for ete— W2’ , Z'TT First search!

— Almost model independent analysis
— Selection optimized for the final state UUTT ( T — I/h, 1-prong decays)

— Sensitive to any di-tau resonance in the searched final state

Challenging due to high background and neutrinos -+ MVA techniques
based on transformed variables to optimize discriminating power

6

: p(u,) vs p(u,) i Belle 1l Simulation

L — KPWXE_ 2)+E 12 - 2 L.

* ™ oore M7 =3.6GeV/c* ., * Compute upper limits on the product

i B aa

i -006:— e 0 - B(X—TT) — could be re-
> e — Signal . .
3 o "F interpreted by different models
WE"S- ;JE 0.04;—
3‘._.,_ 0.03— P e s

2 = — Expected sensitivity to 0 ~ 1 fb

0.02f—
{E oof from pseudo-data simulation
-Belle 1l Simulation 05 :
(.b“.L..l,,-J.J.,J.Ul...ll.“ -1 -05 0 05
1 2 ovs(y, Bicevicl 5 6 A=(d1-d2)/(d1+d2)
0
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Searches for invisible decays

heavy mediator
sV
w)
)
(©
r — DECAY INTO DM!
-
O
4
©
[®)]
) _
= — DECAY INTO SM PARTICLES!
2Me

— DECAY TO SM SUPPRESSED _Cé

- < =

>

dark matter mass mpm
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* /' — invisible
* Dark higgstrahlung
* Single photon search
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Search for Z' to invisible

* Search for a peak in the mass spectrum of the recoil against a Ut pair in events where nothing else is detected.

* Only 276 pb-1 of 2018 pilot run data usable due to trigger conditions.

w, v, Branching ratios:
\Jp, Y M,, <2M, — Z — g =1

2M, <M, <2M_ — I'(Z’ — inv.) ~ 1/2
i : i More in H
M, >2M_— I'(Z' — inv.) ~1/3 )
- Haigh’s talk

If light DM is accessible, BR(Z'— DM)~1

n*, T,
e* ne, T {)p.,'r’ X * Dominant backgrounds radiative QED processes:
ete” - utu~ + missing energy - ete— UHH-(Y)
- ete3T+T(Y)
Invisible signature investigated - ete—eteuU
for the first time! — Rejected by exploiting pT,.. and FSR properties of the

emitted Z' candidate

PRL 124 (2020) 141801 L.Zani - Dark sector probes at Belle Il. Blois, May 2022 17


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

Search for Z' to invisible

* No significant excess found, first limits set on m, < 2m,

PRL 124 (2020) 141801

1600 : 1
E 1400 | Bellen 2018 G B
—_ e = -1
% 1200 [ _[Ldz 276 pb 10
2 1000 F
= E o (obs.) 90% CL UL
'1 800 — -c-) 10—2
] ik More in H.
B L, L. (obs) 90% CL UL i . ,
T 400 [ | N 107 Belle Il 2018 L,-L, BF@— imv)=1 (obs) 90% CLUL _| Halgh ) talk
el R T [ _ 4 — L expected UL E
‘g’ opof N I S Ldr = 276 pb -—-L,L.. BF@— im)=1 expected UL
) S I A I I I B W 10_4!.‘.|‘..[\H.‘|....\.H.|‘.‘.|‘..‘lw.m_
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 i 8

BELLE2-NOTE-PL-2020-012

Recoil mass [GeV/c?] Belle 11 Simulation Expected 90% CL, UL - Median

M,. [GeV/c?]

Updated results on 2019-2020

- -1
data coming soon e

> ~ x 300 data set

o 1072

_

y
.//-- frdt = 9fb?

10°°? {/

> Analysis improvements (muon identification, MVA background
suppression, new fitting strategy)

— [rdt = 50fb™?

ILdt = 50 fb~! (more inclusive trigger)

mmm Belle [ PRL124, 141801, det = 0.276fb!

-4 I 1 1 1 1 1 L I
10 0 1 2 3 4 5 6 7 8 9

M- [GeV/c?]

> more inclusive trigger

L.Zani - Dark sector probes at Belle Il. Blo , 18
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https://docs.belle2.org/record/2028/files/BELLE2-NOTE-PL-2020-012.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

Dark Higgsstrahlung

* Dark photon (A") mass can be generated via a spontaneous symmetry breaking(*) mechanism, by adding a

dark Higgs boson (h'): dark Higgsstrahlung process, ete- — A’ — h” A’

w
A’/ * 4 parameters (no mixing with SM Higgs assumed): m,. m, &, a,
\\ * M, >M, : visible dark higgs, already searched by Belle, Babar
H * M, - <M, : invisible decays of h’

B < 1 More in H.
= Haigh'’s talk

* Belle Il has unique capability to probe the
invisible h’ decay (m,. < my,) with A’

decaying to a muon pair Q

* Previously constrained only by KLOE®) \

* Batell, Pospelov, Ritz, Phys. Rev. D 79, 115008 (2009) KLOE
** Babusci et al. (2015), Phys.Lett. B 747 pg. 365-372, 0370-2693
L.Zani - Dark sector probes at Belle Il. Blois, May 2022 19
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Dark Higgsstrahlung: analysis strategy

* Search in 8.34/fb data (2019) .
[ Belle Il (Preliminary) fd.dt:&&lb" = 2 full track trigger (A¢ > 90°)
* A’ reconstructed as muon pairs, M, > 1.65 GeV for trigger requirements 't
)
(two track+ opening angle trigger from the CDC, ffo) g
£
- - . y - - o
— same final state as for the invisible Z', similar backgrounds 8
ey ffo efficiency
* Scan dimuon and recoil mass searching for peaks in 9000 sliding elliptical 5
. 02 .
windows o
;__-' e
5 . . . . o D
* Apply Bayesian counting technique (challenging look-elsewhere effect) b W e g™
— 109 - -
Signal simulation b B Belle Il = :::_:‘T‘:‘r‘_:::
o | é 10 FEeflen . - % My=6.5Gev/c? ':':: 107 | [ cdt=8339fb! B ete-sete~utu-
. A\ AT " My=2.7GeV/c? () ¢ Data
= @(b' i 10! O 105] L.
on 3 o Preliminary
= —
0\\ & N o
@ 4 8 ")
o = Q
S " =
N\ ¥ , £ = 10!
Q i EII?j;ﬁFé{I mass. T 107
‘windows ©
| | . .I'nl'“' : 0 U 10-3
> 22 23 22 9 0 20 40 60 80 100
*Conceptual, not to scale M, Mﬁp [GeV?/c*] Mﬁ” [GeV?Z/c?]
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* With no signal excess found, Belle Il provides world leading results in
unexplored phase space region — probe non-trivial €2a, couplings

E

M, [GeV/c?]

=

[=]

Dark Higgsstrahlung results

_—

Preliminary

Belle Il
- [ cdt=8.341b1

90% CL UL

0 2 4 6 8 10
M, [GeV/c?]

L.Zani, Dark sector searches in flavor experime

107

10?

10

Cross section [fb]

Ma [GeV/c?]

1073
Belle Il [rdt=8339fb7" — My =2GeV/e?
10-¢ | 90% CLUL —— My =4GeV/c?
i —— My =6GeV/c?
[ \A'_‘W —— My =8GeV/c?
Qi =5 L
S 10
X
Nw 10—5 L
10—7 -
-8 1 L LS (S SSTSEP TS LT M T S M N S
o 0 1 2 3 4 5
My [GeV/c?]
102
Belle Il [cdt=8.339fb! — M, =1GeV/c
10-4 | 90% CLUL —— My =2GeV/c?
—— My =3GeV/c?
— My =4GeV/c?
10
S|
X
NUJ 10—6 L
10—'.-' L
-8 1 1 1 ]
7% 2 4 6 8 10
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A’ — invisible: single photon search prospects

* New massive boson A’ coupling to the SM photon through the kinetic mixing with strength €.
At ete colliders investigate the ISR production ete — y A’.

100

v
LDeA,Jsm
Batell et al. (2009).
arXiv:0903.0363

Oeres YA (nb)

m,>2m — A’ decays 100%

invisibly into DM particle

* Select events with nothing but a single high energetic ISR photon. Look for a bump

5.
in the reconstructed photon energy E = (s — m?,)/2/s
=4
* Background: QED processes ete —yy (V) (low mass region) and radiative Bhabha =
O
ete — ete Y(Y) (high mass region) + cosmics ;3
U3 2|

[=]
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|cos(e*v)| < 0.933
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Belle Il simulation

50

100 150
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Belle Il Simulation Preliminary

based on arXiv:1008.0636

MadGraph simulation

=
o
N

=
o
events in 20 fb~! (no KLM veto
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A’ — invisible: single photon search prospects

* New massive boson A’ coupling to the SM photon through the kinetic mixing with strength €.

At ete colliders investigate the ISR production ete — y A" 100

Ogre—s YA (nb)

i
LDeA TS
Batell et al. (2009),
arXiv:0903.0363

m,>2m — A’ decays 100%

invisibly into DM particle

* Select events with nothing but a single high energetic ISR photon. Look for a bump

80

|cos(6")] < 0.933
e=1

Belle Il simulation

5.
in the reconstructed photon energy E = (s — m?,)/2/s
— 4}
* Background: QED processes ete —yy (V) (low mass region) and radiative Bhabha =
O
ete — ete Y(Y) (high mass region) + cosmics ;3
u3 2|
@nholy grail — Dedicated single photon trigger (none at Belle, at Babar 1f
on 10% of the data) 0 =5
Crucial for Belle Il to be competitive to exploit KLM as veto, currently $
missing— detector studies ongoing —

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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Belle Il Simulation Preliminary

based on arXiv:1008.0636

MadGraph simulation

=
o
events in 20 fb~! (no KLM veto
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mediator mass ma

Displaced vertices at Belle

2Me

heavy mediator

— DECAY INTO DM!

Long lived

— DECAY TO SM SUPPRESSED _Cé

)4
Y

Y
>

dark matter mass mpm

(AS3Q) 42q494 U3GO O SHPAI)

Vertex Detector

Drift chamber

Calorimeter
Muon det

disappea!.ﬁ:ng track

p

hadrons

displaced ‘

photons = e
______ y - photon in
.............. muon detector
_________ fion-pointing
photons
displaced

multitrack vertices
in muon detector

displaced
leptons or

T. Ferber

Long-lived particles in b — s transitions:
— displaced vertex ( scalar, Dark Higgs)

— displaced photons (pseudo-scalar, ALPs)

Inelastic Dark Matter

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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Long-lived (scalar) particles at Belle Il

* Reconstruct B meson decay

— prompt Kaon + two opposite-sign tracks forming a
displaced vertex (LLP)

— Exploit B-factory closed kinematics constraint to reject
background, look for a bumb in the LLP invariant mass

----------------------------------
--------

— Dominant background: SM long-lived, Ksand A e

A. Filimonova, R. Schéfer, S. Westhoff

e m -
-

-

I & N
1072% . . . v\ A S LR bbbl /4
:
2
=
L 107 S _Gé
5| _
- S| | * Compute limits on cross-sections o(et e~ — T(4S) — [B — KLLP |B)
E a for different lifetimes and translate into model dependent limits on m_ &
i v
105, 6., where ct . =f(m_, 6, )
' 1 2 3 4
ms [GeV]

Phys. Rev. D 101, 095006 (2020) L.Zani - Dark sector probes at Belle 1. Blois, May 2022 25


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

Inelastic Dark Matter

Dark photon A’ and dark matter states X1 and X2 with a small mass splitting:

Vertex detector
- X1 is stable (relic) Drift chamber

~ X2 is long-lived at small values of kinetic-mixing coupling (&) Calorimeter

. . . . . . . Muon system
* unconstrained by direct detection experiments, both inelastic and elastic

scattering suppressed ) B

* focus on my > my; +my,, such that A'— X1 X2 is dominant decay

e”, 1, hadron

ety hadron

non-pointing 5 parameter model:

displaced vertex ma (fixed relative to my)

with missing energy My 1 (scan)

mass difference A=my>-my, (categorical)

dark coupling ap (fixed to benchmarks)
kinetic mixing parameter € 111

via ISR
production

* Mandatory to implement new trigger for displaced vertex detection

* Belle Il could constrain the kinetic mixing & < 10* with ~ 100/fb
Journal of High Energy Physics volume 2020, Article number: 39 (2020)

L.Zani - Dark sector probes at Belle Il. Blois, May 2022 26


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

Conclusions

Very active and wide-ranging program of searches for dark sectors at lepton colliders - competitive
limits on several models to probe the DM puzzle

* Belle |l proved already its capability to produce world leading results even
on a minimal data set Z’ - inv PRL 124 (2020) 141801
— with increasing luminosity, improved performance/strategies more a -~ Yy PRL 125 (2020) 161806

searches to come . ..
Dark Higgs ( preliminary)

ALPs = diphoton = ’ Invisible Z’in L -L ’
_ P Visible 2’ in L -L, W Z’ update
- [\,L‘: o _ PR oo BlS N SuBton  Expucted Iy Median
o] . § Belle 11 N s R O 12
5 0 & ! — ot
8 ! \g N o, Wi (Expociod) S
1 B o 2 £ S — Sl o [N
5 . ! .. u E BELLE2-NOTE-PL-2020-012
2 Y wle-‘_‘_‘s_"_:’:—" l 102 L - Jiar-emt — frar-somet
L o ® g JLat = 501 (mare inclusive trigger)
m—; - s Gayz = oh ga .- — O WY Belle 11 178 b - mmm Bele Il PRL124, 141801, [ Ldt = 0.276 fo™"
e Gavic 354': PN Babar 514 fb P2 3Mz“[Ge\:fc,]s e
ALPs or dark scalar in B=>Ka, a=>ff ¥ : Y 0
- — Z\lGoVic?) Heavy QCD axion in
A Filimonova, . , S. sthof
= Inelastic DM B—>Ka, hadronic a decays

Visible dark photon

Belle |l projections from PTEP 2019 12 (2019!

via ISR non-pointing

B S S B production
my [GeV]
Phys. Rev. D 101, 095006 (2020)

Phys. Rev. D 1041055036 (2021) d ;
ALPs in B=2>Ka, a=2>yy Sterile neutrino in B decays Singlino in Y(1S) decays e~ - : WW

L.Zani - Dark sector probes at Belle Il. Blois, May 2022 27
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with missing energy



https://academic.oup.com/ptep/article/2019/12/123C01/5685006
https://indico.cern.ch/event/1133536/contributions/4863708/

Thanks for your attention.
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Peak luminosity record at SuperKEKB

https://www-linac.kek.jp/skekb/snapshot/dailysnap.html

SuperKEKB 24-Hour Operation Summary

New peak luminosity 4.14 x 10734 (cm-2s-1), May 17, 2022.

05/22 16:00:38 - 05/23 16:00:38, 2022 JST
B;/B/ 60 /.8 mm
B;/B/ 80 /.8 mm

Cpeak 2491 % 10%* cm2s7! @2320470522 HERlpeak 600 mA N 1565
int. c/day 445 /524 pb7! LER lpeak 750 mA Ny 1565

o 600F
w
L L
£ 400}

z [
E 200[-

a8}
T T

=

£ x10% (cm~2s71)

{ — -

o
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https://www-linac.kek.jp/skekb/snapshot/dailysnap.html

Belle Il prospects

Projection of integrated luminosity delivered by SuperKEKB to Belle |l

Target scenario: extrapolation

from 2021 run including expe
improvements.

Base scenario: conservative
extrapolation of SuperKEKB
parameters from 202| run

maintenance/improvement works
We resume physics running from

[fb-1] Int. Lumi (Delivered)

5000

Int. Lumi (Delivered)

4000

cted 510!

480fb-!

0
2101 211130 2/ 22041 26t 28

LS1

Base

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

We start long shutdown | (LSI) from summer 2022 for |5 months to replace VXD.There will be other

of machine and detector.
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

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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Cross section in e"e collision at 10.58 GeV

Physics process Cross section [nb] Selection Criteria Reference
7(4S) 1.110 £ 0.008 . 2]
wit(7y) 1.61 - KKMC
dd(~) 0.40 - KKMC
s3(7) 0.38 - KKMC
ce(y) 1.30 - KKMC
ete () 300 £ 3 (MC stat.) 10° < 6 < 170°, BABAYAGA.NLO
E* > 0.15GeV
ete (v) 74.4 pe > 0.5GeV/e and e in -
ECL
Yy(y) 4.99 + 0.05 (MC stat.) 10° < 63 < 170°, BABAYAGA.NLO
EZ > 0.15GeV
() 3.30 E, > 0.5GeV in ECL -
ptp= () 1.148 - KKMC
et (y) 0.831 pp > 0.5GeV/cin CDC -
ptu= () 0.242 pu > 0.5GeV in CDC, -
> 1+ (E,>0.5GeV) in ECL
rr=(7) 0.919 - KKMC
vir(y) 0.25 x: 10~ - KKMC
eteete 39.7 £ 0.1 (MC stat.) Wy > 0.5GeV/c? AAFH
eteutu 18.9 4+ 0.1 (MC stat.) W > 0.5GeV/c? AAFH

The Belle Il Physics
Book [arXiv:1808.10567]

* Low multiplicity event cross sections rapidly
diverge compared to hadronic ones

* Selections applied at MC generator level to
reduce the effective cross section

(acceptance, particle momentum selections)

* W, is the minimum invariant secondary

fermion pair mass

L.Zani - Dark sector probes at Belle Il. Blois, May 2022 31



Belle || detector

* Updated detector: KL and muon detector (KLM):

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

Electromagnetic calorimeter (ECL):

— H Csl(TU crystals
prOVI d € com pa ra b | e/ bette r waveform sampling (energy, time, pulse-shape)

efficiencies and resolutions M ] ]
agnet:

in a higher background b 15 T superconducting
Gev)
~— Improved dedicated triggers By=0.28

Trigger:
Hardware: < 30 kHz
Software: < 10 kHz

for low multiplicity and
Vertex detectors (VXD):

missing energy final states 2 layer DEPFET pixel detectors (PXD, partially installed)
4 layer double-sided silicon strip detectors (SVD)

=

** 4 Gey)

10 : : : : 70 ¢ Particle Identification (PID):
—L,.., Before IR upgrade | | —Int. Luminosity S(egf)r?hc{r:g; Chaumi:er (CDC): Time-Of-Propagation counter (TOP) (barrel)
- B 60 e(50%):CzHs (50%), small cells, - .
o 8 Lpeak After IR upgrade P - Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FW/D)
g 50 DEFFET: depleted p-channel field-effect transistor
u“"’o WLSF: 'uua';elengthl-s';if:mg fiber R
< 6 |- a0 = MPRC: multi-pixel photon counter
2 a
i 30 T .
é il it The Belle Il Physics Book, PTEP
5 |20 A L . -1 2019 12 (2019)
R . a
S {10
| | | ] 0

0
2019/1  2021/1  2023/1 2025/1 2027/1 2029/1 2031/

Rl L.Zani - Dark sector probes at Belle Il. Blois, May 2022 32



Triggers

» Belle Il hardware-based (Level 1) trigger combines information from CDC, ECL, TOP and KLM.
» Designed to reduce rate to at most 30 kHz, while delivering ~100% efficiency for Y(4S) — BB events
» Novel menu of triggers unavailable in Belle enable a compelling low-multiplicity program!

+ Main trigger types for Tau & Dark Sector physics: " Belle Il (Preliminary) f Ldt=881" =2 full track trigger (A¢ > 90°)

- CDC number of full tracks LA

. EiExmmberotahnienies |
- ECL total energy threshold

- ECL number of isolated clusters
- ECL low multiplicity

- ECL di-muon

b
®

o
i

L1 trigger efficiency
(=]
(o))

+ In the dark Higgsstrahlung analysis events are i
required to fire the so-called “ffo” trigger: u-.p' T g T
> 2 full tracks, pair with Ap > 90°, bhabha-veto 0 20 40 60 80 100 120

track 0 [deg]

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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ALPs at Belle |l: resolutions

* Signal resolutions for di-photon and recoil masses
2.5

. ——— Diphoton

[ L oos —— Recoil
20F S
— Qoo
q-u e pe
I 0.01
— J
~- 15F © ~
% I 0.04 3 04 06 08
G - m; [GeV/c?]
i wessssoooooo-- o
—i10f T e
8 -
0

o
wn
S—

m, [GeV/c?]
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B— Ka, a — hadrons

. Chakraborty et al. (PRD 104 055036 (2021)) estimated sensitivity

of heavy QCD axion using some (not DM search) experimental data.
- a—-nrtx~: BABAR, PRL 101, 091801 (2008),

Bt = yyK*,ny = natn=, ~ 400 fb~!,
- a— n°z*n~: Belle, PRD 90, 012002 (2014),

Bt > wKt,w — 7%tn, ~ 700 fbL.

1102
o0 H e BABAR, PRL 101, 091801 (2008)
10° ~ 400 [ _ ' '
10' B Kal(gg) ‘8.. (f) N, 30F
ol EED — % =
';‘ 410" in E 300 B % 204
i 10 : E - S
< f q;//% ,,%//ﬂw'f Sk © 200 2510
10° | \\Iﬁcllglll) }_’}r:]imti;n%_’ - 50 ab™! = { ::;n:- 0 1 y
- 4 ] 2 100 F £ 12 1.3 1.4 15
10° PEI3 5 g
| Chakraborty et al. _ EI>1 J km A
| PRD 104 055036 (2021). 1 0
10703 i 15 20 75 1 1.2 kA

m, [GeV]
BF(B* — K*a) ~ 107°(100 GeV/f,)?

Myrr (GeV/c?)

5 Extrapolation
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Low multiplicity triggers

« Events are required to fire the logical OR of
several unprescaled low-multiplicity (Iml)
ECL triggers

e Iml0 : > 3 clusters with at least one having E* > 300 MeV, 1 < #;p < 17
(corresponding to 12.4° < # < 154.7°, full ECL) and not an ECL Bhabha.

e lmll : exactly 1 cluster with £* > 2 GeV and 4 < Oyp < 14 (32.2° < # < 124.6°)

e Iml2 : > 1 cluster with E* > 2 GeV, #yp = 2, 3, 15, or 16 (18.5° < # < 32.2° or
124.6° < # < 139.3%) and not an ECL Bhabha.

e Imld : > 1 cluster with E* > 2 GeV, #;p = 1 or 17 (12.4° < # < 154.7°) and not an
ECL Bhabha.

e Iml6 : exactly 1 cluster with E* > 1 GeV, 4 < ;p < 15 (32.2° < # < 128.7°, full
ECL barrel) and no other cluster with £ > 300 MeV anywhere.

o Iml7 : exactly 1 cluster with E* > 1 GeV, #;p = 2, 3 or 16 (18.5° < # < 31.9° or
128.7° < # > 139.3°) and no other cluster with £ > 300 MeV anvwhere.

e Iml8 : cluster pair with 170° < A¢ < 190°, both clusters with E* > 250 MeV and
no 2 GeV cluster in the event.

e Iml9 : cluster pair with 170° < Ad < 190°, one cluster with E* < 250 MeV with
the other having E* > 250 MeV, and no 2 GeV cluster in the event.

e Iml10 : cluster pair with 160° < A¢ < 200°, 160° < %6 < 200° and no 2 GeV
cluster in the event.

e Iml12 : > 3 clusters with at least one having E* > 500 MeV, 2 < 8;p < 16
(corresponding to 18.5° < # < 139.3°, full ECL) and not an ECL Bhabha. (#;5 values
have to be double checked).

» Absolute trigger efficiency in MC (TSIM, release-05-02-00):

€L1 =

Iml0 or Imll or Iml2 or Iml4 or Iml6 or ImlI7 or Iml8 or Iml19 or Iml110 or Iml12

all events

Belle Il Simulation Low multiplicity ECL triggers

[ tr—env  trounw
a L
e 08¢
0
2 ]
E _
5 06}
s
o 041
e
— A

0.2

U 1 1 1 1 1 1 1 1 1

9 G5 1 15 2 25 3 35 4 45 B

lepton p s [GeV]

» For this trigger configuration, TSIM has been shown to
reproduce data efficiency within ~1%.

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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14 discriminating variables in 4 different mass ranges to reject background

/' — U : background rejection

Neural Network (MLP, MultiLayer Perceptron) exploiting dimuon momentum (P, ) and other

Belle Il simulation

—— Background

1 lIIIIIIF

dN/0.0499 F

I\Illlll\l\|HI|I1\|II\|\I\|IH‘T

-08 06 -04 -02

90% UL on g(e" e— u* w Z(— p* w))

———— Observed (Pseudo data)
[ Expected +/ 1o
[ Expected +/ 2o

Median (Expected)
———— Babar result

o
r 514 fb1

— Background suppression factor between 2-14 on the
searched di-muon mass range

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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/' —TT: background rejection (I)

Credit to Luigi Corona

} Class-1) Sensitive to a resonance

® Discriminant variables sensitive to the presence of a resonance in the

p(r) P(%,)

7

Ecolsysten w.r.t the two tagging muons

-p(u’) vs p(k) R

- p,Xvs p MN: transverse component of recoil (2’ for signal)
momentum along the direction of the max/min lepton momentum

-plr, +r ) vs M1 +17)

® All momenta are expressed in the center of mass frame » )
: _ _ Also sensitive to the FSR P(H p(t,)
e Signal and background in mass bins M, £ 50 production of the resonance P, +T.7) vs M(T, +1,7)
L] s_ -
k p(ﬂj) Vs p(jJO) =:"“c'°::_'“ E PTM‘“ VS PTM'” .s.»nnal:s.s Gevict @@ lsg..auzs.aeaw.:?

— KPVxE 2)+E /2 5|
sy o

lBkg:rr+qE

51

— P

[GeVic]

O

MAX
T

p
p(tn,n +1_ ) [GeVic]

p™*(u) [GeVic]

2]

cb L 1.; é.;::l ‘{u 5“1‘6 ‘_‘..:-.7' %
pc“"s(pn?[eev;c] p:‘" [&eWc]

Dark Sector Meeting. Z’ — tT. Luigi Corona
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/ —TT: background rejection (I1)

Credit to Luigi Corona

] Class-1) for MVA: p(u.) vs p(u,)

® Momentum P: the maximum Z' momentum that corresponds to j- - ‘\/(3 + M3 — (2my,))* — 4sM3,
a final state with a Z' and a particle of mass 2m, N 2\/s

p(y,) vs p(u,) = background accumulates around a straight line (green) and a hyperbole (black), whose

L
analytical expressions depend only on P and vs/2
e A=(d, -d)/(d, +d,) - considering the red line perpendicular to the green line passing for a generic point

(x0,y0) of the scatter plot:
2 d, is the distance of (x,y,) from (x,y,), and d, is the distance of (x,y,) from (x,y,)
M, =3.6GeV/c? _

5 | Signal: M, =3.6 GeV/c? o Background 9 oor
- i Waq

oo W eeup

— Signal

) (X-Vs/2)+Vs/2

K 1
0 1 E a 4 pﬁ""g T p_p”ﬁc MS

4

(]
p:M§ (Gnvfc]s 0
" «1 -0.5

0 05 1
A=(d1-d2)/(d1+d2) {i
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Visible dark photon

* Existing results by BaBar, currently the best limits in all the GeV range:

~ bump search in the reconstructed di-lepton spectrum from the full data set (514 fb1)

* Belle Il will lead the sensitivity with the final data set of 50 ab -

Phys. Rev. Lett. 113 (2014) Belle Il projections from PTEP 2019 12 (2019)

10—2 10—2_
. 1 |
10—“ 1 Il 1 L LLl Il L 1L L 0L 1Lal 1 Il L 1 L 111 10_‘4 L1 11 L L L L L1 11
102 10 1 10 102 10" 1 10
my. (GeV) m,. (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.201801
https://academic.oup.com/ptep/article/2019/12/123C01/5685006

Dark photon to invisible: single photon trigger

Belle 11 Phase 3 (Design)

1.0 % - .--.0 ..... Sarare st et 0 gty agn
Trigger logic L1 rate at full luminosity +
E>1GeV 4 kHz (barrel) 3\
. (veto clusters above 300 MeV) 7 kHz (endcaps) - 0.8} .
Q
v 5 kHz (barrel) L
Bhabha & vy vetoes £ 0.6}
T Y T w .
500 e all ee - puy events a‘, 4
t 1 GeV cluster triggered (@) 0.4
—_— ] m .
=> 400 Belle Il 2019 =
] -
E ILdt= 4.6 fb~1! ] Bene ” 2019
300 1 —
S 0.2 Jrdt=4.6fb?
" [
§ i 1 GeV cluster trigger
w : . ; ; .
100 0.0 05 1.0 15 20 25
: E* [GeV]

1.0 1.5 2.0 25 3.0
E* [GeY]
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Dark photon to invisible: backgrounds

Discriminant variables:

Ecms Vs- polar angle of “single photon”

Background MC, 40 fb-!
after selection

ee—2y

Events / bi

[
o
[S]

1y in ECL90° gap
1y out of ECL acceptance

80 100 120 140
Hlf"’*’(deg)

ee—eey Signal signature: g
both electrons peak in E. . (horizontal band) Y

1y in ECL BWD gap
out of tracking acceptance 1y out of ECL acceptance

L.Zani - Dark sector probes at Belle Il. Blois, May 2022
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Invisible dark photon sensitivity at Belle |l

https://arxiv.org/pdf/2104.10280.pdf

Belle Il

- In barrel ECL, Belle Il has no W
. projective cracks in ¢ w.rt. BaBar:
— more hermetic
— more efficient 1073

| e
il

107

L/

* No calorimeter cracks pointing to the

interaction region and possibility to compensate & AP Q2 0, =0.5,m =m,/3
L 1 11 II L i I L [ L1 1 11 II
10°°

107 107" 1 , 10
- Better hermeticity (smaller boost By=0.28, m,. (GeV/c)

larger acceptance)

for photon detection gap with KLM veto

— dedicated single photon trigger

* Improved hardware trigger lines
— not available at Belle, at BaBar only for ~10% data (53 fb)
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IDM sensitivity at Belle Il

* Belle Il can explore a large region of new iDM parameter space, constraining with ~ 100/fb the kinetic

mixing parameter down to 10-4

10~
c
.0
Q =2 —g
E 8 10§
T ¢
QL 5
=9
ol =
o0 |v1073
o
@ C
m ” "
w ; :
o @ _4| | thermal target (Qpyh? = 0.12
< b 10 bl i y2 decay length
() e 60 cm yo decay length [, 5
(M) v == Belle II mono-y proj. rescaled % i e
o Sensitivity of displaced search i A
E=1 BaBar mono- limit rescaled ]
_5 1 1 :
L= 10T 107 10

: anp = 01 ma = Q'Sm.’(l’ A= 04m¥1

my, [GeV]

b
Decreasing ISR Photon Energy

Journal of High Energy Physics volume 2020, Article number: 39 (2020)
L.Zani - Dark sector probes at Belle Il. Blois, May 2022

-1.0

—1.5

2.0

Single Photon search

Belle Il Simulation

A= O.4mX1, mpy = 2.5mx1

cut and count

107! 10°

/)(1 Mass (GeV/c?)

Displaced search (this)

100

1000 7'

100

# Signal Events per 100 fb
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https://link.springer.com/article/10.1007%2FJHEP02%282020%29039
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