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×Dark Matter? Dark Sector?

×Boosted Dark Matter (BDM) & Its Searches

× Issues in BDM Searches

×Exciting Prospects for BDM Searches 

×Summary 



Dark Matter?
Dark Sector?
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×Modern cosmology :

×Compelling  paradigm :

V Massive,

V Non-relativistic (ὺḺὧ),

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

V Stable particles

The Standard Model

Many more other observations!

Dark Matter ?
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SM
sector

Dark
sector

Por tal

× Portals : mediators

V Vector portal (kinetic mixing):  ὄ ὢ

V Scalar(Higgs) portal:  ‗ ȿὌȿȿ‰ȿ

V Fermion (neutrino) portal:  ‗Ὄὒ…

V Pseudo-scalar (axion) portal:  
Ⱦ
ὥὊ Ὂ

‬ὥ‪‎‎‪

V Dilaton portal: ὓ ὠὠ Ễ ὠ ὠ Ễ

V Gauged SM global #: B-L, ,-,, é

V Dark axion portal: Ὃ ὥὊ ὢ

V Double portal: combination of portals

V ???

×Dark sector particles

VDM spin: fermion, scalar, vector

VDM species: single-/two -/multi -component

VDM mass: light, heavy, light & heavy

VDM interaction : flavor-conserving (elastic), 

flavor -changing (inelastic)

V ??? 

…ȟ…ȟ…ȟȣ

‰ȟ‰ ,‰ȟȣ

ὢȟὢ,ὢȟȣ

[Belanger, Goudelis, JCP (2013)]

Multiple stable & unstable 
particles, Various interactions Multiple stable & unstable 

particles, Various interactions ?

[Kaneta, Lee, Yun (2016)]
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V Assisted freeze-out  [Belanger & JCP , 1112.4491]

V Asymmetric dark matter  [0901.4117]

V Cannibal dark matter  [1602.04219; 1607.03108]

V Co-annihilation  [PRD43 (1991) 3191]

V Co-decaying dark matter  [Bandyopadhyay, Chun, JCP , 1105.1652; 1607.03110]

V Continuum dark matter  [2105.07035]

V Co-scattering mechanism  [1705.08450]

V Dynamical dark matter  [1106.4546]

V ELastically DEcoupling Relic (ELDER)  [1512.04545]

V Freeze-in  [0911.1120]

V Forbidden channels  [PRD43 (1991) 3191; 1505.07107]

V Inverse decay dark matter  [2111.14857]

V Pandemic dark matter  [2103.16572]

V Semi-annihilation  [0811.0172; 1003.5912]

V Strongly Interacting Massive Particle (SIMP)  [1402.5143; 1702.07860]

V é

×Various mechanisms for DM relic determination: 

SM

DM2DM 1
can be strong

Self-interaction 
can be strong
Maybe unstable

Self-interaction 
can be strong

can be 
very weak

é

Ȑ

Ȑ/ȑ

Ȑ/ȑ/
X /ű

é

Ȑ/ȑ/
X /űé ȟ

ȟ
ȣ



10-21 eV keV MeV GeV TeV PeV ρππὓἄ 1ͯ068 eV
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Astrophysical 
object

MACHO, PBH

Superheavy

composite DM,
WIMPzilla

WIMPLight

SIMP,
ELDER

Superlight

sterile Ȋ,
warm DM

Ultralight

axion, fuzzy,
hidden photon,

DM Limit Plotter v 5.18

p

p

[1805.10305]

DM

VNo concrete evidenceof DM yet.

VTight bounds are imposed on WIMP.

VNext decade: A paradigm shift? 
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Active searchesPassive searches

Cloud chamber: 
Ὡȟ‘ȟé

Collider: controlled environment

Conventional colliders

Ç Head-on collision of light SM -sector 

(stable) particles

Ç to produce heavier SM states

Ç and study resulting phenomenology

υͯ% visible sector

Direct detection: 
(hopefully) DM?

DM ñProduction ò (e.g. fixed target exp.)
: controlled environment

Dark matter productions

Ç Dump of SM-sector (stable) particles 

onto a target

Ç to produce dark-sector states

Ç and study resulting phenomonology

ςͯυ% dark sector

Talks @ Tuesday & Wednesday morning 

+DM ñDirect Detectionò 

Talks @ This morning 



Neutrino Dark Matter

Population Many
Probably Many 

(depending on ά )

Interaction Weak Weakly or Feebly?

Relativistic Mostly Mostly Not

Active Production Possible Maybe

Approaches
Large Vol. (w/ high Ὁ )

Beam-produced
Lager is better, but low Ὁ

Beam-produced

Experiments
SK/HK, DUNE, IceCube, é

T2K, DUNE, SHiP, FASER,é
XENON, LZ, ANAIS, é

T2K, DUNE, SHiP, FASER,é
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Boosted DM



Boosted Dark Matter 
(BDM)
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Boosted DM (BDM) coming from the Universe

…

…

…

ὢ

…

‰

…

V Semi-annihilation model
ά ḻ ά

V Decaying multi -component DM 
ά ḻ ά

…

…

…

…

V Multi -component model
ά ḻ ά

Large ╔▓
ἎἙ(monochromatic) due to mass gap

[Belanger & JCP , JCAP (2012); 

Agasheet al., JCAP (ςπρτ); 

Kong, Mohlabeng, JCP , PLB (2015); 

Berger et al., JCAP (2015); 

Kim, JCP , Shin, PRL (2017); 

more]

[DôEramo & Thaler, JHEP (2010);

Berger et al., JCAP (2015); more]

[Bhattacharya et al., JCAP (2015); 

Kopp et al., JHEP (2015); 

Cline et al., PRD (2019); 

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

more]

× Relic component DM: Non-relativistic!

× Only Tiny fraction of DM: Relativistic!
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Cosmic -Ray -Induced BDM

×Energetic cosmic-ray-induced 

BDM: energetic cosmic-rays 

kick DM (large Ὁ ȟ ȟ ȟⱨȟȣ

Č large Ὁ )

Č Efficient for Light DM

▄ȟ▬ȟ(Åȟⱨȣ

Ⱶ

Ὡȟὴȟ(Åȟ’,
ȣ

…

Ὡȟὴȟ(Åȟ’ȟȣ

…

¶

¶

× From astrophysical processes:

Solar evaporation - Kouvaris, PRD (2015)

Dark cosmic rays - Hu +, PLB (2017)

Solar reflection - An +, PRL (2018)

Solar acceleration - Emken +, PRD (2018)

Supernova - DeRocco +, PRD (2019)

Atmospheric collider - Alvey+, PRL (2019)

Earth attraction ïDavoudiasl + PRD (2020); 

Acevedo + JHEP (2024)

PBH evaporation - Calabrese +, PRD (2022) 

Blazar jets - Wang +, PRL (2022); more

× Charged CRs: [Bringmann & Pospelov, PRL 

(2019); Cappiello, Ng & Beacom, PRD (2019); 

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

PRD (2019); Dent & Dutta et al., PRD (2020); 

Jho, JCP , Park & Tseng, PLB (2020); Cho et al., 

PRD (2020); more]

× CR ⱨ(ⱨBDM ): [Jho, JCP , Park & Tseng, 

2101.11262; Das & Sen, 2104.00027; Chao, Li, 

Liao, 2108.05608; Lin, Wu, Wu, Wong, 

2206.06864 ; Lin & Wu, 2404.08528 ; more]
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╜ⱶ [GeV]ρπ ρπ

Cherenkov radiation rings by electrons

Cherenkov radiation rings by protons

Ionization tracks by electrons and/or protons

○ἎἙͯ ╬Č even ’detector 
w/ high Ὁ is OK for LDM !
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V Not restricted to primary physics goals

V Opened to other (unplanned) physics opportunities



Issues in BDM Searches
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×Example model: fermionic heavier(…)/lighter( …) DM + dark gauge boson(ὢ) 

[G. Belanger, JCP (ςπρρ)]

×Elastic electron [Agashe, Cui, Necib, Thaler (ςπρτ)] & elastic proton (even DIS @ e.g.DUNE) [P. Machado, D. 

Kim, JCP & S. Shin, JHEP (2020)] scattering channels are available. Č Energetic recoil

…

… é

Galactic halo

…

… é

Earth

…

ὩȾὴ

…

¶

‭
ὢᶻ

becomes boosted

(Ȃ1=m0/ m1)

ꞈ ᶿ
„ὺ ᴼ

ά

(cf. ……O ‎‎ȟⱨⱨ)
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×Atmospheric-neutrino -induced events: Irreducible backgrounds

×Neutral - & charged-current (even DIS) scattering channels are available. Č Energetic recoil

×Good angular resolution allows to isolate source regions, especially very good for point -like 

sourcessuch as the GC, Sun & dwarf galaxies.

é

Atmosphere

é

Earth

’

ὩȾὴ(’ȟé)

’Ὡȟʈȟʐ

¶

‭
ὤᶻὡᶻ

¶ ¶

¶

¶¶
¶

¶

¶

¶¶
¶

¶
¶

’

’

Ὡȟὴȟȣ
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× (Light) BDM behaves like a neutrino .

×Signature-wise, it is challenging to distinguish the BDM scenario from the neutrino one.

ⱨ

ⱨ é

Galactic halo

…

… é

Earth

¶

‭

ⱨ ’Ὡȟʈȟʐ

ὤᶻὡᶻ

ὩȾὴ(’ȟé)

becomes boosted

(ȂȊ=ά / mȊ)

ⱨꞈᶿ
„ὺ ⱨOⱨ

ά
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Ⱶ

Ⱶ é

Galactic halo

…

… é

Earth

Ⱶ

ὩȾὴ

¶
ὢᶻ

‭
ὢᶻ

…

Ὡ

¶
‭

…

Ὡ

becomes boosted

(Ȃ1=m0/ m1)

ꞈ ᶿ
„ὺ ⱵOⱵ

ά

× iBDM: inelastic DM+BDM  [Kim, JCP & Shin, PRL (2017)]

×Additional signatures from the decay of heavier unstable dark-sector state … from inelastic 

scattering.

×Double-bang: also for ’w/ a heavier state [Coloma, Machado, Martinez -Soler, Shoemaker, PRL (2017)]

Primary: ὴ-/Ὡ-scattering Secondary: decay



Is it possible to have distinctive 

signatures in the minimal scenario ?
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Ⱶ

Ⱶ é

Galactic halo

…

… é

Earth

Ⱶ

ὩȾὴ

¶
ὢᶻ

‭
ὢᶻ Ὡ

¶
‭

…

Ὡ

becomes boosted

(Ȃ1=m0/ m1)

ꞈ ᶿ
„ὺ ᴼ

ά

Primary: ὴ-/Ὡ-scattering Secondary: decay

Ⱶᶻ

×Distinctive signatures may arise even under the minimal setup, once higher-order 

corrections are taken into account.

×A new BDM search strategyutilizing initial -/final -state dark gauge boson radiation, i.e.

ñDark -Strahlung ò from cosmogenicBDM [Kim, JCP & Shin, PRD (2019)]



Only recoiled e/p?
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×Why inelastic channel? üSignatures

VElastic : low energy nuclear recoil

VInelastic : ‎cascade (ЎὉṂρπMeV), ‎

cascade + nucleons (ЎὉṃρπMeV)

üMotivation

VA new channel to study

VLarger energy ͯ ὕρ ρπMeV

VBetter S/B ratio

Sahuet al., [2004.04055 ]

╝

ⱨȟⱵ

╝ᶻ

ⱨȟⱵ
¶

¶

Ὁ Ṃυπ MeV

♬

♬

♬

♬

üRecent 

improvements

VInclusion of multiple excited states

VConsistent handling of hadronic currents

VExclusive cross sections for each state
Dutta, Newstead et al., 

[2206.08590]
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× Focus: the interaction between DM & quark

Č DM boosted by cosmic rays(p, He)

V Inelastic (solid) better than elastic (dashed)

[Dutta, Huang, Kim, Newstead, JCP & Shaukat Ali, PRL (2024)] 

× The expected # of signal events

V LSC detectors(JUNO, Borexino): BGs in the signal zone 

are highly suppressed due to the good E resolution.

V Cherenkov detectors(SK, HK): de-excitation ‎ôs are 

buried in single e-like events. 



Neutrons?
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[ICRR]

×Gd : high n-capture rate & ‎ôs 

w/ characteristic E Č the 

addition of Gd greatly 

enhances n detection 

efficiency.

× SK-Gd : mainly for supernova 

relic neutrinos



28

[K. Choi & JCP , 2409.05646]
× So far only p, but higher ὴ ρȢπχGeV.

× For n, no Cherenkov radiation but ‎ôs from capture

Č n can be better than p, especially e.g.@ SK-Gd

V Two-component (…ȟ…) BDM model w/ the following 

interaction between lighter DM ( …) & the SM sector,
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×Rising interest in dark sector (multi -component) scenarios & BDM (Energetic DM)

×Various BDM production scenarios: Dark sector, Reversing direct detection, Astrophysical

×Various detection channels: elastic e/p, DIS, inelastic N, n-capture, é 

×BDM searchesare promising & provide a new direction to explore light dark sector physics.

×Experimental studies have already begun, e.g.SK, COSINE-100, Panda-X, CDEX, NEWSdm, ICARUS,

DUNE, é

▄ȟ▬ȟ
ⱨȟȣ

Ⱶ



Supplemental
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[P. Machado, D. Kim, JCP & S. Shin, JHEP (2020)]

Detectors are 

complementary to 

one another rather 

than superior to the 

other!
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[P. Machado, D. Kim, JCP & S. Shin, JHEP (2020)]

V If a BDM search hypothesizes a heavy dark photon (say, sub-

GeV range), the p-channel may expedite discovery.

V If a model conceiving iBDM signals allows for large mass gaps 

between … and …, the p-channel is more advantageous.

V The e-channel becomes comparable in probing the parameter 

regions with smaller ά and ά .

V As the boosted … comes with more energy, more parameter 

space where the e-channel is comparable opens up.

V With cuts , more e-channel favored region.

p-favored p-favored

p-favored

p-favored
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[P. Machado, D. Kim, JCP & S. Shin, JHEP (2020)]

DIS can be 
dominant

DIS can be 
dominant

V We study „ Ⱦ„ where ςππMeV ὴ ςGeV is applied to „ while no cuts are imposed to „ .

V p-scattering dominates over DIS for ά < O(GeV) (cf. Ȋscattering via W, Z).

V As the process becomes more ñinelasticò, p-scattering dominates over DIS for a given Ὁ.

V DIS-preferred region expands in increasing Ὁ. 


