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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

Dark Matter Evidence
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Dark Matter Properties

- We are rather sure:

Does interact gravitationally.

Does not strongly interact via electromagnetic or strong force.
- |s non-relativistic (or cold).

- Local density: piocal = 0.4 GeV/cm3 = 1 proton mass per 5 M&Ms

- We are not so sure:

- Collision-less (assumed in ACDM)?

Does It interact with the weak force and via the Higgs mechanism?
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Weakly Interacting Massive Particles: WIMPs
- WIMP: Weakly Interacting Massive Particles

- Weak scale mass (GeV-TeV)
WIMP

- Weak scale cross section

- Perfect candidate: Lightest SUSY Particle

SM / \WlMP — correct present relict DM density
Qhz=0a1pbc/ (ov)

/ $ \— Thermal averaging
Hubble expansion \

- Relative velocity In
rate of the universe \ OM CMS

Annihilation cross section
into SM particles
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Weakly Interacting Massive Particles: WIMPs
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From WIMPs to LDM

SINCE OTannihilation ~ MDM2/ Mmed?:
Need new mediator between SM and
Dark Sector if mpm = 2 GeV;

Light Dark Matter (LDM) SM /

Portal
Standard Mode| |&—

mediators
(+gravity)

Dark Sector
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New mediators

Only three sizeable interactions (or portals) to a Dark Sector, unsuppressed
by the (possibly large) NP scale A

T 111€ ]_
L= Xn OBEMmed) _ p s + O (-)

n=k-+[—4

...........................................................

€

A

% N PN
---------------------------------------------------------

Vector Portal: Massive A mixes with SM y via strength parameter &.

Axion Portal: Massive ALP couples to SM bosons.
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Intensity vs Energy

1/coupling
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THIS ALWAYS BUGGED ME.

-- \ )
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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

Dark Terminology

- Different terms for (basically) the same things
- [will use:

- Hidden Sector = Secluded Sector = Dark Sector

- Dark Photon = Hidden Photon = Heavy Photon = U-Boson =yp-y = A',
couples via kinetic mixing &'/« = €, sometimes €2 or y(g) = €2 &p (My/Ma)4

- Relic Dark Matter = x = X1 generally Is the lightest DM particle

- Dark coupling ap = gp2 / (410)

11
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Mediator decays

L long-lived”

Mediator mass ma

Visible
e U, .
: e U, .

DM mass mpm

12
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The e*e- collider flagship: Belle |

K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)

Scintillator + WLSF + MPPC (endcaps, inner barrel)

Electromagnetic calorimeter (ECL):

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

Magnet:

1.5 T superconducting

7 Trigger*:

‘‘‘‘‘‘‘
,,,,,,,,,,

Hardware: < 30 kHz
Software: < 10 kHz

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

Particle Identification (PID):

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

Central drift chamber (CDC):

He(50%):CoHg (50%), small cells,
fast electronics

DEPFET: depleted p-channel field-effect transistor

WLSF: wavelength-shifting fiber

. : : : MPPC: multi-pixel photon counter
Some modifications for early data taking
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The e*e- collider flagship: Belle Il expected luminosity

10 60
35 :
xlel_l-",—-
" Belle Il goal
Vg P9 T (50ab)
5 ] =
S {40 &
B 1,
-] r'
P 3@F_‘
e 4 o
r 20 =,
=
: : " : " : : : :
- Belle Il up to today::
N 2 10.0005ab1 10
A ) S | ™ [ 5@ <«—Belle (1ab")

2021

14
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The e*e- collider flagship: First 2019 events in Belle |

NN
A -150 -100 -90 S0 100 150
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Golden modes of Dark Mediator decays

Invisible Dark Photon,
ALP, and Z Searches™
B A = XX, a—=XX, C. Z—=XX

D /~a—>w

16

B, C

"not a minimal model
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A: Visible Dark Photon searches

- Bump hunt for ee and pp over smooth,
but large SM backgrounds, avoid SM
resonances.

- Hadronic final states are more
challenging, analysed at KLOE

® = Data Phys. Rev. Lett. 113, 201801 (2014)
Q) 6 .
- 10 “IMC e+e'ey M+ w
» TT channels have not been analysed S Imce's -y
, , . o F
vet (missing energy from neutrinos) =
w =% e
W Il
105 | N NI
L
S S S S S 7"?-,..'_7_1__’_ ) e i S S S S S S S S S S S S S S S S S S S S S S S
- S0 far all searches at low energy Y el
: ' . S I | . | | h
®© 0.9 " -
() i -
Ta ~ 1/(82 mp) ; 5 ; : ; =
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A: Visible Dark Photon searches

10-4

10_7 Belle-lI
W MMAPS LHCb ~_
1078 i
107°
s beyond 2021;
-10 « NA62, SHIP, SeaQuest, ..
10 E « Belle Il 50 ab
Pre-2021 * LHCberer
1 0—1 1 | - N
1073 1072 10~ 1
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Dark Photons at the LHC?

- Drell-Yan production pp—=A—uu
(some mild model-dep. near Z peak)

- Dedicated LHCb analysis of 13TeV
data (incl. meson decays). A future

analysis of A—=ee from D’ Is a
potential game-changer.

- h—=Z"Zp (kinetic mixing) is
complementary but not very
sensitive.

- EW global fits.

90% CL exclusion regions on [m(A’), &?]

107*
107>
107°

LHCb

1077
107 Phys. Rev. Lett. 120, 061801 (2018)
10~
1010 [ LHODb
101! - Previous Experimen t
10—12 | ] ] |
1072 107! 1 10

m(A") [GeV ]

Phys. Rev. D 90, 075016
J. High Energ. Phys. (2015) 2015: 157

10_1 N | ' |
~ cMsg| ‘
10_2 L beQ /s ]
5 LHCS, 20/fb i W //
i I o L
w m \32\ J
// /"0;\0
| | 20
I L LH I RN ]
AN 14, 3000/8, ! : TN
v Tee—aL o !} ' o «Q’
* = \ ! ' 00
. \ 1 K Lae® Q
_3 | ‘~.. \ /l: '\ ]
10 WM W’ Top e LV )
‘ 0 . ; i
i Hﬂ ’@ud, ]
I * 90n,. o
%, Red: DY (pp=>Zp—>ttt7) |
] ‘

Lo | | Lo | | L
10 102 103
mgz, [GeV]

20



DESY. Dark Sectors at Low Energy Colliders (Torben Ferber) 21

B: Invisible Dark Photon searches

- Requirement:
- Single photon trigger (Eth = 1 GeV for Egeam = 5.3 GeV)

- Large solid angle coverage of calorimeter

- Efficient outer detectors to veto calorimeter gaps
- SM backgrounds if one misses all but one y:

- Low mass A (= high energy single y). ee—yy and
eeYYY

- High mass A (= low energy single y). P o
ee— eey el ! MC




DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

B: Invisible Dark Photon searches

! Belle Il

pper conducting coll

(Tl Ty 3849daydd I I T
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E :S—]\{i\,
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ee—eey
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E{M5(GeV)
T+ U U o
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80 100 120 140

0y ™ (deg)

Belle Il
SuFer conducting coil _ ‘
. Y X A , ' ,
11 2419 BERS RSS20 L0 L0 LY
Csl 1588 '
T S | 3
o '5'
CcDC . 4
8% g ge i \
PXD(2 layers) I EEE
10 570
g 280
3[ acs | i —r 5 |acs § :
by - R — = e

ee—2y
Ty in ECL BWD or FWD gap

Belle Il
'l SuPerconducting coil | ‘
L 2419 RS 5o o 00 e N
(5] 653 KT <R .
< T T e e et ' 2 2, |
sl . cpe g ;.
82 g ge !
SAN PxDQlayers) [ |S*fE{E(E
570 § =
i  ocs[ e 5l [acs § :
_— = =l o - —

ee—3y
Ty in ECL BWD gap
Ty out of ECL acceptance



DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

B: Invisible Dark Photon searches

Phys. Rev. Lett. 119, 131804 (2017)

Events / (1 GeV?) Pull
ek e —-—
%) ~ SN S N
[
'L |
I —@—
—@
—@—
—@—
—@—
—e—
|_..
|_._
—e—
——
—@—
| L

[y
(=)

Projective gaps in BaBar's ECAL.
Peaking Background from ee—yy
that is not present in Belle

1072

-3
10 BaBar 2017

| simulation 20 fb’

1074

o, =0.5 m =m,/3

1 0_5 2 1
10° 107 1 10
m,, (GeV/c?)
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B: Invisible Dark Photon searches

-6 // _ | //'
10 US Cosmic Visions: New Ideas , ~§'l 107} US Cosmic Visions: New Ideas = A , &fy
in Dark Matter 2017 : S ¢ in Dark Matter 2017 : =¥ / A
10—7 B . / - Oﬁ 70 ) IS I, A*y /, !,/ ﬂ?)
Community Report 0 10 Community Report o S PR T

Belle 11

14 SBNC e ma = 3my, ap = 0.5 oSl ma = 3my, ap = 0.5
|—————" - ’ -
s et - -
-5 Scalar DM -5l Pseudo-Dirac DM
10_16 | ——— | — | =—====== 10—16’ | — ‘ — ‘ — L[
1 10 102 10° ] 10 102 103
my [MeV] m, [MeV]

BDX and LDMX have different beam option with different sensitivity.
Plot for BDX@CEBAF(A), JLab and LDMX@DASEL, SLAC.
not in the plots: BESIII (low energy e+e- near charm threshold) has (some) data with single photon triggers.
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C: Invisible /' searches

Non-minimal vector portal.

Mediator Z' that couples to
muons and taus but not to
electrons (Ly-L+)

Belle 2 DATA
event display
run # 3236
Event #493624

Belle 2 DATA
event display
run # 3236
Event #493624

Before final selection

Before final selection

25
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o ’ Track-triggers required
C: Invisible Z searches /
Belle Il expected sensitivity for the 2018 dataset (276pb-1)

Belle Il phase |l (expected, frequentist)

Belle Il phase |l (expected, Bayesian)

— Belle Il phase I, BF[Z ¢ 7]=1 (expected, frequentist)}-—+-+if-f-i—
. — Belle Il phase I, BF[Z= ¥ 7]=1 (expected, Bayesian) |--------i-i- i
_ -1 o
10— JLdt—276 pb
T B I e e e ooy o o P B e it et foe
R S S e B B S S B S0 0 & Sy
10-2 |— b
e ot s a0 1 et
107° = rddd o
- 2ncsdsnmeded ::j: .
o B Et Fh (R b ooy o o Bt

' ' ' ' ' ' ' 0 .o 0 '
. P . Ep e e . e ey e S S . e g .y S e g e e e ey s S . e . S . Ey .y S—
. . . . . [ I . . . . . .o I . . . . . .

ey eme---
. . . . I

10°° 1072 10"

"M, [GeV/E]

Systematic effects:

trigger + tracking + PID + mass resolution systematics included (~10%)
possible additional systematics on background estimate not included (0-30 %)
analysis optimisation still undergoing -> details might change

other systematic effects expected to be negligible
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D: Visible ALP searches

- Axion-like particles (ALPs) are pseudo-
scalars and couple to bosons. Unlike
QCD Axions, ALPs have no relation

between mass and coupling.

- Focus on coupling to photons (gayy)

- B-decays give access to coupling to
charged bosons (need rather large
datasets »1ab1 to improve).

- No Belle or BaBar analysis yet.

Recoil photon

27
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D: Visible ALP searches

Two of the
photons overlap
or
10_1 L | . N L | L |
Resolved
1072 %
&
-3 O@
10 4
1 -4
= 10
9 0,
> 107° %
S A&
) 2\ N
107° B N\
@// /Q
14 G/// 2
: 107 S
ALP decays outside of J. High Energ. Phys. (2017) 2017: 94. é/
the detector or decays 108 v el
into particles: 10~ 1072 1072 107" 10°
Single photon final state. m, [GeV]

10’

Three resolved,
high energetic

photons.

The searches for
invisible and visible
ALP decays veto this
region.
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D: Visible ALP searches

- Background from SM is large and
partially peaking:

© ee—rYYY

- ee—reey (early Belle Il tracking
was rather inefficient)

- ee—1o/n/ny (Form factors help)

© ee— Wy, Ww—Toy

1, Belle Il expected sensitivity for the 2018 dataset (472 pb-1)

Garry (GeV !

10 ¢

10—8: T R T N R
10™ 10~ 107 10™ 10" 10"

m,[GeV /c?]

« No systematics
* Only dominant ee—yyy background included
+ 135fb1 assumes no Yy trigger veto in the barrel
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D: Visible and Invisible ALP searches

10_1 II| [ [ IIIIII| [ [ I T TTTI [ [ I T1 10_2 :
2017) 2017: 94. -
1072 :
1073 E
1 0—3 Be\\e \‘(\Ds\v E
—_ 20;‘ — Qh?> =0.12via -
T 1 t freeze-out -
% e \ 2 % -, resonan
o, 107 B a0 L = G 10 o my=045Ma ...
= 0 92-- : ~ f... m,=046m E -
§ - >~  [Bellelly+inv(20fb™"y  [JF--..1 X e Relic Dark
. : > /e m=047me. . Matter Density
10 3T my =048 ma )
107° ety Ty Tteee My z949m, -
10°° E
L SHIP - :
..... : i Gayz = 0
10—7 1 Lol 111l | Lol 1 10—6 1 0 1 | | | [ 2
1074 1073 1072 10- 100 10 10~ 10 10 10

m, [GeV] m, [GeV]
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What Is nhext?

Belle Il: We just started. Ultimately
much better triggers, better
detector, much higher statistics, and
higher beam backgrounds.

= Not covered today:

| , - Transition-tagged Y(2S, 3S) decays (
- DM or new mediators in B decays

- Displaced vertices

- Missing energy cascades

- T and hadronic final states

B *
elle Ang Bag L
A Sty
On

31
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Summary

- Low energy colliders (Belle, BaBar,Belle ll, ..) have a
very broad and active DM program well beyond B physics

- Access to Dark Photons, Z, ALPs, light Higgs in simple and complex models
(You have ideas/theories? Let's talk!)

- Orthogonal to direct searches. Not only sensitive to scalar DM.
- Belle Il started physics data taking April 2019, first calibration run in 2018

- First publications with Belle || data planned for summer 2019 (using 2018 data)
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