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Why dark matter?

* Dark matter (DM) is an essential ingredient FF &t mawe]
to describe Early Universe cosmology LE cold dark matter
- Acts as the early seed for structure Formation - 0.1F¢ E
o @ l/
— Creates the potential wells for stars and % 2 ab?
galaxies g2 01F . o AT
< -V" E ‘h _Jlf \\ '{ | I'. 1| E
- Explains the amount and distribution of - 1 R | };r‘
structure that we observe today 0.001 —+————~ 6'1 ——
Scale
. A wealth of successFul predictions
parcHister o from a very simple model

Dark Energy

* Only draw-back: We understand only
5% of the Universe!
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What is dark matter?

* Observations clearly confirm the existence of dark matter (DM) in the Universe, but
they give almost no indications concerning its nature

* No known particle (within the Standard Model of particle physics) has the required
properties to be DM

* Need to postulate the existence of a new
particle with unknown properties

* The only thing we know about it is its
abundance in the Universe:

Qh2 = 0.1199 + 0.0027

* Any model of dark matter must provide a
mechanism to explain this number

by Saniya Heeba
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The thermal freeze-out paradigm

. High temperatures (T >> mDM)

- DM annihilation and production
processes are in equilibrium 6!

Universe expands

and cools down

\

* Low temperatures (T << mp,,) ~14+ \‘ i

- DM particles decouple from 16i ‘\‘

equilibrium et '

L 1 L 1 L 1 L 1 L 1 L 1 L 1 L "l L 1 L 1 L 1
0.0 0.5 1.0 15 2.0
log10x
Qualitative solution: Stronger interactions « smaller abundance
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Weakly Interacting Massive Particles (WIMPs)

* Particles that obtain their relic abundance through thermal freeze-out are called
WIMPs

* |If these particles have similar Search for particles produced
interactions as known particles in DM annihilation
but are slightly heavier, e >
thermal freeze-out leads to the S 0
correct relic density 3 D DM SM

532
5@

* The corresponding cross =
sections for WIMP-SM SRoRS
interactions are sizeable S g %

== DM SM
&)
n <

* We can hope to observe

WIMPs in the laboratory! Search for missing
energy at colliders
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here Is My Particle?

GAMBIT 1.2.0

1.0

Parameter space for WIMPs is
getting tight!
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* Most WIMP models are still viable, but the non-
observation of dark matter signals mounts
substantial pressure on the WIMP idea

* Well-motivated to question underlying
assumptions and consider alternative DM models by Saniya Heeba
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The Future is light

* Direct detection experiments become insensitive to DM-nucleus scattering for DM
masses below a few GeV

— Large unexplored parameter regions for sub-GeV DM masses

* Main obstacle: Lee-Weinberg bound
- Particles interacting via the weak force have ov~G2zm2z - Qh2~m-=2
- For small DM masses we end up with too much DM!

* Sub-GeV DM particles cannot interact
only via the known forces of the SM

— Require new types of interactions
For thermal freeze-out to work

— Mediator of new interaction must
be light (compared to weak scale)
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Light mediators

* There are many different ways how sub-GeV DM particles can couple to SM states

- New gauge bosons (vector mediators)
- New Higgs bosons (scalar mediators)
- Axion-like particles (pseudoscalar mediators)

* Mechanisms discussed in this talk largely independent of the detailed interactions

* For concreteness, consider a dark photon
vector mediator with mass m, and kinetic

mixing with electromagnetism: 4= | N V-
'T? 10? F =Tt i F=KK =
1 5 1 P LI € 3 %{ - % ;
LD = XX + omig Ay AR — P Xy L i i
& . % 2
—  Couplings proportional to electric charge = t F=ntromd AL N, iy 5
| TN
—  Total width and branching ratios correspond 107 ;;Ww : AN 7 = ki,
to decay modes of off-shell photons - i ]

10—3 | ! 1 L s L ! L L .
0.5 1 B [GeV] 2

N i e | RNNTH
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Key problem: Late-time annihilations

* Thermal freeze-out requires annihilation 10-24 , , ___IEAMBIT SRt
cross section ov ~ 1026 cm3/s o
« A small fraction of DM particles will T, 1070
continue to annihilate even after the E 107 |
end of freeze-out = .
Sl — kS5 |
Pe xx — ete™ ]
* The energy injected by these = === (OV)thermal |
annihilations into the electron-photon 10-% L ,
plasma modifies reionisation 0= e 4 e i WP

m, [GeV]

— Strong constraints on GeV-scale DM with velocity-independent annihilation
cross section from observations of the Cosmic Microwave Background

* To evade these constraints, it is necessary to suppress the annihilation cross section
at small velocities
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Three possible avenues

Minimal solution: Radical solution:

* s-wave annihilation fForbidden * DM relic density not determined by

* Dominant contribution from p-wave freeze-out mechanism

* Velocity suppression: v ~ v2 ° Examples:

- Examples: - Particle-antiparticle asymmetry
— Complex scalar DM annihilating o
via off-shell vector mediator - No thermal equilibrium
- Fermionic DM annihilating into -~ Relic density not determined by
two on-shell scalar mediators annihilations

Creative solution:
* DM relic density set by thermal freeze-out but via a non-standard annihilation process
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Non-standard annihilation processes

To evade the strong CMB constraints on sub-GeV DM, we can modify any of the three
main contributions to the DM annihilation rate:

Rate = |Matrix element]|z * (Phase space) * (Number density)

Consider strongly
energy-dependent
matrix element

— Resonant DM

Bernreuther, Heeba & FK,
arXiv:2010.14522

Consider strongly
energy-dependent
phase space

— Forbidden DM

Consider
suppression of co-
annihilation partners

— |Inelastic DM

arXiv:1505.07107

arXiv:1508.03050
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Resonant dark matter

* |Fthe DM mass is close to twice the
mediator mass, annihilations receive
a resonant enhancement

mal 4
(S S mir)2 + ?’n/ir]?‘2 /

ovap = F(€)

* Enhancement is largest if DM velocity
squared is close to the resonance

parameter

mQA, — 4m
ER =
2
4mx

2
X

vi~10"-107
V2 < 10-14

Freeze-out:
Recombination:

— CMB constraint can be evaded for wide range of g,

----- Non-Relativistic —== Resonant —— Full Calculation
10723 ;
] er =0.001
10_24 _: eg=0.01
T er=0.1
10-25
;'/ (0V)s —wave
—- -26 ]
. 10 \\‘
o7
1
=27
£ 10 \
eyl )
810728 { l
\ ': T
1 0_29 ‘ “i (allowed)
10-30 B ]
1
i BBN CMB
10_31 T L T T
10-1 10! 103 10° 107
1/T[MeV~1]

— Due to the enhancement relic density can be reproduced even for tiny couplings
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Resonant dark matter: Direct detection

For sub-GeV DM the nuclear recoil energy is unobservably small

Instead: Search for electron recoils CCD
from DM-electron scattering :
conduction / plxel

Previously studied only as background
Exciting opportunity for DM searches b, YO L

See talk by Einar Urdshals tomorrow

Recent excess observed by XENON1T
(more on this later)

valence band

Note: nuclear recoil may also be converted to electron recoil via the Migdal effect

14
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Resonant dark matter: Accelerator searches

* Basic idea: Search for the mediator of the DM interactions (i.e. the dark photon)
* Dark photons are so weakly coupled that they easily travel through matter

- Form,>2 m_they are however unstable against the decay into two electrons
- Example: m,~ 10 MeVand g'~ 10 — decay length ~ 1m

* We can search for dark photon decays in beam-dump experiments

Pe | T
AT Absorber Detector
FPie A
Relevant parameter: Reduced invisible width
_Tom 9 | e 1
Yiov = —— = L— L r——
m/y 12w 1+e€p 2(1 + €R)
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Resonant dark matter: Results

Blue shading: Viable parameter space (light blue: viable only fFor DM sub-component)

10-1 - Yinv = 10~ ’
1072
10-3
Belle II
10-4 TN
1075 . 8
10_6 i E r‘;M=rDM."ﬂ
107 ] Qh2>0.12
1G5 Dominantly visible decays
101 100
myu [GeV]

10!

10—1 -
10—2 bl
10—3 i

10—4_

107°

10-¢

10—

10-8-

Dominantly invisible decays

Qh?>0.12

I

100

ma- [GeV]

10!

* Comprehensive exploration requires combination of searches for visible and

invisible final states

10°

[y
o
U

H
=
O

L 10—3

L 10—4

arXiv:2010.14522

Qh?/0.12

R=
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Resonant dark matter: Global Fit

* Scan over all four model parameters and eliminate all points excluded by existing
experiments (orange shading)

Plot the remaining points in the parameter plane relevant for direct detection
arxiv:2010.14522

* Make the distiction: 10732 100
- Viable parameter point 10-36 4
(blue)
. —40 | SENSEI
- Viable for DM sub- 10 DAMIC
component ( ) == -
L 1074 S
- Testable by future ) =
accelerator Dé 1048 C”:
experiments (purple) o
107>
* The results can be -1071
compared to sensitivity 10-56 | Accelerator
projections for direct FEperiments
detection experiments 10-60 o .
102 101 100
m, [GeV]
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Non-standard annihilation processes

To evade the strong CMB constraints on sub-GeV DM, we can modify any of the three
main contributions to the DM annihilation rate:

Rate = |Matrix element]|z * (Phase space) * (Number density)

Consider strongly \/ Consider
energy-dependent : suppression of co-
matrix element C0f15|d(zlr Strogglyt annihilation partners
energy-dependen :
— Resonant DM phase space — Inelastic DM

— Forbidden DM
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Forbidden dark matter

SM

Basic idea: Dark matter freeze-out proceeds via so-called oM

cascade (or secluded) annihilations: sM
DMDM->VV->4SM
where V is another dark sector state with mass m, <2 myy SM

DM

In the case that m, > mg,, non-zero kinetic energy is required M

to open up the phase space
— Exponential suppression of annihilation rate for small temperatures/velocities

If my is too large, annihilations are strongly suppressed — too much DM

— Require small mass splitting: A = (my, — Mgy)/Mpy << 1

Several new parameters and degrees of freedom! Too contrived?

19
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Strongly-interacting dark sectors

* Possible explanation for the existence of many dark sector states with similar mass:
Dark sector particles arise as bound states from a non-Abelian gauge group

* High energies: Asymptotic freedom — dark sector described by free dark
quarks and dark gluons

* Low energies:  Confinement — dark sector described by dark mesons
and dark baryons

* Attractive possibility:
Dark matter particles & pseudoscalar mesons (dark pions)

Annihilation partners & vector mesons (dark rho mesons) @ Q

— Underlying motivation for myy < my < 2 mpy,
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Strongly-interacting dark sectors: Phenomenology

* No preferred energy scale for the confinement of the e " . Rk
dark sector A8 ST ;

* Confinement scales < 50 MeV are in conflict with bounds
on DM self-interactions

— Interesting to think about dark sectors in the range
100 MeV -1 GeV

* Dark photon could be significantly heavier

— Interactions between dark quarks and SM described by effective operator
| 2
Lo O ~ Z a4 17" 144v,44
f

— For A~ TeV the dark rho meson has detector-size decay length

* Highly interesting scenario for electron-positron colliders!
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Dark showers

* Dark quarks produced in e+e- collisions will hadronise and create a dark shower

* Multiplicity (and boost) of long-lived dark rho mesons depends on mass scale

Average number of dark pJ mesons per event

0 ‘ - .
0.0 0.5 1.0 1.5 2.0
my, [GeV]

* Possible strategy: Search for events with a muon pair from a displaced vertex

3111111
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Existing exclusion limits and projections

* Existing limits from BaBar and LHCb based on model-independent searches for

long-lived particles

arXiv:1502.02580 o h S
arXiv:2007.03923 ; Belle II, 100 fb™
1
E .,y e
* Significant improvements = 10

expected from Belle Il, in S L

particular if a displaced vertex

trigger is developed 150

arXiv:2012.08595
107t
. : . .

Interest.|n9 pqrameter regions a0 Ho 1 P "

compatible with other constraints s, [GeV]

(EWPT, Z boson invisible width, ...) Kai Bose, Elias Bernreuther, Torben Ferber, Chris
Hearty, FK, Michael Kramer, Alessandro Morandini
and Kai Schmidt-Hoberg, in preparation
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Non-standard annihilation processes

To evade the strong CMB constraints on sub-GeV DM, we can modify any of the three
main contributions to the DM annihilation rate:

Rate = |Matrix element]|z * (Phase space) * (Number density)

Consider strongly
energy-dependent
matrix element

— Resonant DM

v

Consider strongly
energy-dependent
phase space

— Forbidden DM

Consider
suppression of co-
annihilation partners

— |Inelastic DM
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Inelastic dark matter

- Basicidea: Mass splitting A between ground state x, and excited state x,

* Assume couplings to the mediator are off-diagonal*

1
Eint — 5

— Allinteractions must involve one ground state and one excited state

gpXx27"x1Vy + h.c.

* Relative abundance of excited state scales
~ exp(-A/T) in the early universe

inelastic

— Annihilation rate becomes suppressed
forT<A

— Inelastic splitting also suppresses
direct detection

See talk by Sunniva Jacobsen tomorrow TS 4 6 8 10 12 14

DM mass my [GeV]

exothermic

Mass splitting 6 [keV]

* This can be automatically achieved if the DM particle has both a Dirac mass term m_ and a Majorana
mass term m, with m_ >>m_, (Pseudo-Dirac DM)

10—36

1073

1040

10—42

10744
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Metastable excited states

* For mass splittings in the keV range, the excited state is very long lived (t > 15s)
— Invisible at colliders
—  Attractive target for direct detection experiments

* Basic idea: Excited states can down-scatter
on electrons o]

— Electron recoil energy approximately
equal to mass splitting A

o
o
L

(elastic scattering)
=2 keV

= =
o o
L1
- Qein
for Egr
in lelastic scattering)
for Egr = 8 keV

* |onisation probability strongly enhanced
compared to elastic scattering

10—10 4

10713 4

qm

lonisation form factor |f, ¢, |?

— Even a tiny fraction of excited states can o Gemzhen
induce observable signals 10 e =2kev,5s
—:= E. =8keV, 5s

10° 10 102 103

Momentum transfer q [keV]

“Exothermic dark matter”
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Electronic recoil events in XENON1T

Events/(t-y-keV)

120 T T T T
In 2020 the XENON Collaboration
announced an excess in electronic recoil 100~ ] T
events with energy in the range 1-7keV % _ | ] l I l ] |
over known backgrounds ’\; L1 l l 1 1 1y . l
Aprile et al., arXiv:2006.09721 ‘:-;'1 o0 l [ L] ] I | I l | ]’
a‘;; 40 I :
]
For several different signal hypotheses 20k — B, i
the significance is >30 [ SRIdata
0 | | | |
2F |
o o}
140 — HI'B | | | I 3H 2 I I . I I i
M By 4o 0 10 15 20 25 30
1201 7 Energy [keV]
100 I ] ] .
:2 H + l l l | —H 1 1 } 1+ Amore conventional explanation of the
] TR signal is that it is due to an
or ] ] unaccounted tritium component
20+ 4
00 L!') 1IO 1!5 2I0 2I5 30

Energy [keV]
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Fitting the XENON1T excess

12

10 -

* Because of the finite detector ” X 8
resolution, exothermic DM with 6- .

O ~ 2.8 keV gives an excellent Fit

4 . T .
to the excess (Ax2 ~ 11) 20 25 30 35 40

Mass splitting & [keV]

102

* Remaining question: What is
the origin of the excited states?

Differential event rate dR/dE. [(t y keV)™1]

unsmeared
. . smeared
— Cosmological relic? observation
_ U . . ) sighal+background (binned)
pscattering on cosmic rayss background (binned)
. . 0!
- Upscattering in the sun? o 2 3 4 5 6 7 8 9 10

Electron recoil energy E., [keV]

- .22
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Excited states from terrestrial upscattering

* Alternative possibility: Upscattering occurs as DM particles pass through the Earth

— Only plausible origin of excited states for t < 105s
—  Works best for light DM with masses in the range 2-5 GeV

0.15 035 1.00
og ® ° ° . —_— Signal "‘C' ——~ Position
» Exciting prediction: Flux of excited . 075
states depends on the orientation of 0109 E
the position of the detector relative 5 : %0
to the motion of the sun 5 = — 025
-E DM mass my [GeV]
L 0,00+~ .-~ 0.00
WIMP— ,_I % \\\ ,//
Q\ wind —_3 detector 2 AN 7 r—0.25
@ —0.05
= L —0.50
—0.10 1 AN ’
AN e L —0.75
6=28keV, m=25GeV~ 7
o1 _10 5 0 5 10 100
Time t [h]

— Testable in future experiments (if excess confirmed)

— Daily modulation of event rate at the level of 10-20%

Detector position cos(y)

Emmy
Noether-

Institute for

29 Dark matter beyond the WIMP paradigm

Felix Kahlhoefer | 22 November 2021

Theoretical
Particle Physics
and Cosmology

Programm

M

DFG



Conclusions

Huge variety of models for sub-GeV dark matter
New mediators allow for reproducing observed relic abundance via freeze-out
Constraints require annihilation rate with non-standard velocity dependence

Resonant dark matter
- s-channel resonance makes it possible to obtain correct relic density with tiny couplings
- Promising strategy: Fixed-target experiments and searches for DM-electron scattering

Forbidden dark matter
— Confining dark sector allows for annihilation processes involving several dark sector states
- Promising strategy: Search for displaced vertices at (electron-positron or hadron) colliders

Inelastic dark matter
- Interactions of DM require upscattering into an excited state with slightly larger mass
- Downscattering of metastable excited states can induce distinctive signals (XENON1T?)

30
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