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Light dark sectors

* Possible sub-GeV scale Dark Matter (DM) scenario: light dark sector weakly coupled to

SM through a light mediator X

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

~ Pseudo-scalar portal — Axion Like Particles (ALPs)
— Scalar portal — Dark Higgsstrahlung/Scalars

— Neutrino portal — Sterile Neutrinos

L.Zani, Dark sector searches at Belle Il - 2021/09/08
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Light dark sectors

* Possible sub-GeV scale Dark Matter (DM) scenario: light dark sector weakly coupled to
SM through a light mediator X

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

heavy mediator ~ Off-shell o
— Pseudo-scalar portal — Axion Like Particles (ALPs) § \/E E
i %) )
— Scalar portal — Dark Higgsstrahlung/Scalars . - H
§ visible e %
2 ~ light mediator ©
3 neavy dark matter
& | - DECAY INTO SM PAFETICLES!_.:
— The masses of the mediator/DM candidates 0 . DECAYTO SMSUPPRESSED - E:
~ Long-live v

produce different topologies leading to different

dark matter mass mpm
kinds of DM searches
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Experiments at B-factories

* Clean environment and hermetic detectors — efficient reconstruction of neutrals (T n), recoiling

system and missing energy final states Dark Sector  Observtion of tim
searches reversal violation
. 1800 I I — 1 R R ER \ /
A= = E Nobel prize to KM / -
ee — T(4S) [10'58 Gev] - BB = 1600 Decisive confirmation of CKM picture i
> E : ) T oW
= 4000 Observation of direct e ‘]

% C CP violation in B —p*p- T ]

B & T faCtOFy (O'bb ~ 01_1_ ~ 1 n b) + £ E: Excess in  — Observation of

g 1200 [~ \ - B-D(")t v charged exotic

H T Ob ion of Observation of o7 Z hadrons

light dark sectors S 1000 Cemaa Bt Evidencefor
8] - B-meson system DO mixing 1
S 800 Evidence for =
- - - c) L =
First generation of B-factories g 4, Observation of B ey :
= - B — Kl Evi ; ]
- vidence for direct g
400 CP violation in B = K¢z- -
200 :_ w . Measurements of mixing-induced _:
- CP violation in B = @Ks, N'Ks, ... 7
0 = - | | | 1 | 1 | | =
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
BaBar: PEP-Il e’e” collider, SLAC, USA, 1999-2008 Year

Belle: KEKB e+e- collider, KEK, Tsukuba, Japan, 1999-2010

at the KEKB collider at the PEP Il collider
(KEK, Japan) (SLAC, California)
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Experiments at B-factories: second generation

* Clean environment and hermetic detectors — efficient reconstruction of neutrals (T n), recoiling

system and missing energy final states R e
searches reversal violation
— e 1800 T T T T T T T T | T _\ / SupeI‘KEKB
+a s - Nobel prize to KM / 7] Eracvisal
ee — T(4S) [10'58 Gev] — BB £ 1600 Decisive cgnfirrﬁral‘tzignoof CKM picture B 2l
%’ 1400 :_ Observation of direct A . ‘F _: ‘|
Q r CP violation in B —p*p- ] i
~ ~ < |- » i - servation o
B & T faCtory (Obb OTT 1 nb) + § 1200 :_ - . : \. - o BE)_(::ES(T)I: u_: (?hbarrfgzdtexoti;
H - ; servation o Jis 5 adrons
light dark sectors o e CPvioionin B~ d1 " tEmw o
Q [ B-meson system . forhlgher beam curent
g 800 = \Evidence for =
First generation of B-factories £ e00f- Ovgotviion o i E
= [ B "~ »_ Evidence for direct .
4001~ CPviolationin B = K'x-  —|
:_ : *~ Measurements of mixing-induced _:
200 - CP viLt;Iation inB —'ﬁIKs, Ir]'Kl;I, &
0 1999 2000 2001 2002 l2003 J2004 I2005 : 2006 l2007 I2008 l2009 I2010 I I >
BaBar: PEP-Il e*e™ collider, SLAC, USA, 1999-2008 Year 2018 2019 - ...
Belle: KEKB e+e- collider, KEK, Tsukuba, Japan, 1999-2010
> ; ; *
at the KEKB collider  at the PEP Il collider 30 x KEKB peak luminosity (nano-beam scheme*,
(KEK, Japan) (SLAC, California) 1.5 x beam currents): L = 6 - 10”° cm? s

> Final target: 50 ab’!
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Dark sectors at Belle |l

* B-factories can access the GeV range naturally favored by light dark sectors

— Special low multiplicity triggers: single photon trigger, single muon trigger, 3D

track reconstruction at hardware trigger using Neural Network

\.» More in previous talks ( Tau Physics at Belle I1)

* collected 0.5 fb-1during the pilot run April-July 2018 —
published two searches on this data set

— Z' — invisible (Michel’s talk)
|- ALPs — yy|

* Since March 2019 collected > 213 fb-1 and hit the 3.1x1034 cm-2s-1

instantaneous luminosity — many analyses in the pipeline

- B — Ka

= Single photon

Highlights

= Visible Z': Muonic dark force Z' — Uu , Z'— TT from this talk

Total integrated Weekly luminosity [fb~!]

Belle Il Online luminosity

Exp: 7-18 - All runs

14

Integrated luminosity
mmm Recorded Weak

2021

L.Zani, Dark sector searches at Belle Il - 2021/09/08
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Axion Like Particles (ALPs)

_ _ _ Hook (2015), arXiv:1411.3325
* Axion Like Particles are pseudo-
scalars coupling mainly to bosons, . "
with non-renormalizable coupling x
constants [g.,] ~ 1/M N §
* Explored photon coupling g, in ALP-strahlung o N
ALP-strahlung processes — second o _dar, o B 1
Belle Il physics paper 4 0400
. . 0.010}
(photon fusion: sensitivity under g e = =
tudy) ; ; ; < 0.001) |
stu
y m . |
Photon fusion \
* Exploit Flavor Changing Neutral e R g 107°F  gemee ALP—strahlung |
e 10°° : ; :
Current (FCNC) and rare meson — - g g THEE =10
decays to investigate g, coupling L= — 1o L m, [GeV]
ongoing studies for B—+Ka

BF(a — vv) = 100%
L.Zani, Dark sector searches at Belle Il - 2021/09/08 7




Candidates / (1 GeV?/c?)

ALPs: a — Yy at Belle I

* Select fully neutral events consisting of 3 isolated photons

with a total invariant mass consistent with center of mass

energy — optimize to maximize ALP sensitivity

* Signal yield extracted with binned extended max likelihood

fits in sliding ranges (half mass resolutions step) to:

~
(=}
(=}

[=)]
o
o

wu
o
(=]

400

300

200

100

Diphoton invariant mass
for m_in [0.2, 6.85] GeV

Belle I1 (2018)
| [Ldt = 445 pb~?
(b)

t
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3
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w
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=
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Candidates / (0.04 GeV?/c*)
N
o

0.4 0.6
M2, [GeV?/c’]

0.8

40 60
M,EY [GeVZ/c4]

80 100

Candidates / (1 GeV?/c*)

£
o
o

300

200

100

107"

photons overlap

PRL 125 (2020) 161806

@ ®
Two of the Three resolved,

high energetic ¢

or merge. photons.

Invrsib'\e Relsolved
1072
1073 -
ALP decays outside of —
the detector or decays % 107
into invisible particles: o,
Single photon final state. S 10°F
5
108
Recoil invariant mass 107}
J. High Energ. Phys. (2017) 2017: 94.
- -8 1 1 L 1
for ma n [6.85, 97] GeV 1010—4 102 10-2 101 100 10" The searches for
ma [GeV] invisible and visible
| Belle Il (2018) ‘ gif‘ — ny(y) ALP decays veto thi
_det = 445 pb~! N ete” —ete(y) region.
. ete” —yyly)
(@) /777 MC stat. uncertainty
no excess found (highest
local significance of 2.80)
. -1
Data set: 445 pb
0

40
MZ.coi [GeV2/c*]

60 80 100

L.Zani, Dark sector searches at Belle Il - 2021/09/08
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ALPs: a — YY results

PRL 125 (2020) 161806

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

92y QED (] mg)B — With only 1/100 000th of
Lo T ey :
24 . final target data set
8 1.6 m Expected UL +20 Belle Il (2018) .
By | mmm Expected UL +10 JLdt = 445 pb-? 1072 .
1 | = Observed UL 2
! o
.2 | =--- Expected UL — 2
L 1.2 o xpected U . ; - 8 Belle Il
+ I I I QU- -
g 10 I I > 10-3
: [ 1 I v "
So08} O s
E I
=06} ! S
& I a0
204
L [
- 0.2 _
o electron beam dumps _ gayZ =0
00 10—5' ) Ll " 25 A PR e | PR S SRR
16973 1072 101 10° 10!
2
m, [GeV/c?] m, [GeV/c?]

L.Zani, Dark sector searches at Belle Il - 2021/09/08 9



ALPs in meson decays

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

b— syY is extremely rare in the SM and uniquely sensitive to very small ALP-W coupling* g_,,

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

* Preliminary results for the searched process B* — K*a, a — Yy from BaBar: look

m, (GeV)

** Limits from kaons decays are extracted from existing MVV [GeV/cz]
measurements presented in: Phys.Rev.Lett. 118 (2017) 11, 111802

_D‘D
B

05 06 07 08 09 10 11 12
M,, [GeV/c]
L.Zani, Dark sector searches at Belle Il - 2021/09/08 10

at narrow peaks in the diphoton invariant mass vetoing peaking background regions, j"
both prompt and displaced vertex signatures. o
From B.Shuve'ts talk at ICHEP2020 {:&_ _____ 5 .;:::
~ 10° . . '
B Belle 1l ongoing studies Y2
[
S.'?.— f L Ma=10 GeV/c2, cT, =5.0 cm B* - K*a( - yy) % Ma=10 Gev/c?, ct,=20.0 cm B* »K*a( = yy)
%10"‘1 — S Bell; n ZOZi (Simu‘lation)‘ ‘ ‘ ‘ ; Bel'laI n 202|1 [Simullation) I
o 3 & | __ doublesided & | __ double sided
= © 8t Crystal Ball & 4t Crystal Ball
L, o b MC Signal o } MC Signal
B S e .
o [ o r
10°F S 5 . =
] 7o <> 3
E 2 c Belle I 2 2r
i % — BABAR 90% CL 5 5
10'6 i L L Ll I Il L L L Ll IBABAR prIEIimilnaryl g 2 _ E 1 H
=] h= ) - ‘ ‘ N S
10 1 e %.4 - 0.5 0.6 0.7 0.8 0.9 1.0 11 12 o ‘m
< <


https://arxiv.org/pdf/1611.09355.pdf
https://indico.cern.ch/event/868940/contributions/3814877/attachments/2080491/3496082/Shuve_ICHEP_BABAR_ALP.pdf

Muonic dark forces: L —LT model

U

— New gauge boson Z' coupling only to the 2™ and 3™ generation of
leptons (Lu-LT) may explain:

— DM puzzle

- (g—2)uanomaly

— Anomalies observed in rare B decays, B— K*u, RK(*)

* Search for the process:

ete—> UtMZ ,Z'— I, v, X

* Existing limits on the Z' coupling (g'):

L= 0d0Z¢
4

B.Shuve and I.Yavin (2014) Phys. Rev. D 89, 113004.
Altmannshofer et al JHEP 1612 (2016) 106.

¢ W, i

e+ l-l'+5 T+ P,T’ X

ete” —» putu~ + missing energy

~ searches for visible decays Z'—u+u - (BaBar PRD 94, 011102 (2016), CMS arXiv:1808.03684) and
neutrino-nucleus scattering processes (neutrino trident production, CCFR experiment at Fermilab)

~ search for Z' — invisible: Belle I first physics result, PRL 124 (2020) 141801 — see Michel’s talk

L.Zani, Dark sector searches at Belle Il - 2021/09/08 11



Search for a di-muon invariant mass peak in
e’e— UM U events in the final data set
514 fb'

10"

UL g'

ISR
Double photon conversion

1 Illllll

Main backgrounds from SM QED processes: Limits (90% C.L.

)
UL, ISR, double photon conversion, combinatorial iz CauRing
1

0
m,. (GeV)
Competitive with early data set (~ 100 fb-) due to PRD 94, 011102 (2016)

aggressive background suppression!
L.Zani, Dark sector searches at Belle Il - 2021/09/08 12



Events

dN/0.0499 F

/' — T : background rejection

* Neural Network (MLP, MultiLayer Perceptron) exploiting dimuon momentum (P, ) and other 14 discriminating variables

160

140

120

1001
80-
60"
0-

20-
oE

in 4 different mass ranges to reject background

X10[Py] [Figwreorment) Netperformance

- T E v T i 3=
- — Signal 3 25
- — Background E 2
7 s F
3 E g 18-
& = 3
i e C
= I e Bt = 05
s | i LA £

C e b e b b |

-08 06 -04 02 0 02 04 06 08 00 o5 o o's o8 )

-1

Py [GeV]

Belle Il Simulation

det: 100 16"

8
Invariant Mass (up) [GeV/c?]
Before MLP

Events

Signal Efficiency

Beille I Simulation

Ldt= 100"

H—— - — - — — ——— =
T

rE— 8 30
Invariant Mass (up) [GeV/c?)
After MLP

conn b b b b b |
g(e" e— pt w Z(— p* w))

— Background
suppressed by 2
orders of magnitude
over the whole

sensitive range

Belle Il Simulation: Preliminary

107

T T TTTTT

1072

det: 100 fb"

Borexino

Trident

=7 u' u (Belle )

107 / Babar result
i I : PR
107 1 10
M, [GeV/c?
°

L.Zani, Dark sector searches at Belle Il - 2021/09/08

Sensitivity computation ongoing:
preliminary results from fitting
technique (90% CL upper limits),

no systematic effects included

13



* Also ongoing studies on:

Entries / (50 MeV)

107

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

— Compute upper limits on the product o - B(X—TT) — could be re-

ete— UHRUZ’ , Z'>TT

interpreted by any models

Background that survives MLPs (80/fb)

— 11 (16%)
—qq (43%)

eelp (26%)
L=y b (15%)

Belle Il simulation

10
Mot (GEV)

/ —TT

First time search!

10t

Challenging due to high background

and neutrinos i

— profit of B-factory clean

environment and MVA techniques 10°

90% CL upper limits

L.Zani, Dark sector searches at Belle Il - 2021/09/08

Sensitivity to g’ (L, - L))

B 1,1, (obs) 90% CL UL ]
L,-L; . BF(Z— inv)=1 (obs) W% CL UL _]

" Belle ll 2018

= Ly~ expected L.

i -1
_[ Ldt = 276 pb “=ee Lyl , BE(Z'= inv)=1 expected UL

PR EPITTUTEL [UPITSL NNTPITE) IR (PITIITN BPUUPION IS
0 1 2 3 4 5 6 7 8

M,. [GeV/c?]

14



Dark photons

* A possible U(1) extension of the SM includes a new massive vector gauge boson A’ coupling to the SM photon
through the kinetic mixing with strength € — the dark photon

) . . . 3 100 _' LS T L SO O [ e T LT S S R A e | '_
* At ete colliders investigate the ISR production ete —+ y A’ = C cos(6* )| < 0.933 1
> i ) g

To80F e-1 1 3

LoeA, JH & o 5%

Batell et al. (2009). = T

arxiv:0903.0363 = ;

™

Q c

D Sg

<O O

Belle II S @

=0

* m,>2m, — A’ decays 100% invisibly into DM particle (single photon search)

* m,< 2m, — A’ decays visibly to SM particle (leptons)

L.Zani, Dark sector searches at Belle Il - 2021/09/08 15



Dark photon to invisible

* Select events with nothing but a single high energetic ISR photon. _ only one photon in the detector requires a

Look for a bump in the reconstructed photon energy E, = (s = m2,)/2/s 4 4 Sted single photon trigger

* Background: QED processes ete —yy(y) (low mass region) and — at Belle was not available, at BaBar was
radiative Bhabha ete- — e*e y(Y) (high mass region) + cosmics available only on ~10% data (53 fb)
i
o -
el 103 > 5 ! ¢ \
E = + + i
hV4 = f T T T T B L T
< 4 102 © = B Z2df = 69.077 &
: 3 Sl L
=3 T O10 |- =
: 102 d i il :
LLI 2' o - . - 1““]!-- ¥ i |
™ g _
JE g .| -
L 107 Sl =
Belle Il simulation ;&; F :
0 50 100 150 o ; i
$ Bcm [°] 107 2353035 "'h""""?tr“‘?ﬁ'g“;
ool  Belle Il Simulation Preliminary PRL 119, 131804 (2017) )

L.Zani, Dark sector searches in flavor experiments - FPCP2021 16



Invisible dark photon sensitivity at Belle |l

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

Belle Il

In barrel ECL, Belle Il has no 10_2 S —
F . projective cracks in ¢ w.rt. BaBar: -

— more hermetic
— more efficient w

N\ o
-

N\

\\
N
390 |

R\250

S - - -~ - - - - - - o -

* No calorimeter cracks pointing to the 104

interaction region and possibility to compensate
for photon detection gap with KLM veto

- Better hermeticity (smaller boost By=0.28,
|arger acceptance) 10—5 L4 1 11 1 L3 ol

- 4 hard er | |5 107 1 , 10
mproved hardware trigger lines m,. (GeV/c?)

L.Zani, Dark sector searches at Belle Il - 2021/09/08 17



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)

U

10?

w 10?

10

102 10" 1 10 102 10" 1 10
m,. (GeV) m,. (GeV)

L.Zani, Dark sector searches at Belle Il - 2021/09/08 18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.201801
https://academic.oup.com/ptep/article/2019/12/123C01/5685006

Conclusions

Very active and wide-ranging program of searches for dark sectors at Belle Il: interesting to probe not only
the DM puzzle, but also many anomalies in flavor.

-z Belle 1l proved already its capability to produce world leading results even on a minimal data set (1/100 000th of
Belle I

the final target one) Z' _ inv PRL 124 (2020) 141801
a  yy PRL 125 (2020) 161806

* Ongoing studies show we'll be competitive in almost all of the light dark sector searches areas:

— Displaced vertex signatures, missing energy final state searches (in_Michel’s talk), visible SM decays of

light mediator

* Increased luminosity, upgraded detector and better analysis strategies will improve existing limits and provide soon

new results.

..more to come: magnetic monopoles, dark shower, visible A’, ALPs to hadron, etc.

N\,

The Belle 1l Physics Book, PTEP 2019 12 (2019)
L.Zani, Dark sector searches at Belle Il - 2021/09/08 19


https://academic.oup.com/ptep/article/2019/12/123C01/5685006

LUMINOSTY

Thanks for your attention.

<l
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7
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/
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d
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Vg (km/s)

* Dark Matter (DM)

DISTRIBUTION OF DARK MATTER IN NGC 3198

200 (~r T T T T T

NGC 3198

T s i o i IS L il 281 NI
10

)
20 5C
Radius (kpe)

CMB fluctuations

The Cosmic Microwave Background as seen by Planck and WMAP

it

Mass disribution®,
(gravitational lenging) *

4 It exists...

] Flat rotational
1 curves

5 v(r)=vM(r) /v

Gravitational lensing

" Xerays (h'o't gas)®

Dark matter puzzle

...how to search for it?

1) Detect the energy of

nuclear(electron) recoil

3) DM weakly couples to SM particles

annihilation at accelerators

L.Zani, Dark sector searches at Belle Il - 2021/09/08

and it can be produced in SM-particles

is one of the most compelling reason for New Physics (NP) searches

Direct Method

| 2) Detect the flux of visible particles

produced by DM annihilation and decay

Collider Method
P

21



Dark matter candidates

* DM is an unsolved puzzle — Unknown origin and nature! - Modified Newtonian Gravity.
- Non—particle candidates: MACHO
Thermal DM Non=p ndidates: MACHOs
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
‘IIIIIIII..I..I..I..I..IﬂI i ]
ST T T e T R - Particle candidates
Pa—
QCD Axion WIMPs
€ Ultralight Dark Matter >€ Hidden Sector Dark Matter Rd Blackﬁoles * NeUtrlnos x hOt' relatIVIStlc Candldates
Pre-Inflationary Axion :HiddenThermal Relics}WIMPlessDM=; .
i . . * QCD Axions constrained by stellar cooling processes
Post-Inflationary Axion . Asymmetric DM | . i . .
E — — and supernovae dynamics, disfavoring thermal production
>
S'M""‘f”’E“S * Sterile Neutrinos \/observed DM abundance \/neutrino
Beryllium-8
Non-thermal =, Non-thermal Masses
ORS00 SR * Weakly Interacting Massive Particles (WlMPS)‘/ﬂatCh

. i : i i | i i » i H . . . .

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing Supersymmetrlc Cand|dates (neutralan, WIMP mlraC/e)
A

zeV aeV feV peV neV upeV meV e eV MeV GeV TeV 30M xnu” results from direct searches

100 TeV

Light Dark Matter WIMP
L.Zani, Dark sector searches at Belle Il - 2021/09/08 22



Light dark matter scenarios

* No evidences for WIMP favor light DM hypotheses
* Possibility of light dark sectors motivates the search for a DM mediator (@):

Measured from cosmological observations

X SM (V) N& —» Experimentally
TELLC
constrained by current
Op (p Osm y
- = = = searches

SM my, < since g < O(1)

¢ < ov >
May be too small to be consistent with _
the mass of any known SM mediator |

L.Zani, Dark sector searches at Belle Il - 2021/09/08 23



Dark matter production at accelerators

* Fixed-target experiment e Colliders
>
Electron beam dump Mono-X searches: detect a
e~ Dirt well-reconstructed SM object
W- X (ISR photon, jets..) + missing .,
Dump Detector energy Visible decay X X
X mono-Jet/photon/W/z Higg = m, >m y
"VV"-I;*;_: X 7 g xlm) g q s gil‘f . . : B f}.r JA ‘ ?x% 4
Sl A PG
V, A(Memed) s,P __§:P 5 ' e
il itoy) 8 e X3 " T; 7 @ x ',// \
> Proton beam dump (DM at neutrino facilities)  monott/bb,, , monoV , [T — 5 % X o .
/ i \v %"é:;{‘ﬁ i €
v om 9 DM = )~ . maf Invisible .+
70,7 -——d:e:v< >""""‘< i d = % 4//‘\\)5 gy%(? decay I/
’ A’ ! L v V| t-channel mono-jet/dijet ’}" 5 S At
_ DM ¢ 7 A DM ‘ - X A
Via meson production Direct production B G 5 . &
3 ® t ¥ ® £ g © t
mono-t / \
et e

L.Zani, Dark sector searches at Belle Il - 2021/09/08 24



Dark matter searches at fixed-target

* Electron beam dump

>

— Suitable to investigate vector portals for mediator

masses 2m_ < m, <GeV

— Larger luminosity

— Scattering cross section enhanced by nuclear charge

coherence

— Compact special-purpose detectors (dual-arms
spectrometer @JLAB, MAMI, forward vertexing
spectrometer OHPS)

* Proton beam dump: exploiting neutrino facilities

Pé’z:;n Target Absorber Dirt Detector
P = uty, Vy — Ve
—_— #

| 10 m -100 km {

— Exploit existing neutrino facilities

— Look for neutral pion conversions to photons that may

kinetically mix with the dark photon

— Signal signature: dilepton resonances, long-lived particle,

missing energy

L.Zani, Dark sector searches at Belle Il - 2021/09/08 25



Neutrino trident production

* Neutrino trident production with a Z" boson

- CCFR

i 0.1 &
5 0.01~-
N 1073

o001 01 1 10 100 10°

m, (GeV)
L.Zani, Dark sector searches at Belle Il - 2021/09/08 26



Cross section in e"e collision at 10.58 GeV

Physics process Cross section [nb] Selection Criteria Reference
7(4S) 1.110 =+ 0.008 . B
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
pru () 0.831 pu > 0.5GeV/ecin CDC -
() 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
ete—ete 39.7 + 0.1 (MC stat.) Wi > 0.5GeV/c? AAFH
eteutu 18.9+ 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
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SuperKEKB accelerator

* World highest luminosity, applying the large crossing

Belle I

angle (83 mrad) nano-beam scheme [arXiv:0709.0451].
KEKB SuperKEKB

“newbeampipe  SUPErKEKB

& bellows

I(A): ~1.6/12 —X-F-5—»  1(A): ~3.6/26
37, (mm): ~ 5.9/5.0 x—1 /20" B”, (mm): ~027/03 KEK
Add / modify RF systems
I Sb’ ‘_]apan for high:r Il:neam cfjsrrzr:t
beam beam-beam Low emittance positrons
Lorentz current parameter ltO irj'ject Positron source
factor \ \ / m #_\\“‘“ ; New positron target /
\ geometrical u capture section
L= A l+ . +‘: "- reduction ’/
2 er o-* ﬁ R factors Low emittance gun
o > = y£ : Low emittance electrons
// | to inject
be?m aSEecI; vertical beta-function
ratio at the at the |IP
c - 35 -2 -1
30x KEKB peak luminosity: L= 6-10>cm™ s
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Peak Luminosity [x10%® cm?s']

— provide comparable/better CsITD crystals

10

0

Belle Il at SuperKEKB

* Updated detector: —

KL and muon detector (KLM):

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

Electromagnetic calorimeter (ECL):

waveform sampling (energy, time, pulse-shape)

efficiencies and resolutions in a

higher background ~

Magnet:
15 T superconducting

| . ) e {7G9V)
mproved dedicated triggers
e . —0.28 4
for low r.nu|t|p||C|ty and missing BY —
energy final states — see more Vertex detectors (VXD): Hardware: < 30 kHz

W=

** 4 Gey)

2 layer DEPFET pixel detectors (PXD, partially installed) Software: <10 kHz

In preVIous session ta /kS 4 layer double-sided silicon strip detectors (SVD)

: ‘ : ‘ 70 ¢ Particle Identification (PID):
Lo Before IR upgrade | | — Int. Luminosity S(e';;:'ghd(r:s; Ch?lmi:er (CDC): Time-Of-Propagation counter (TOP) (barrel)
—L__ After IR upgrade 60 Elopliati 9l Sallcels; Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FW/D)
| eak fast electronics
-150
DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber
|40 i MPRC: multi-pixel photon counter
iy
30 T

The Belle Il Physics Book, PTEP

20 GOAL: 50 ab—l 2019 12 (2019)

| | | ] 0

2019/1  2021/1  2023/1 2025/1 2027/1 2029/1 2031/1
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Overview of dark sector searches

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30M;
> *B—factories can access the
QCD Axion WIMPs
mass range naturall
¢ Ultralight Dark Matter > Hidde rk Matter Blackﬁoles & y
Pre-Inflationary Axion Hidden Th WIMPless DM g favored by hght dark

o sectors

e
Post-Inflationary Axion

Y

arXiv: 1707.04591

i

<>

.~
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear an sics, Accelerators Microlensing

rP 1 < ¢+ ¥ 1 1 1 . . |
- T T T e

zeV aeV feV peV neV ueV meV eV keV

TeV PeV 30M;

Belle I
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Belle Il Challenges

Reduced boost By-0.42@KEKB — By=0.28@SuperKEKB requires better vertex
resolution for the same B mixing performance

Much higher backgrounds require faster electronics and radiation hardness

Much higher event rates require new DAQ and multi-level trigger system
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Belle Il Performances in Phase 2: photon

Events /(0.02)

Pull
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500

400

300
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100
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x10°

[ F & % T 1
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i 2018 (Preliminary)

TSy

™ | T T T

¢
4
- —— Data 4 +
- " ‘
i P 7
- o ""‘»‘m.-.* RN
- L)
o s’-’"‘”."’”v

T T T T T

w -

4 fl.cn=~5pb" —
t

¥ 4 E >0.15GeV
+
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O'Ol..ll.lgl...l;..lul.l
008 0.10 0.12 0.14 0.16 0.18
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- —+Data = S 15
E . iz Q
e T o £
= 3 —
= E Q
- Belle ll 2018 (Preliminary) 5 g 1.0
F f L dt = 250 pb”' ] ‘;;
= E o}
C W, =0.997 +0.001 a Y=
B —] c 0. 5
C = L
5 et e | -

0.6 0.8 1 1.2
E 1 ' \ T —
el e g W s
— 5 08 —— ' _1:.2

E(ECL) / p(recoil)
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ALPs at Belle |l: resolutions

* Signal resolutions for di-photon and recoil masses

2.5 0.04
— ——— Diphoton
[ Loos — Recoil
20F 5 /
= ~ E 0.02 ’/
< [ = 4
_S..i | Boo #
~- 151 ° .
% [ 93 %a os o8 1o > 4
i 2
G) [ m, [GeV/c“] o
e 1.0 |
8 -
o)
0.5F
| _
RN "T"r‘l‘ﬁ_ PRSI S VNV S | S I S WU | S S W
2 4 6 8 10

m, [GeV/c?]
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D

= Dark photon to invisible: single photon trigger

Belle 11 Phase 3 (Design)

1'0 JsesTee L Sasaneat el 0 Pt
Trigger logic L1 rate at full luminosity +
E>1GeV 4 kHz (barrel) 3
- (veto clusters above 300 MeV) 7 kHz (endcaps) c 0.8 .
CU
B 5 kHz (barrel) L
Bhabha & yy vetoes = 0.6
T A m .
500 o all ee - uuy events QLJ '
{ 1 GeV cluster triggered (@) 0 4
> 400 Belle Il 2019 | g '
E ILdt=4.6 fb—1 - BE’,e ” 2019
300 1 4
S 0.2 [Ldt=4.6 fo?
0 '
5 = 1 GeV cluster trigger
w . . . . ;
100 N 05 1.0 15 20 25 3.0
E* [GeV]

" E* [GeV]
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Dark photon to invisible: backgrounds

Discriminant variables: ' Belle Ii

r conducting coil

Ecms Vs- polar angle of “single photon” |___ - -2

Belle I
D e miten cal | Bﬂﬂ‘:";""l:l:cu.of fo!

ee—2y
1y in ECL BWD or FWD gap

Events / bi

_‘L_m_a I
e~*2y and 3y
1y in ECL90° gap

1y out of ECL acceptance

Belle Il

ﬂu‘lw congucting codl
1

60 80 100 120 140

0" (deg)
ee—eey . Signal sign:j]ture: ee—'3y
both electrons peak in E g (horizontal band) 1y in ECL BWD gap

out of tracking acceptance 1y out of ECLacceptance
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Dark photon to invisible: discriminant variables

Optimize the analysis separately in the Low Mass
region, M ? < 36 GeV*, and High Mass region,

. . . . *
Discriminant variables: E . GY

BeIIe " Slgnal MC

0 Slgnal

1
1 =
I 24 < M ’< 69 GeV>. Z..  &£=(30- 40)% 5
: S 5.0 173 ‘ 5
+ *  BDT discriminant trained on 12 variables (signal iy i -
' . g (e
: cluster shape, cluster properties, additional i il , E i
: energy deposited in the calorimeter, etc) o | i ' 1 Wil -
' 3.5 : : bt
il st
: .- . Setiia
. * Optimize analysis in model independent approach 3.0} i 4 14 %a}s
. R 4
- 2.5 A -
. * Interpret results for dark photon decay ( € M o )! ; 0 '-;- j ,J~ :
U m m mom mm o mmmm m m m o m m E E e E o E E O E M E M EEEEEEEEEE® ' i

. | 0
60 120 140 -
7] Iab(deg

Effect of selection on E*(0) for background rejection
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