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Modern cosmology:

 Compelling  paradigm:

 Massive,

 Non-relativistic (𝑣 ≪ 𝑐),

 Non-luminous (no/tiny EM interaction),

 Stable particles
 Evidence: Galactic rotation curve, Bullet cluster, Coma 

cluster, Gravitational lensing, Structure formation, CMB, …

The Standard Model
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What’s 
Dark Matter?



Weakly Interacting 
Massive Particle (WIMP)
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DM SM

SMDM

Interaction

 Correct thermal relic abundance:

Ωℎ2~
0.1 𝑝𝑏

𝜎𝑣
with 𝜎𝑣 ~

𝛼𝑋
2𝑚𝜒

2

𝑀4 (M: dark scale/mediator)

 Weak coupling naturally weak scale mass:

~ 1 GeV – 100 TeV mass range favored 

 weak scale (new) physics

* Of course also axion: Woohyun’s talk

annihilation

Freeze-out

Relic abundance

PRL (1977)
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1

2

DM

 Based on the WIMP paradigm.DM DM

SMSM

Interaction 32

1

[PRL (1977)] 
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IceCube
CTA

Fermi-LAT

SK

XENON1T

AMS-02 DAMA
ATLAS

Planck

CMS COSINE-100
HESS

SuperCDMS
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Dark Matter Limit Plotter v5.16, updated September 03, 2021

 Stringent constraints on WIMP.
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[1805.10305]

 Stringent constraints on WIMP, too.
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 Stringent constraints on WIMP, again.
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Hmm… 

WIMP Dead?

No 
Alive!
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WIMP models can get around experimental constraints. 

 Correct relic from thermal freeze-out:

ΩDMℎ
2 ≈ 0.1

2 × 10−26 cm3/s

𝜎𝑣

 This is usually translated into 

direct/indirect/collider event rates.

However, It’s Not So Simple!

[1204.3622]

 Loopholes: generic, e.g. for fermion DM

 Scalar coupling: p-wave annihilation

 Pseudoscalar coupling: momentum-suppressed scattering

 SU(2) multiplets (EWDM): loop-level scattering

+ Destructive interference! [0710.1668; 
1004.4090;
1309.4092]



13

LZ-TDR (2017)

Z exchange

h exchange

W-loop (wino-like)

W-loop (higgsino-like)

Lower 
mass

Lower
X-section

 Ideas to overcome BGs: e.g. annual modulation (COSINE), 

directionality (NEWSdm)  Chang  Hyon’s talk!
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 Intrinsic in non-relativistic pair-annihilation, production, or scattering

 In the non-relativistic pair annihilation of EWDM, the non-perturbative effect due to the exchange of EW gauge 

bosons mixes together the two-body states of the multiplet components.

 Sommerfeld effect enhancement, but Ramsauer-Townsend effect suppression

 In DM annihilation, this happens when the Coulomb (Yukawa) force generated by massless (massive) particle 

exchange becomes strong at small relative velocities: v<α,  αmχ>mφ

Sommerfeld (1931); Ramsauer (1921); Townsend (1921)

γ

W

Z

γ

W

Z

γ

W

Z

γ

W

Z

EJ Chun, JCP, S Scopel (2012)

Hisano et al., PRD (2005)
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EJ Chun & JCP (2015)

 Stringently constrained by gamma-ray searches

 Could be evaded around RT dips for a small mass splitting
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EJ Chun, JCP, S. Jung  (2016)

 Pure Higgsino LSP: difficult to test up 

to 1-2 TeV at colliders

 A very degenerate Higgsino DM w/ 

Δm<< Δm loop~350 MeV: realized in 

the limit μ << M1 & M2 admitting 

slight gaugino mixtures  Produce 

distinct features in cosmic-ray signals

 Currently, DG (GC) searches constrain 

Sommerfeld peaks (Δm=10 MeV).



Dark Sector
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 SM mediated WIMP processes & light (≲ GeV) SM-charged particles: strongly constrained by experiments

 SM-neutral DM (Hidden/Secluded sector) & Need new particles beyond the SM which can mediate 

interactions between the dark sector & the SM (Portal).

 Portal couplings: strongly constrained by Lorentz invariance & SM symmetries.  

𝜒1, 𝜒2, 𝜒3, …

𝜙1, 𝜙2,𝜙3, …

𝑋1, 𝑋2,𝑋3, …

SM
sector

Dark
sector

Portal
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SM
sector

Dark
sector

Portal

 Portals

 Vector portal (kinetic mixing):  
sin 𝜖

2
𝐵𝜇𝜈𝑋

𝜇𝜈

 Scalar (Higgs) portal:  𝜆𝐻𝜙|𝐻|
2|𝜙|2

 Fermion (neutrino) portal:  𝜆𝜒𝐻𝐿𝜒

 Pseudo-scalar (axion) portal:  
1

𝑓𝑎𝛾/𝑎𝑔
𝑎𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

1

𝑓𝑎𝑓
𝜕𝜇𝑎( ത𝜓𝛾

𝜇𝛾5𝜓)

 Gauged SM global #: B-L, L𝜇-L𝜏, …

 Dark axion portal: 𝐺𝑎𝛾𝛾′𝑎𝐹𝜇𝜈 ෨𝑋
𝜇𝜈

 Double portal: a combination of ≥ 2 portals

 ???

 Dark sector

 DM spin: fermion, scalar, vector

 DM species: single-/two-/multi-component

 DM mass: light, heavy, light & heavy

 DM interaction: flavor-conserving (elastic), 

flavor-changing (inelastic)

 ??? 

𝜒1, 𝜒2, 𝜒3, …

𝜙1, 𝜙2,𝜙3, …

𝑋1, 𝑋2,𝑋3, …
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 Assisted freeze-out   [1112.4491]

 Asymmetric dark matter   [0901.4117]

 Cannibal dark matter   [1602.04219, 1607.03108]

 Co-annihilation   [PRD43 (1991) 3191]

 Co-decaying dark matter   [1105.1652, 1607.03110]

 Continuum dark matter   [2105.07035]

 Co-scattering mechanism   [1705.08450]

 Dynamical dark matter  [1106.4546]

 ELastically DEcoupling Relic (ELDER)   [1512.04545]

 Freeze-in   [0911.1120]

 Forbidden channels  [PRD43 (1991) 3191 , 1505.07107]

 Inverse decay dark matter  [2111.14857]

 Pandemic dark matter  [2103.16572]

 Semi-annihilation  [0811.0172, 1003.5912]

 Strongly Interacting Massive Particle (SIMP)  [1402.5143, 1702.07860]

 …

 Alternative mechanisms for DM relic determination: 

SM

DM2DM1
can be strong

Self-interaction 
can be strong

Self-interaction 
can be strong

can be 
very weak

…

χ

χ/ψ

χ/ψ/
X/φ

…

χ/ψ/
X/φ

(SIDM) (SIDM)



Not WIMP: Other Scales
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10-22 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

Astrophysical 
object

MACHO, PBH 
non-particle 

Superheavy
composite,
WIMPzilla, 

Q-ball,
Fermi-ball,
dark-quark 

nugget,
non-thermal

WIMP
well-

motivated,
extensively 

studied,
thermal

No firm 
signal yet!

Light
dark 

sector,
can be 

thermal

Superlight
sterile ν,

axino,
warm DM,

can be 
thermal

Ultralight
(QCD) axion,

hidden photon,
scalar field,

fuzzy,
non-thermal

(Woohyun’s talk)

𝒎𝒑𝑬𝒌~𝑚𝑣
2

~eV

Thermal DM:
Too hot
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10-22 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

 Various light DM/mediator scenarios:

 MeV DM for GC 511 keV line observation [astro-ph/0309686]

 Secluded MeV DM  [0711.3528, 0711.4866]

 Sommerfeld enhancement for 𝑒+ excess  [0810.0713]

 (𝑔 − 2)𝑒, 𝜇: ~2 − 5𝜎 discrepancy  [1806.10252]

 New ν interactions for the MiniBooNE excess  [1807.09877]

 Solutions of Yukawa coupling hierarchy prob. [1905.02692]

 …

 Various well-motivated super-light DM pheno.:

 Sterile neutrinos  

[hep-ph/9303287, astro-ph/9810076]

 Mirror 𝜈 DM  [hep-ph/9505385]

 Axino/gravitino

[0902.0769, 1407.0017]

 Axion-like particles  

[0912.0015, 1407.0017, 1510.07633]

 Super-light dark gauge bosons  

[1105.2812, 1201.5902]

 Decaying DM for 3.5 keV line  

[1403.0865, 1403.1536]

 keV DM for XENON1T, … [2006.10035, 

2006.16252]

[1807.07938]

[1508.06640] [2006.16252]

10 keV
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10-22 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

Heavy mediator: 𝐹𝐷𝑀 = 1 Light mediator: 𝐹𝐷𝑀 ∝ 1/𝑞2

 Ek ~ mv2 , Φ𝜒 = 𝑛𝜒𝑣rel &  𝑛𝜒 = 𝜌𝜒/𝑚𝜒 smaller mass: smaller Er but lager flux

 low Eth preferred even with small target mass

Dark Matter Limit Plotter v5.16, updated September 03, 2021

 Ideas for super-light DM

Sehwook’s talk!
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Boosted DM (BDM) coming from the Universe

𝜒

𝜒

𝜒

𝑋

𝜒

𝜙

𝜒

 Semi-annihilation model
𝑚𝜒 ≫ 𝑚𝑋

 Decaying multi-component DM 
𝑚𝜙 ≫ 𝑚𝜒

𝜒0

𝜒0

𝜒1

𝜒1

 Multi-component model
𝑚0 ≫ 𝑚1

Large 𝑬𝒌
𝐃𝐌 (monochromatic) due to mass gap

[Belanger & JCP, JCAP (2012); 

Agashe et al., JCAP (2014);

Kong, Mohlabeng, JCP, PLB (2015); 

Berger et al., JCAP (2015); 

Kim, JCP, Shin, PRL (2017); 

more]

[D’Eramo & Thaler, JHEP (2010);

Berger et al., JCAP (2015)]

[Bhattacharya et al., JCAP (2015); 

Kopp et al., JHEP (2015); 

Cline et al., PRD (2019); 

Heurtier, Kim, JCP, Shin, PRD (2019); 

more]

 BDM signal: detectable at large Vol. 

DM & neutrino detectors

 Need extension of dark sector

 Relic component DM: non-relativistic!

 Heating via sizable self-scattering (natural for LDM)  affect the thermal evolution of DM

[Kamada, Kim, Kim & Sekiguchi, PRL (2018); Kamada, Kim, JCP & Shin, 2111.06808]
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Cosmic-Ray-Induced BDM

 Energetic cosmic-ray-induced 

BDM: cosmic-rays kick DM

(large 𝐸𝑒±,𝑝±,𝜈,… large 𝐸𝜒)

 Efficient for Light DM

𝑒±, 𝑝±, 𝜈, …

𝜒

𝑒±, 𝑝±, 𝜈, …

𝜒





𝝌

 Charged cosmic-ray: [Bringmann & Pospelov, PRL 

(2019); Ema et al., PRL (2019);  Cappiello & Beacom, 

PRD (2019); Dent et al., PRD (2020); Jho, JCP, Park & 

Tseng, PLB (2020); Cho, Choi & Yoo, PRd (2020); more]

 Cosmic- 𝜈 (𝜈BDM): [Jho, JCP, Park & Tseng, PRL 

submitted; Das & Sen, 2104.00027]

[2101.11262]
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 Meson decays (P1): 𝜋0/𝜂 → 𝛾 + 𝛾/𝑿

 𝜋− absorption (capture) process (P2): 𝜋− + 𝑝 → 𝑛 + 𝛾/𝑿 (X: single-valued E)

 Charge exchange processes (P3): 𝜋−(+) + 𝑝 𝑛 → 𝑛 𝑝 + 𝜋0 &  𝜋0 → 𝛾 + 𝛾/𝑿

 𝑒±-induced cascade (P4): electromagnetic cascade showering & 𝛾 → 𝑿

𝑿

𝜒

𝜒

Proton beam

Target

𝜋0/𝜂, 𝜋±, …

𝑝/𝑛 in target

Detector

𝑿
𝑓

ҧ𝑓

𝜿𝒇
𝑿𝒙𝒇

𝑿
𝑿

𝜒

𝜒
𝜿𝑫
𝑿

Dedicated simulation using e.g. 
GEANT4 & BdNMC are needed!
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 Nucleus scattering (D1): (small 𝐸𝑟 for LDM) 

 Electron scattering (D2): (large 𝐸𝑟 even for LDM)

𝑿

𝜒

𝜒

Proton beam

Target

𝑝/𝑛 in target

𝜒
𝜒

𝑁/𝑒

Detector

𝑁/𝑒𝜒 𝜒

𝑓 𝑓
𝜿𝒇
𝑽𝒙𝒇

𝑽

𝜿𝑫
𝑽

𝐴′

𝐸𝑟,𝑒: recoil kinetic E of target electron

𝑚𝑒: mass of target electron
𝑍: atomic number
𝑠 = 𝑚𝑒

2 + 2𝐸𝜒𝑚𝑒 +𝑚𝜒
2

𝜆 𝑥, 𝑦, 𝑧 = (𝑥 − 𝑦 − 𝑧)2−4𝑦𝑧

𝜋0/𝜂, 𝜋±, …
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COHERENT @ ORNL

Gd-LS

JSNS2 @ J-PARC

SHiP @ CERN

SND @ LHC

DUNE @ Fermilab

T2SK/HK @ J-PARC

 See also Chang  Hyon’s

/ Intae’s / Kang 

Young’s talks!
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10-22 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

 MACHO (massive astrophysical compact halo object): black holes, neutron stars, brown dwarfs,

unassociated planets, …

 PBHs (primordial black holes): formed in the early universe, receiving rising attention

 Experimental searches: gravitational lensing, gravitational wave, CMB, …  

Astrophysical 
object

MACHO, PBH 
non-particle 

sciencealert.com

[1908.00078]
[1807.11495]

[1712.01396]
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10-22 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

 PBH evaporation: various experimental considerations  BBN, CMB, γ-ray, neutrino, LDM, …
Astrophysical 

object
MACHO, PBH 
non-particle 

[2002.12778]

[2106.02492]

[2107.13001]

[2010.16053]

[2107.13001]

[2106.02492]

 LDM from PBH evaporation 
& its detection

 SM from PBH 
evaporation & its 
detection
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 Direct detection

 Annual modulation signals by DAMA

 Lowering 𝐸𝑡ℎ,  Neutrino floor  directionality?

 Indirect detection (cosmic ray)

 Photon: 3.5 keV line (XMM-Newton), GC 511 

keV line (SPI/INTEGRAL), GC ~GeV excess 

(Fermi-LAT)

 𝑒+𝑒−: O(10 – 1000 GeV) excess (PAMELA, 

Fermi-LAT, AMS-02)

 ҧ𝑝: O(10 GeV) excess (AMS-02)

 ν: PeV events (IceCube), EeV events (ANITA 

observed: EM shower)

 Direct production or Particle beam

 e-like event excess (MiniBooNE)

 an excess in the timing-spectra (COHERENT)

 Precision

 Muon g-2  On Kim’s talk

 B-anomaly (Belle, LHC)  Youngjoon’s talk

 ATOMKI anomaly

 Cosmology

 Core vs Cusp, Missing satellite, Too-big-to-fail

 𝐻0 tension

???
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 WIMP: well-motivated & well-studied

 numerous stringent constraints, but still alive & various anomalies

 Dark sector: can be flavorful & secludedmulti-species, masses, spins, interactions, …

 New ideas for portals between DM-SM sectors & DM relic abundance

 Other mass scale DM: rising interest  super-/ultra-light DM, superheavy DM

 extended dark sector, energetic/boosted DM, …  New search ideas

 PBH: rising attention  search strategies: gravitationally, evaporation, …


