‘Introduction to
- Dark Matter
Candidates

Sebastian Trojanowski PAIP-2025

National Centre for Nuclear Research (NCBJ) .
Particle

Astrophysics
in Poland



- Introduction to

- (Thermal) _
Dark Matter
Candidates

Sebastian Trojanowski PAIP-2025

National Centre for Nuclear Research (NCBJ) .
Particle

Astrophysics
in Poland



—> Cosmology and astrophysics
- (CMB, gravitational lensing, rotation curves, Ca)

DM beyond gravity

—> Searches continue (direct & indirect detection,
accelerator—based, new experiments, astrophysics)

Questions
—> Microscopic nature of DM?
(non—baryonic; bounds on DM interactions)

—> Origin of DM in the universe?
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_Energy Density Evolution with Redshift

DECOUPLING

TODAY

Cold Dark Matter \
& Baryons



jlig=at Mass, in electron volts (eV)
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WIMPs

Mass range
~1 GeV to ~1 TeV

What Could —

Experiments

10- Dark Matter 10t XENONNT,

PandaX-4T,

LZ, CRESST, DAMA,

COSINE-100
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5 AXIONS ; SUB-GeV

<)o) DARK MATTER
OQ) O | Mass range & O

~10-6 &V to ~10-3 eV ‘ —/m

Experiments . ~1 keV to ~1 GeV

ADMX, MADMAX, 10

QUAX, CAPP-8TB

Experiments
SENSEI, TESSERACT
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uanta magazine


https://www.quantamagazine.org/physicists-are-expanding-the-search-for-dark-matter-20201123/

G. Bertone, T.M.P. Tait, 1810.01668

Super-
symmetry

Extra
dimensions

Mass range
~1 GeV to ~1 TEV ' WI M PS |
(Weakly Interacting Massive Particles)
—> Traditionally the leading DM candidate

Weak scale

—> Could be Wéll motivated theoretically

— Production: thermal freeze—out ( “WIMP miracle” )

Effective
field
theory

Simplified
models

History of the Universe

DM abundance:
Quh? ~ 1/<ov>

Quantum
Fluctuations

WIMP Freeze

Dark Ages

InflationEnds)

. +Modern Universe -
. » i Fl

Radius of the Visible Universe
T+ 'First Stars & 'Galaxies Form

1us 0.01s 380,000 yrs 200 Million yrs
Age of the Universe

3 min 13.8 Billion yrs

BICEP2 Collaboration/CERNINASA



Standard particles SUSY particles

o

Higgsino

Sample WIMP — Lightest Supersymmetric Particle

SOEC

Higgsino DM e e
el pl T
Searches: direct and indirect detection, colliders Gl fteman; [ Teeptiln g, i Giouon, (S

Credit: DESY at Hamburg

Tightening bounds... oS Lection
bounds
_ : December

2024 S.P. Martin, 2412.Q8958

but much remain to be tested

Status in

2017 L. Roszkowski, E.M. Sessolo, ST,1707.06277
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SUB-GeV
DARK MATTER

Uiy -, T
~mcai:*‘;;“:;:s - Sub-GeV thermal DM

—> “WIMP-like miracle” holds for a range of
' DM masses my and couplings. gy

— Light (especially sub—GeV) DM:
— relic targets (correct DM abundance) within the reach
but requires novel experimental approaches

(01.02) nA ‘N1 ‘Buag i(g00z) sewny) Buay

—> Below 1-10 MeV: strong'astrophysical and cosmological bounds

— Simple “portals” to describe DM
interactions with the Standard Model “Portal’
—> Renormalizable portals:

dark vector (dark photon)

dark scalar (dark Higgs)

heavy neutral lepton (sterile V)

N. Bozorgnia etal, 2410.23454



DARiU;;fT"eEVR OQ%? Closer tO
-  Sub-GeV thermal DM

early universe
conditions

Direct detection . Direct Detection of Sub-GeV DM

o Snowmass: G. Krnjaic, N. Toro, etal, 2207.00597
bounds .

Accelerator-based
y (direct) searches
Radon-free Clean Room g & 1'0

Accelerator Targets for Sub-GeV DM
1077 :
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D(my/mar)?

Thermal DM
target region

14 billion years

»
11 illion years
111l 1 >
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my [GeV]

DM velocity
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SUB-GeV

DARK MATTER OQ%?
sanies — Forward searches @ LHC

with: J.L. Feng, F. Kling, |. Galon, B. Batell, and many more

Forward Physics Facility

detector

< ton
_ ek po
--I----I-------'-I

iR | dark matter "
FASER (17050939 WL ———— particle
Search for mediators pp collisions in Search for DM patrticles
“Portal particles” ATLAS Relativistic DM scattering
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Decay signature . LAr TPC
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2308.05587 FPF, 2411.04175

Kinetic Mixing &

Expected Limit
(2104, 90% CL)

Observed Limit
(90% CL)

Relic Target
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Y NN A
h---4---5
v — : J——N



SUB-GeV
DARK MATTER

———— &4 . . .
i Neutrino-DM interactions

—> RelatiVely 1ess constrained than other DM couplings OuDM ( mpmMm

arT

— Bounds from 7
DM indirect detection & studying VvV properties

log10 Uup
logyou
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— FEarly universe — 1lab for v—DM testing o Sl il e e . Uon=0

Example accelerator search: J. Adhikary etal, 2412.10315

— yY-DM scatterings affect matter powér spectrum

G. Magano etal 0606190
P. Serra etal,; 0911.4411
R.J. Wilkinson etal, 1401.7597

—> High-multipole CMB — new window to test v—DM 1000 2000 4000 5000 6000
P. Brax etal (with ST) 2303.16895, 2305.01383

—> How to couple v & DM?
e.g. via a new heavy neutral lepton

B. Bertoni, etal, 1412.3113 1000 2000 3000 4000 5000 6000
B. Batell, etal, 1709.07001 ) Multipoles (£)



Planck+BAO+ACT

vDM & CMB, weak lensing

(2303.16895, 2305.01383, 2501.13785)

with: P.'Brax, C.v.d.Bruck, E. Di Valentino, W. Giare, Y.-L. Sming Tsai, C. Zhang, L. Zu
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—> Datasets: - :

— Planck (TT, TE, EE, lensing)
— ACT (DR6) '

— DES Y3 (3x2pt)

— BOSS (DR12, also DR16) - : ' s Planck+BAO+ACT

mmmm DES Y3 cosmic shear
=== combined both

— Combined -30 preference for uyy - 10

— Sy discrepancy between CMB & weak lensing — alleviated
— Similar hints in Lyman— & (.c. Hopper, M. Lucca, 2110.04024)

—> Future surveys will probe this thoroughly
LSST: Uypy < 10_5'9‘

10%10(11@1\1)



M. Cirelli, A. StrUmia, J. lepa'n, 2406.01705

Matter

Take away

Dark matter
nature
Recent decade:

of DM studies
(both theory & exp.)

broadening the paradigm

Dark matter

origin
Numerous possible
mechanisms

Thermal producﬁon -
attractive target

Dark matter

searches

Heavy thermal DM —
ongoing and future exp.
(in)direct, colliders

Light thermal DM —
novel experiments,
astrophysics

See talk: J. Hoefken Zink
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The work of ST was supported by . i
the National Science Centre (NCN) grant 2021/42/E/ST2/0003 See talk: J. Hoefken Zink
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