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Dark Sector Physics

* Many astrophysical observations provide evidence for the existence of some kind of matter that
interacts weakly with the Standard Model (SM) particles: dark matter.

* Possible GeV and sub-GeV theoretical scenarios: Light-DM weakly coupled with
SM through a light dark sector mediator X.

» Different possible portals between Dark Sector and Standard Model depending
on the mediator X:

)
» Vector Portal - Dark Photon A', Dark Z' (edﬂod
e
> Pseudo-scalar Portal > Axion Like Particles oY

> Scalar Portal - Dark Higgs / Dark Scalar
> Neutrino Portal = Sterile Neutrinos
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B e | | e | | EX p e r‘l m e nt See yesterday talk by T. Browder:

“Recent News from Belle II”
» Inside the detector

New beam pipe
& bellows

* Located at IP of e*e” collider SuperKEKB in Tsukuba, Japan.
* Operated at 10.58 GeV (= My(4s))

e Design luminosity 8x103°> cm=2s! —
for higher beam current

sy

[Electromagnetic calorimeter (ECL): \

Positron source
Resistive Plate Counters (RPC) (outer barrel)

Damping ring ’ —~——
s
Scintillator + WLSF + MPPC (endcaps, inner barrel)

e

New positron target /
capture section

Low emittance positrons
K. and muon detector (KLM): ] to inject

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

N Low emittance gun
Magnet: g
‘ 1.5 T superconducting Low emittance electrons
i to inject
e/ect,_\or': e, nj
e-

V“A
My
/'—>\\
o

SuperKEKB: second generation B-Factory.
po'sa It will provide the world highest

/
L

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD)*

==
= . .. : .
4 layer double-sided silicon strip detectors (SVD) § § IUMI"OSIty, applylng the large Cross,ng
S
, % Particle Identification (PID): angle nano-beams scheme.

Central dl‘lﬂ: chamber (CDC). \ Time-Of-Propagation counter (TOP) (barrel) (P R . d t | X _0709 0451)

?e(SCIJ%):CZH(,(SO%),:maII cells, Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD) -haimonar et a ° arAxiv: :

ast electronics

* Some modifications for early data taking

For further details see The Belle Il Physics Book, arXiv:1808.10567
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Belle Il Experiment

» Data Schedule

* Phase 2: Last year
v First physics data (500 pb-1).
v’ Incomplete detector (1/8 VXD)
v’ Commissioning data.

* Phase 3: 2019 ->
v’ Physics run started on March 2019
v"Up to now collected 6.5 fb?
v Will continue 7-9 months/year

e Goal: integrate up to 50 ab™.
x50 data set of its predecessor (Belle)

x10

Peak Luminosity [cm-2s-"] ?
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Dark Sector Physics

» Outline of the presentation

In this presentation | will focus on analyses competitive with available Phase 2 (0.5 fb?)
or early Phase 3 (~20 fb!) data sets:

~Z' to invisible (L,-L, model)
> Dark photon to invisible

» Axion-like particles

|LP2.*'19 Dark Sector Physics with Belle Il (M. Campajola) — Toronto, August 6t 2019



/’ to invisible

Shuve et al. (2014), arXiv:1403.2727
Altmannshofer et al. (2016) arXiv 1609.04026

* New light gauge boson Z’ coupling only to the 2" and 3™ generation of leptons (L, — L; model);

* Looking for an invisible Z’ decay produced with a pair of muons;

=0.01

I’L-, T-,
Vo X

-
(=]

—_

L= 0g0"Z ¢
{= p, T, Vyr, Vr L

TR A

Voo 00

e+

* If kinematically accessible, Z’ could decay to DM
(sterile neutrinos, light Dirac fermions)
* May explain:
* DM puzzle;
* (g-2), anomaly;
* B>K(*)up, Ry, Ry= anomalies;
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Production cross section

3

M. [GeV/c?]

Exploring the invisible decay for
the first time.

ete” - utu~ + missing energy



/’ to invisible

Recoil mass spectrum after selection
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* Signal signature: § gl celell Pl e 2018data —
* Bump in the recoil mass against uu pair; = de,z 276 pb’
* Nothingin the rest of event - i e W)

ee— TT(Y)

sk T eTe T
ee— U(y)

H+H+|' ee—>eeee

FEE e eTe(y)

[ I[IIIII|

* Background mainly from QED processes:
s efe” o utum(y);
cefe” -1 (Y), (r - pw); —

— — — -1
e ete” > utuTete; 10 e

* Only 276 pbis usable due to trigger conditions 10775 1 2
for 2 tracks events. Recoil mass [GeV/c?]

No sensitivity to the parameter space region for
M. > 8 GeV/c?
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/’ to invisible

> g’ upper limit
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Belle Il Preliminary - 2018
Ldt = 276 pb’
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*If DM is kinematically accessible, it can be assumed BR(Z’— inv)~1
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First results ever for the Z’ to invisible
decay
Measurement to be published soon.

List of systematic uncertainties

Tracking 4%

Trigger 4%

LeptoniD 4%

Luminosity 1.5%

Analysis selections(background) 22%
muon yields(signal) 12.5%

muon yields(background) 2%



I_ Fv ZI For example |. Galon et al. (2016), arXiv:1610.08060

'Uu;r’ X

* Searching for a Lepton Flavour Violating Z’ that couples to eu:

, ete” - etu=Z';Z' - invisible
 Model independent search;

* Same analysis selection criteria of the Z’ to invisible search. ot et

90% CL upper limits to €-0
L L L L L L

Recoil mass spectrum after selection
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Dark Photon to invisible

P. Fayet, Phys. Lett. B 95, 285 (1980),

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

* A possible extension of the SM includes a new massive gauge boson A’ of spin = 1 coupling to the SM

through the kinetic mixing with strength €, called dark photon.
* Atete” colliders:ete™ - y;gp A’

e Two basic scenarios depending on A’ vs DM masses relationship

1 .. :
© My > DMy, A’ visible decays to SM particles;

1 .
e m, < > Mgy = A’ invisible decays to LDM;
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Production cross section
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ploring the invisible decay:
ete” > yisrA" = Visr XX

based on arXiv:1008.0636
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Dark Photon to invisible

Signal Signature:
* Only one mono-chromatic, high-E photon y ;g in the detector.
* No tracks, no other good photons. < M2

 Bump in the photon energy: E"_Z—"?A (on-shell )
v

ete”™ - yy, encapd gaps
Bgckgroqnd / . \

* Discriminant variables: E¢,s vs. polar angle of “single photon” . 6.0 =
3 5.5} 2
g ﬁ 2%
* Needs a special single photon trigger S0 R TN VN 1 o 2 -
a5} 10° 3 € &
(not available in Belle, = 10% of data in BaBar) 0L ST
W ; o S 8
A o el | 52
. : A ¥ = . O
3.0} -’ ' ; 10t go
e SM backgrounds: . 5 @
2.5}
* ee=>yyl(y) ol £
ofp (R N | .
* ee—ee(y) 20 1‘0\ 10
¢ Cosmics not negligible e*e” > eTeTy, leptons 6" (deg)
out of acceptance ete”™ - yyy, 1y endcap gaps,
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Dark Photon to invisible o it 50 b1

> Sensitivity Phys. Rev. Lett. 119,
, Belle Il expected sensitivity (preliminary) / 131804 (2017)
10

e ! Belle Il projection, 20 fb-1
T KEK-2018-27, arXiv:
1072 —-/ 1808.10567
BaBar 2017 P2 :
ation 20 fb > " ‘; -
S e g i
.\o\"" \ 1 Why Belle Il is expected to perform better than
10 — BaBar?
E » no ECL cracks pointing to the interaction
- regions
ig3 O UL S i > Smaller boost and larger calorimeter =
4 llllll 1 1 lllllll 1 1 Ll 1 111
larger acceptance
107 10 1 10 © g

m,. (GeV/c?)
*If astronomical dark matter is due to the dark sector, parameters will lie along one of these lines.
Derived from E. Izaguirre, G. Krnjaic, P. Schuster, N. Toro, Phys. Rev. Lett. 115, 251301 (2015)
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AXi on |_| I(e Pa rt | C | es JHEP 1712 (2017) 094 arXiv:1709.00009

Production cross section

ALPs are pseudo-scalars particles (a) that couple to bosons.

s'2=10.58 GeV, gayy = 107 GeV™'

* No strict relationship between coupling and mass. 0.100

* Focus on coupling to photons: = 0.010}
- & 0.001}
1 Photon fusi
* Two possible production processes: 105 oton fusion \
. g S ALP-strahlung \
e Photon fusion ) ‘
10 ‘ A L
e ALP-strahlung 0.1 0.5 1 5 10

m, [GeV]

No results at B-factories yet

exploring photon coupling g, in
ALP-strahlung

Photon fusion
ALP-strahlung

Sensitivity under study
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Axion Like Particles A —

~ photons overlap

* Several topologies depending on (m,, g,,,)
arameters;
P T~ 1/gczlyyMc%

* ALPs can also decay to DM;

* Final state: ?D’
* 3y that add up to the beam energy; B
e Zero tracks; >
* bump on di-photon mass;

e Background from SM is large and partially

peaking:
»ete” - yy(y);
c ete” sete (y);
*ete” > Py(y), P=n’n7’;
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L or merge.

1071,
Invisible
1072

1073}

1074
10-°
10-5

L
J. High Energ. Phys.(2017) 2017: 94.

10-8
104 1073 1072 107!

/ m, [GeV]

ALP decays outside of
the detector or decays
into invisible particles:
Single photon final state

Three resolved,
high energetic
photons.

Resolved

109 10"

The searches for
invisible and visible
ALP decays veto this
region.
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Axion Like Particles

» Sensitivity
4 Belle Il expected sensitivity (preliminary)*
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» Belle Il can be competitive with
Phase2 dataset (500pb).

» Goal: measurement with Phase 2
data to be published soon

*No systematics.
Only (dominant) ee->yyy background included
135fb! assumes no yy trigger veto in the barrel
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Conclusions

* Discovering dark matter is today one of the biggest and interesting challenges we are facing.

* Although designed mainly for B-physics, the Belle Il experiment has a broad and active program to explore
the Dark Sector Physics;

* |t started operations in 2018 (Phase 2). Successful commissioning of the machine and 0.5fb! of data
collected;

* Phase 3 started physics data taking on March 2019. Up to now 6.5fb™! collected.

* First results for the Z’ to invisible search, and many other searches ongoing (A’, ALPs) with good prospects
even with early data.

* Possibility to explore many more dark sector models;

For further details see The Belle Il Physics Book, arXiv:1808.10567
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T —
‘-_33“’ Belle Il General Meeting,

Belle IT

Stay tuned.... More results are to be released soon!
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SuperKEKB

» an Intensity Frontier machine

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

* It’s an asymmetric et e collider operating
mainly at 10.58 GeV (Y(4S))

* World highest luminosity, applying the large
crossing angle nano-beam scheme.

(P.Raimondi for SuperB, M. Bona et al., arXiv:0709.0451)

e A factor 40 increase wrt KEKB in instantaneous
luminosity: L = 8:103° cm™? s
= x2: from higher beam current
= x20: reduce B* from final focus magnets

e+ 4 GeV 3.6 A |

- 7 GeV 2.6 A

Super

KeKkB

* New beam pipe
& bellows

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ’ p
R R N

g/

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject

Dark Sector Physics with Belle Il (M. Campajola) — Toronto, August 6t 2019
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SuperKEKB

» Nano-beam scheme currents beam-beam parameter

*
r = ( 14 y) I :t&y:l: RL geometrical reduction
- * * parameter ~0.8-1
261"e ok ,By:t Ry,
Ratio between the y and x vertical beta function at IP
dimension of the beam 0.01 — 0.02

R SuperKEKB d o %
* -
Sl Sy £ 11(10) <ag
ot [Lm
# A
2¢ = 83 mrad
e-

3.5/8.0 5.9/5.9 120/120 1.6/1.2 2.1-10%

SuperKEKB 4.0/7.0 0.27/0.30 3.2/2.5 41.5 3.6/2.6 80 - 10*
x1/20 X2 x40
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SuperKEKB

=
S

; . 82108 em2 st
: SuperKEl(B*

Peak luminosity trend |

* Flavor physics and SM Test:
= CKM parameters
= CPVin B decays

KEKBLHC
_ @
’ e

ty (em™s™ )
[ =
[—
%

. Z 10 . .
= B/D/t physics £ :‘
E 10% g DA

 BSM physics: : TEVATRON

= rare or suppressed or forbidden 3 1032 ISR,e*** L nw / BEPC2

processes in the SM = _ '.0" TRIS%ﬂ |
10 - ol RIS/' Lh:izl' e ﬂ

* Search for: *BEPC |

30 | | |
. new ||ght part|c|e5 10 _.. Spps _______________ ____________________________________________________________________________________ _________

. DCI seee
= light Dark Sector b

1 R O o S e
1970 1980 1990 2000 2010 2020
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Highlights from Phase?

» Belle Il performances

+ + .-
ee -DuTuy
- - = T T & 3
S 400F -
o - | .
S - -+ Data .
— 350/ —
~ - — i ]
s F Fit ;
T 300 —
g :
\ W 250 Bellell 2018 (Preliminary) i =
-\ ECLCluster - .
200~ IL dt = 261 pb’ E
> Precoil E 1
Ly u,, =0.998 +0.001 e
100F— 3
50— -
s 3
stk
0.6 0.8 1 1.2
of LI T LA
03. 0 L e B .‘,~o-...“-'-... - .. _,*.*.of N *, '.b‘ Ny a».j
2 1 . ¥ Ty
- | " |
0.6 0.8
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Entries / (0.01 GeV/c?)
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50F -
40 -
30 -
20 H
10F p +H
- | Ldt=250pb AR R
’_lllllljllllllxllllll‘lllllllllllllllltl—
29 295 3 305 3.1 315 32 32533
m(up) (GeV/c?)
J/¥ —eTeTy
805 " [u-s0sorzo00z
70f  Bellenl
- 2018 preliminary 1 nbkg= 89332
60F- £ .
Sk det=472pb" 1 1 il
405— 1
30F-
20
ol | v
1o;—?+ “
I S T

Mle*e)) (GeV/icH
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Others Dark Sector searches

* Visible dark photon decays

e Off-shell dark photon decays

e Muonicdark force:ete™ - utu=z', 7' - utu-
e Darkscalar:ete™ = t777S, S = 1tl™

* Magnetic monopoles with small magnetic charges
* Invisible Y(1S) decays via Y(3S) = Y(1S)m*rr

» Dark Higgs/Higgstrahlung

For further details see The Belle Il Physics Book, arXiv:1808.10567
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/’ to invisible

 Signal signature:

* Two opposite-charged muon tracks;

* Bump in the recoil mass against uu pair;

* Further requirements:

* ‘Nothing’ in the rest of events;
* Drec 10 pointinto the calorimeter barrel.

e Reduce 717~ background with kinematic cuts on
transverse momenta of Z’(missing momentum) wrt
max and min momentum muons;
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/’ to invisible

Signal efficiency after selection
> 0.16 LA I A N I EELENL R HEL L B L )
2 . €
o Belle Il 2018 - Preliminary 3 102
G 014 - S
= ¢ Simulation §
012} .
5 10
0.10 | .
0.08 | s 8 8 & ] 1
[ . s @ . |
. _
0.06 - . .
i = o 107"
0.04| *© : i
002 [ -— | =
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Recoil mass [GeV/c?]
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Recoil mass spectrum after selection
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I IIIIIII| | II][III|

IlIIIl

JLdr= 276 pb™”

ee—> LIy

ee— 1TT(y)

=k ome— eTe W
ee—> TRy

HH-H ee—eecee

FHE e eTe(y)

|

Recoil mass [GeV/cz]

25



