Dark matter: candidates
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Dark Matter (DM) candidates

e Baryonic Dark Matter

- Cold molecular gas
- Massive compact halo objects (MACHOs)

- brown dwarfs, planets, (black holes)

e Non-baryonic Dark Matter
- Thermal

neutrinos

weakly interacting massive particles (WIMPS)

gravitino

black holes

- Non-thermal

- axions
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Baryonic dark matter

e Cold molecular gas e MACHOs
e must be cold (i.e. not emitting radiation) - Massive compact halo objects: brown
because they are not observed dwarfs, black holes, planets
e Many arguments against: e Micro-lensing technique:
- baryonic matter (in contradiction with - light amplification of distant star
CMB observations) _ duration ~ (myacpo)

- must be present in large quantities

- would absorb light form distant objects

= not a likely DM candidate

e Primordial black holes (BH)

e To be counted as DM, primordial
BHs must have been formed before v

the Big Bang nucleosynthesis

(otherwise they would have been EHT collaboration

Coonvglr L Adlen Vaday

counted in the baryonic matter )

e Only very special models are allowed « “MACHO” and “EROS” collaborations:
- MACHOs contribute to less than 8%
= BHs are not good candidates for DM of the halo mass
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Dark Matter “relic” particles
e Express the DM density {2pm as a function of annihilation cross

Mpwm

(0AV)
- Mpy is the mass of the DM particle

section and mass

QDM X

- (o4Vv) is the thermal-averaged annihilation cross section

e Both Mp,, and ¢ are unknown

: (o4V)
= present the experimental 4
Example

results in the (o,v) (or o) > excluded

versus Mpy, plane

» Direct detection from interaction with nuclei
= recoil = low sensitivity for low Mpwm

» At fixed Qpy (i-e. fixed density), the number of DM
particles decreases for higher My, = lower probability Mpm

allowed

for interaction = low sensitivity for high Mpy,
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Relic neutrinos

e Light neutrinos

- constrained by structure formation

) m,<05-1.0eV

- cannot contribute to more than Q6 < 0.01

e Heavy neutrinos
- m, > m,/2 (as required by LEP experiment)
- must be "sterile" (to minimise interactions)

- stable

- why would a heavy neutrino be stable?
- what quantum number could make it stable?
- no obvious candidate...

- too large mean free path to constitute galactic halo
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Supersymmetry (SUSY)

e Supersymmetry:

SM SUSY

- relates fermions and bosons:

- each SM fermion has a spin 1 SUSY partner: Spin 1,2
quarks (spin 1/2) — squarks (spin 1)

leptons (spin 1/2) — sleptons (spin 1) Spin 1
- each SM boson has a spin 1/2 SUSY partner:
gauge bosons (spin 1) — gauginos (spin 1/2)

Higgs boson (spin 1) — Higgsino (spin 1/2)

- Mparticle = Msparticle if perfect symmetry

= SUSY is a broken symmetry at low energies

- SUSY mass scales = 1TeV
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SUSY: R-parity

e R-parity: { ? LK
quarks | 5 5 0| +1
» R =(— 1)2J+3B+L leptons % 0 1]|+1
= + 1 for particles squarks | 1 % 0| —1
= — ] for sparticles |
> R must be conserved to avoid proton decay " Pmﬁdes\

e Consequence of R-parity conservation:

0
1~§ ersymmetric
slmdow particl

- sparticles are produced in pairs

v
- Higgsino-gaugino mixing X

= eigenstates called neutralino ()(O)

e The lightest neutralino )(? is stable, heavy, and it interacts weakly

= excellent Dark Matter candidate
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e Relic neutralino
density:
2 ~
h Q)( ~ 0.1 pb/{cf)

o It m,~100GeV,

and o &~ weak scale
= Q =~ Qpy

e The neutralino is a good DM candidate

F. Blanc, Spring 2025
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Axions

e Axions were postulated to solve the strong CP problem:

strong interactions show no CP violation, while QCD has terms naturally violating CP

introduce a scalar field that has its minimum such that CPcp is conserved

new scalar field = new particle (axion)

mass of order 10™> — 10~2eV/c?

sort of light 7° , weakly coupling to photon pairs

e Axions are DM candidates

CROWS

- non-thermal (e.g. produced in

ABRA

article decays 10m , GRS

P Y ) CAST Solar 8

- axino (axion’s SUSY partner) is e Globularclusters, D11
= ‘Zié@ ermi & G & R )

also a DM candidate

uorndery
H Auonesiuoy

)
&

2w @
% &
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<
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Pu
>
g
2
2
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g
(g}

e Several searches in terrestrial (red),
astrophysical (green + blue)
and QCD (orange)

O 9 & 1 6 5 & 3 2 A 0O BB 0 L
XQ/Q&QAXQA 40 gx() 4077407 407 407 40 3&0 l@ AQ A0 AT AT A0 A A 4d

my [eV]
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Dark photons

e Dark photons V-
- electrically neutral
- vector bosons (spin 1)
- mass my < 2m, = stable
e Production through multiple processes, e.g.
- scattering: yeT — Ve*
- annihilation: eTe™ — Vy
e Searches:

- experiments sensitive to masses in the range 1072? — 1072 eV

- direct detection via electromagnetic or gravitational interactions
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Other DM candidates

e Most extensions of the SM have DM candidates

e Extra dimensions: unification of SM interactions and gravity = branes

= Kaluza-Klein excitations lead to stable fields

e Other exotic models:
- topological solitons
- gravitino (graviton’s spin 3/2 partner)
- difficult to test experimentally
- modification of gravity

- [and many more]

cf. PDG |pdg.lbl.gov|
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Detection of dark matter
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(Galactic Dark Matter

e ppm ~ 1/7* from galactic

rotation curves

e DM galactic

simulations:

- central cusp
- DM clumps

- “hot spots” for signals

e DM could also accumulate gravitationally in stars after multiple
scattering

e Isotropic DM velocity in galaxy

= annual modulation from Sun-Earth movement
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Detection of Dark Matter

4 -
I. Direct detection

- interaction of halo DM in detectors

- generally underground detectors

. J

II.Indirect detection

- SM signals from the annihilation of DM particles
(eg.x+x—>r+7)

III.Creation of DM particle candidates at accelerators

- e.g. high-energy collisions producing SUSY

F. Blanc, Spring 2025
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Direct detection experiments

e WIMP interactions in the detector:

Late Photon—
"
. Early Photon \A
- scattering on nucleus Y ¢ o
5
— 3 types of signals: » o 8 & 4
- lonisation = electric pulse i i // .
NPT . ~ . o
- scintillating light = photons Kislans \O /// TR
)
- emission of phonons “D,IMP .
= detected as heat increase f{g‘r’n“‘" ™~ A

©

(=10mK = necessity for cryogenics)

- Background rejection:
- deep underground to reject cosmic noise
- reject neutrons and radioactivity with thick walls

- use energy deposition topology to distinguish
recoiling nuclei (signal) from recoiling

electrons

- annual modulation
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DAMA /LIBRA

e Italy-China collaboration,

at Gran Sasso
e 250kg Nal(Tl) crystals
- highly radio-pure scintillators

e Significant annual modulation

2-5 keV
> O%’; = 3DAMA‘/LIBRA3z250 kg (0.87 tonxyr)l
'%,3 0.06 [ : : ‘ : : | :
é 0.04 £ 3
:é O'Oé 3 H&% /%%q¢ v% %7‘%‘\ J%x N
2 -0.02 M ¢ ﬁﬁ W W W ?W
-0.04 w s |
é -0.06 F : 1 % 1
m 75)08 3 ‘ | | | i\ ‘ | \3\ | ‘ 3 | | | ‘ | | \i\ ‘ | \ | | ‘i\ | | \ ‘ | | i\ | ‘ \3\ | | ‘i | |
3250 3500 3750 4000 4250 4500 4750 5000 5250
Time (day)
..but controversial result: Interpretations:
. m, = 50GeV and o,,=7x10°6 pb
- questions about background control or
- not observed by other experiments... until... my, = 6-10GeV and 6,,=1x103 pb
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CoGeNT

e Dark matter search experiment e Unknown source, but

at Soudan Lab (USA) incompatible with cosmic
e Since December 2009 muons = ~7GeV Dark Matter
e A single high-purity 440¢g candidate [?]

Germanium detector, operated

at low temperature

80f

60T 0

Phys. Rev. Lett. 107 (2011) 141301

. 1
2]

- ey [ E ] modulation from simulation

Soudan Underground Labo

of 7TGeV Dark Matter
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CoGeN'T

CoGeNT Shield Schematic ~ Muon veto, top & sides 100% HDPE

(not shown) “Recycled plastic lumber”
(8-inch thick shield walls)

Detector [ 30% Borated
Cryostat\" Polyethylene

(1-inch thick)

ULB Aluminum Shell

£ radon exclusion
Lead : : : ’

<0.02 Bq 2°Pbkg |
\

Clean
Lead

Stock
Lead

Bosch—
Table =
Frame ; Il
i ||||. M
Co :
VIZELEn CEI P el RerR (i Soudan Underground Labor

(not shown)
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CDMS

e Cryogenic Dark Matter Search (CDMS)

- at Soudan mine (Minnesota)

- Silicon and Germanium detector

operated at low temperature
- charge collection on one side

- tungsten-based phonon detection
on the other side (AT)

recoiling L.
] ionisation phonons
particle
WIMP Nucleus low delayed
e<, y et high fast

e Results [Science, 327 (2010) 1619:
- expect 0.940.2 background events

1.5

| +  Fail timing criterion

| +| @ Pass timing criterion

i
R

lonization yield

lonization yield

- observe 2 WIMP candidates

- not statistically significant yet

F. Blanc, Spring 2025

Recoil energy (keV)
red points: phonon timing consistent with WIMPS
red lines: acceptable ionisation range
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https://science.sciencemag.org/content/327/5973/1619

SuperCDMS

e Upgraded CDMS detector
- 15 cylindrical Ge crystals

- 0.6kg per crystal

- 5 towers of 3 crystals

e Results based on 577 kg-day

e Optimised sensitivity for
5,7, 10, and 15 GeV /c2 WIMPs

e 11 candidates are selected
(expected background: 6+1)

Candidate Expected
Detector energies [keVy,]  background
T171 — 0.0375:01
T271 1.7, 1.8 1.4793
T272 1.9, 2.7 1.8703
T4Z2 — 0.0479:02
T4Z3 — 17153
T5Z2 5.8,1.9,3.0,23 11753
T573 7.8,9.4, 7.0 0.1315:99

F. Blanc, Spring 2025
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XENONQnT

e Dark matter search with liquid Xenon detector at Gran Sasso laboratory

e Detection principle of the XeTPC
(Time Projection Chamber):

- dark matter interactions with Xe atoms create
primary scintillation light (S1) and ionisation

of the Xe atoms

- the electrons produce secondary scintillation

light (S2)

- S1 and S2 light detected by 494 photomultiplier

tubes

- combination of S1 and S2 intensities allows to
separate signal from background

e Background

- use outward-facing PMTs to veto background
events produced outside the detector

- simulation used to show the lowest background
level is in the center of the detector volume

(4t liquid Xe)

F. Blanc, Spring 2025
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X

SNONT: results

1 o sensitivity

2 0 sensitivity

102
WIMP Mass Mpy [GeV/c?]

FIG. 4. Upper limit on spin-independent WIMP-nucleon cross
section at 90% confidence level (full black line) as a function of
the WIMP mass. A power constraint is applied to the limit to
restrict it at or above the median unconstrained upper limit. The
dashed lines show the upper limit without a power constraint
applied. The 1o (green) and 20 (yellow) sensitivity bands are
shown as shaded regions, with lighter colors indicating the range
of possible downward fluctuations. The result from XENONIT

1 [3] is shown in blue with the same power constraint applied. At

e Data taking during 95.1 days in 2021 5 10
&)
- exposure = (1.09 £0.03) t - yr S jo-e |
S 5
- expected background: 2.0 £ 0.2 events E Lo |
»w 107*° F
- observe 3 events in signal region 2 :
[
BN ER I Wall Neutron HEEAC WIMP = 10 *
104 | 8 Z
: 5 10777
e F
g I
° B .-. . — —-48 PRI |
PR SR BRACRE z 10 10
— S e el Ceeale L CCE TR T
E .-..c.'. . e =%
N e e
Y
N 103,
- 1 1 1
0 20 40 60 80 100
cS1 [PE]

masses above 100 GeV/c?, the limit scales with mass as

indicated with the extrapolation formula.

e Results: upper limit at 90% C.L. on the nucleon scattering
cross section of 2.58 x 107+ cm? at 28 GeV/c*

Phys. Rev. Lett. 130, 261002 (2023)
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Summary of experimental constraints

F. Blanc, Spring 2025

Table 27.1: Best constraints from direct detection experiments on the SI
(at high >5GeV and low < 5 GeV masses) and SD DM-nucleon couplings.

Experiment Target Fiducial Cross DM Ref.
mass [kg] section [cm?] mass [GeV]
Spin independent high mass (>5 GeV)
LUX-ZEPLIN Xe 5500 9.2 x 10748 36 [103]
PandaX-4T Xe 2670 3.8 x 10747 40 [104]
XENONnT Xe 4180 2.6 x 10747 30 [105]
SuperCDMS Ge 12 1.0 x 10744 46 [106]
DarkSide-50 Ar 20 1.9 x 10743 10 [107]
DEAP-3600 Ar 2000 3.9 x 1074 100 [108]
Spin independent low mass (<5 GeV)
LUX (Migdal) Xe 118 6.9 x 10738 2 [109]
XENONIT (Migdal) Xe 1042 3 x 10740 2 [110]
XENONIT (ionisation only) Xe 1042 3.6 x 1074 3 [111]
DarkSide-50 (ionisation only) Ar 20 1.4 x 10742 2 [107]
SuperCDMS (CDMSlite) Ge 0.6 2 x 10740 2 [112]
SuperCDMS (CDMSlite, Migdal) Ge 0.6 6 x 10738 2 [113]
CRESST CaWO4 -0  0.024 1x 10739 2 [114]
CRESST Si 0.0035 4.5 x 10732 0.15 [115]
DAMIC Si 0.3 1 x 10740 4 [116]
NEWS-G Ne 0.3 1x107%8 2 [117]
Spin dependent proton
PICO60 C3Fg - F 49 3.2 x 1074 25 [118]
PandaX-4T Xe 2670 1.7 x 10740 40 [119]
LUX-ZEPLIN Xe 5500 4.2 x 1074 32 [103]
XENONnT Xe 4180 1.4 x 10740 30 [105]
Spin dependent neutron
PandaX-4T Xe 2670 5.8 x 10742 40 [119]
LUX-ZEPLIN Xe 5500 1.5 x 10742 30 [103]
XENONnT Xe 4180 4.3 x 10742 30 [105]
PDG, 2023
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Summary direct searches

e No unambiguous WIMP direct observation

e Newest limits reduce the allowed theoretical phase space

10°
— 10—38_
AN
= 102
"~ 10-%] CDMSiite (2018) PDAMIC (2020)
o f—
5 1074
)
Y 107%? 1 DarkSide-50 (2023)
0 -107°
o XENON1T (2020
o 4 ( ) 019)
c 10- y
8 -10
= Panw
-} _
c 10746 [ 10-10
o
= 17 (2023)
= 107*®1  Neutrino coherent scattering [ 10-12
n
109 S N __110-14
10° 10! 102 103L
WIMP Mass [GeV/c?]
PDG, 2023
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Detection of Dark Matter

I. Direct detection

- interaction of halo DM in detectors

- generally underground detectors

( -
II.Indirect detection

- SM signals from the annihilation of DM particles
(eg.x+x—>r+7)

. J

III.Creation of DM particle candidates at accelerators

- e.g. high-energy collisions producing SUSY

F. Blanc, Spring 2025
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Indirect detection of DM

e Search for signature of annihilation of DM particles

- highest probability from regions with highest DM density

e Signal could come from

- center of stars (or from Earth!)
- halo DM clumps

e Possible signals:

- monoenergetic photons from yy — yy or yy — Zy
- Experiments: HESS, GLAST /Fermi
- monoenergetic neutrinos from yy — vv

- Experiments: neutrino telescopes (e.g. Ice Cube)
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GLAST /Fermi

e Fermi gamma-ray space telescope

- detector for e*e™ pairs from y conversions

with a silicon-strip tracker + calorimeter

- covers 20MeV — 300GeV range

e No significant signal

10_21 F T
F — 4-year Pass 7 Limit
10722 _ — 6-year Pass 8 Limit
t —-  Median Expected electron-positron pair
68% Containment —
10_23 - . ] ﬂ-{
- i 95% Containment 1
| i I~
3 %
™ —24
E (@}
5 10 3
N —
— -Z
:g 10—25 . :)5
~  fTTe—— =
- T T T T T T T T T T hermal Relic Cross Section
10 % (Steigman et al. 2012) _
[T
10 THTT
10! 102 107 10*

DM Mass (GeV/c?)

http://www-glast.stanford.edu
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http://www-glast.stanford.edu
https://arxiv.org/abs/1503.02641

Alpha Magnetic Spectrometer (AMS-02)

/ / / =
B o e -
/A7

e Charged particle detector in space P
e Installed on the ISS since 2011 :

e Operated from CERN
e Scientific output since 2013

_ TRO o Iracker Plane 1NS
St Tracker .

o Grapple Fixture
Wake

Padiatore - "
' —_ Ram

" Rackators

Main detector components:
e Silicon Tracker + permanent magnet:
momentum and charge identification
e Transition Radiation Detector:

Vacuwm -

Case N uss

et identification
tlecrorwes e Time of Fllght
Crates
particle velocity = identification
RICH -
" ToF e Cherenkov Detector: particle ID

Tracker Plane 6N
(Hetween RECH and £CAL)

e Electromagnetic calorimeter: energy

pAS
ECAL 7
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Alpha Magnetic Spectrometer (AMS-02)

e Results from 18 months of data taking

- 25 % 10” cosmic ray particles
- 6.8 X 10° electrons,/positrons

- measure e /e~ fraction as a

function of energy (0.5 — 350 GeV)

e Results:

- confirms previous observations

Positron fractio

10

| | !
g gkl ﬁ {,l i%%

g o T FLETT 1
360 A /jk al o
i ° ‘I’]om - : Q& ? IF\gIF?MI 7]
B o ‘ ! f 1 o PAMELA N
i °o°%°° (o g C?DM AMS-01 .
i Bboei ™ UM

CAPRICE94
B » TS93 T
1 lJl 1 1 1 1 Ll l] 1 1 1 ) l]
2
1 10 10

positron, electron energy [GeV]

- spectrum is isotropic and stable in time (no yearly modulation)

- spectrum is compatible with the sum of a diffuse component plus a

_|_
common e~ source component

= potentially indication of a DM source (yy — e*e™)

= need results at higher energies (up to 1 TeV)

F. Blanc, Spring 2025
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AMS-02: results after 5 years

AMS press release April 2015

e Results from 5 years of data taking g T T T T
s T o AMS-02 ]
. . e | i
- 90x 109 cosmic ray particle & [ty b +
- from sample of 300x106 protons, o E
study anti-proton / proton ratio - '
. . . Secondary production
- flat distribution up to 400GeV
- cannot be explained by secondary
. . 2 [ S T T T I D D D P I
production of anti-protons 100 200 300 400 500
Kinetic Energy [GeV]
= dark matter source (annihilation)?
( ) AMS press release December 2016
- positron spectrum shows excess 25 AMS 2016 |
at about 1TeV 3 | I
o~ 20 -
.. . g<Y [ |
= is it a sign of DM? 5 | N a
L — |
Z15F s 1
g -
E-J 10 Dark Matter
- lisie 1TeV
B s°fC°
5 smicRaJ's
B With 1,
B Energy [GeV]
| | L MR A |

10 10° 10
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Ice Cube Dark Matter search

e Ice Cube searched for DM annihilation signals

into neutrino pairs
e Data from IC-79 dataset

e Limit: {o,v) < 107*oa) = 1022 cm3s!

—33 IceCube Collaboration 2016
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https://arxiv.org/abs/1601.00653

Cherenkov telescopes
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H.E.S.S. (10 years results)
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g 254h, DM DM — W'W g 254h, DM DM — W'W =
B B ™
B B —
107 107 =
- - —~
- - ©
[ [ =
—~10% —~10% = N
" F 1) - _/ ~—

[s2) — [s¢) —
S C S C I~
RS L o L —
—
Bl ERl .
o) E o) E +~
~ - ~ - ~+
e e e e — — . — e — e e e e —— e — Q
i , Thermal relic density i MAGIC Seque 1 Thermal relic density =
102 Einasto 102 9 .
= _ - —— H.E.S.S. dSph stacking s
F ssssssssas Elnasto 2 - . @
C C = This work Qj
B — ' — NFW | ——H.E.S.S.GC Halo 112h .
107 H.E.S.S. 112h (2011), Einasto 107 Fermi LAT 15 dSph, 6 years, Pass 8 a
E\\H‘ | | \\\\H‘ | | \\\\H‘ | | L 111 E\\H‘ | | \\\\H‘ | | \\\\H‘ | | 1111 'Q
0.05 0.1 0.2 1 2 345 10 20 30 0.05 0.1 0.2 1 2 345 10 20 30 A
mpy (TeV) My (TeV)

FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section (ov).
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mpy in the WTW—
channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W W™ channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).
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Summary indirect searches

e Several experimental techniques
e Several independent results
e Many hints but no significant or unambiguous signal

e Very active field:

- many more results expected in the coming years
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Detection of Dark Matter

I. Direct detection

- interaction of halo DM in detectors

- generally underground detectors

II.Indirect detection

- SM signals from the annihilation of DM particles
(eg.x+x—>r+7)

(

~\

III.Creation of DM particle candidates at accelerators

- e.g. high-energy collisions producing SUSY

F. Blanc, Spring 2025
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WIMPs at accelerators

e For some models, DM particles are produced at accelerators

e SUSY neutralino is (still!)

a candidate for discovery

- 1t has a mass accessible to
the LHC (100GeV—-1TeV)

- it has a predicted signature that

can distinguish it from other

processes

e Caution:

- even if discovered at an accelerator,

10

10

10

o, [pb]: pp — SUSY

tot!

qg

VS=8TeV
Cross section for -

production of -
SUSY particles |
[PDG]|

200

a new stable particle is only a DM candidate
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average

- its properties must then be studied to check they satisfy the requirements

for being dark matter

- ultimately, we will want to observe it directly!
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SUSY: experimental method

e [dentification:

- a neutralino would be associated with production of jets and photons
- the missing mass is the )(0 mass
e Interpretation:

- the production rate can be
associated to the annihilation

cross section {(ov)

- (ov) and m, = DM properties

e Finally, compare with cosmological

constraints!
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SUSY: results from LHC

%Zﬁ production

%

tt, production, t—>bffx /1—>cX /t—>be /t—>tx
;‘ 900 : T T 17T | T T 17T | T T 17T | T T 17T | T T 17T | T T 17T | T T 17T : ; 450 T T 1 | T T 7T | T T 7T | T T 71 | T T 7T | T T 71 T T 1]
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e First LHC results (7-8 TeV)
direct search by ATLAS and CMS = Mgygy > O(1) TeV
- indirect search at LHCb = Mgyqy > O(10) TeV

= no indication for DM candidate at accelerators...
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Limits on the masses of

sparticles

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

August 2023 Vs =13 TeV
. = L.
Model Signature  [£dt [ Mass limit Reference
33, gty Oe,p 2-6 jets Eg“ 140 1.85 m(E?)<400 GeV 2010.14293
@ mono-jet  1-3jets EMS 140 [ g [8x Degen] 0.9 m(g)-m(¥7)=5 GeV 2102.10874
S &gt Oe.p 26jets EMS 140 |z 23 m(E))=0 GeV 2010.14293
S F4 Forbidden 1.15-1.95 m(t})=1000 GeV 2010.14293
& 22, —qqWi) Teu 2-6 jets ) 140 |2 2.2 m(7?)<600 GeV 2101.01629
L §—>qt7(é’l’))?g ee, it 2jets  EP™ 140 |2 2.2 m(¥})<700 GeV 2204.13072
B 3%, oqqWZK, Oep  7-11jets EPS 140 |2 1.97 m(¥)) <600 GeV' 2008.06032
% SSeu 6 jets 140 |z 1.15 m(z)-m(¥1)=200 GeV 2307.01094
S g gt 0-1eu 3b  EPS 140 | g 2.45 m(})<500 GeV 2211.08028
SSe.u 6 jets 140 |z 1.25 m(z)-m(¥})=300 GeV 1909.08457
bby Oe,u 2b EFss 140 | By 1.255 m(¥))<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; ¥])<20 GeV 2101.12527
@ biby, bi—b¥s — bi¥) Oe 66 EPe 140 5 Forbidden 0.23-1.35 Am(T3,7%)=130 GeV, m(¥})=100 GeV 1908.03122
f‘ﬁ S 27 2b EPS 140 | By 0.13-0.85 Am(EY.7)=130 GeV, m(¥})=0 GeV 2103.08189
o .
%-.g n, t'l—W?? 0-1e,pu >1ljet EP 140 [ 1.25 m(E)=1 GeV 2004.14060, 2012.03799
2 g i, Wb, leu  Bjetsib EMNS 140 |7 Forbidden 1.05 m(E})=500 GeV 2012.03799, ATLAS-CONF-2023-043
S5 fif1, fi—71bv, 111G 127 2jets/1 b E;‘f” 140 i Forbidden 1.4 m(#)=800 GeV 2108.07665
s L iR, Aod e ek 0e,p 2c  EP® 361 | 0.85 m(E})=0GeV 1805.01649
© T Oe,u mono-jet  EF 140 i 0.55 m(f,&)-m(¥})=5GeV 2102.10874
f1f), i =105, B9 Z /W7 1-2e.pu 146 EFS 140 |4 0.067-1.18 m(¥)=500 GeV 2006.05880
hb, h—h +Z 3eu 1b EP'S 140 7 Forbidden 0.86 m(¥})=360 GeV, m(7,)-m(¥))= 40 GeV 2006.05880
TR viawz Multiple ¢/jets . Ei?s_s_ 140 |GG 0.96 m(E?)=0, wino-bino 2106.01676, 2108.07586
ee, i >1ljet EP 140 | X /X, 0.205 m(¥s)-m(t7)=5 GeV, wino-bino 1911.12606
FEET via ww 2eu E?ss 140 b 0.42 m(¥})=0, wino-bino 1908.08215
LR via Wh Multiple ¢/jets EPS 140 [ X;/8)  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
. X viaZy/v 2epu EPS 140 (B 1.0 m(Z,7)=0.5(m(¥; )+m(¥})) 1908.08215
= § ol 27 P 140 |ENEREREINeEa 048 m(¥})=0 ATLAS-CONF-2023-029
W= 7 ol o080 2e,p Ojets  EMS 140 |7 07 m(E))=0 1908.08215
ee, jip >ljet EPS 140 |7 0.26 m(Z)-m(¥})=10 GeV 1911.12606
AA, A—hG|ZG Oe,p >3b EE?“ 140 | & 0.94 BR(} — hG)=1 To appear
4epn 0 jets EE?“ 140 | & 0.55 BR(Y) — ZG)=1 2103.11684
Oe,n  >2large jets EJ" 140 H 0.45-0.93 BR(Y| — ZG)=1 2108.07586
2e,p >2jets  EMS 140 | &1 0.77 BR(Y — ZG)=BR(¥] - hG)=05 2204.13072
Direct X X prod., long-lived ¥{ Disapp. trk 1 jet Emiss 140 /\:’z 0.66 Pure Wino 2201.02472
S Xy 0.21 Pure higgsino 2201.02472
1] .
_g D Stable g R-hadron pixel dE/dx EF'S 140 4 2.05 2205.06013
> Lf Metastable § R-hadron, g—qg¥\ pixel dE/dx Ep' 140 g [7(®) =10ns] 2.2 m(#))=100 GeV 2205.06013
S8 -G Displ. lep EXs 140 | &k 0.7 (@ =01ns 2011.07812
~ ) T 0.34 (&) =0.1ns 2011.07812
pixel dE/dx EMss 140 |7 0.36 w0 =10ns 2205.06013
TR I X sze—eee Se.p 140 Pure Wino 2011.10543
XTI - Wwzeettvy dep Ojets  EF'™ 140 m(¥))=200 GeV 2103.11684
22, 2-q9%, X > qqq >8 jets 140 2.25 Large 7, To appear
S i, X o tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, isbXT, XT — bbs > 4b 140 Forbidden m(tt)=500 GeV 2010.01015
fif, fi—=bs 2jets+2b 36.7 0.61 1710.07171
iy, ii—ql 2epu 2b 36.1 0.4-1.45 BR(f —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(f, —qp)=100%, cosf,=1 2003.11956
T, 3, otbs, X{ —bbs 1-2e,u  26jets 140 | &) 0.2-0.32 Pure higgsino 2106.09609
" " " " PR R S T | " " " " "
*Only a selection of the available mass limits on new states or 107! 1

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Summary on Dark Matter

e Strong evidence for Dark Matter and Dark Energy from cosmological

observations

e Several DM candidates, among which the SUSY particles are (were?)

the most promising

e Several experiments:

- hints of direct observation of a DM particle

- hints of indirect observation through DM annihilation

= no unambiguous DM signature

e Hopefully will soon get direct and/or indirect evidence, and possibly

production of DM candidates at accelerators!
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