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Strong: Order QCD. May or may
not form bound states/confining  With whom? With itself!

Bound states from weaker Standard model interaction
Interactions (e.g. dark atoms small (portal or messenger)
or geons) not covered or non-existing

Stro\ngly- :

Dark Matter
/ \

Dark: Whatever it is, that Matter: Particle-like objects,

makes stars and galaxies masses usually MeV-GeV
move differently than expected

Massive field: 1000+ papers referring to this topic!



Why strongly-interacting dark matter?

» Astrophysics (slightly) prefers

Interactions
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Why strongly-interacting dark matter?

» Astrophysics (slightly) prefers
interactions

Galaxy size

— escape velocity
differ

— average speed
differs for thermal
distribution

- different collision
energies
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Why strongly-interacting dark matter?

» Astrophysics (slightly) prefers
interactions

Galaxy size

— escape velocity
differ

— average speed
differs for thermal
distribution

- different collision
energies

(oV)/m (sz/g x km/s)

Best fit favors energy
dependence in
non-relativistic regime v) (km/s)

— non-trivial low-energy structures, e.g. resonances ..t et 171
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* Obvious possibility: QCD-like hidden sector
» Strongly-interacting
* Possibility for low-energy resonances

* Challenge: Dark matter abundance

* General assumption: No dark (or other)
matter asymmetry directly after big bang

* Production mechanism of asymmetry?

* Usually as unknown as for other matter
* Thermalization

* Dark matter needs to be cold enough to be
bound to galaxies
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Complications: Relic density

 Dark matter must be (semi-)stable

* (Approximately) conserved quantum
number, e.qg. of flavor type

e Dark matter must be cold

» Possibility to dissipate energy

e Interactions with standard model

* Cannot be too large
* Conversion of energy to mass

*m — n processes with m>n
* Typical freeze-out process

 Alternative: Late creation and freeze-in
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Complications: Relic density =

Chu et al.’24]

* Two solutions in strongly-interacting theories:

« 3 - 2 process
*E.g XXX —» XX

*In QCD-like theories created by Wess-
Zumino-Witten-type interactions

e 2—2 processes
*E.g. YX->XX
* With Y in a suitable mass range

*In QCD-like theories supported by
(suitably tuned) resonances
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Candidate theories: UV complete

* Non-Abelian gauge theory

 No matter: Gaugeballs, weak coupling to
standard model to protect

 Matter: Flavor symmetries for stabilization

« WZW mechanism depends on gauge group and
number Of ﬂaVOrS [Hochberget al.”14, Pomper et al.’24]

 Resonance properties depend on
couplings/masses

* Generically close-to-threshold quasi-stable
states easier with heavy matter

* Also phenomenologically preferred iocwer et o
* Mass-splittings could be advantagous

[Hochberg et al.”14]
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Candidate theories: UV complete

[See e.q. Kribs et al.”16 for other candidates]

* Prototype theory: Sp(4) QCD

Potentially non-degenerate

Gauge group Sp(4)
1 a 1% — . /
L:_ZFWF‘; +Z; Qi y,D"+m,)Q;

2 flavors in the fundamental

Non-standard (but generic) features:

* (Pseudo-)real: Matter and Anti-matter cannot be distinguished
* Enlarged chiral symmetry SU(2N¢)—»Sp(2Ns): 5 pions

« WZW already for 2 flavors (QCD: 3): Less Goldstones

 No fermionic hadrons, no baryon number

Similar, but less phenomenologically favored: SU(2)(=Sp(2))

[Hochberg et al.’14, Kulkarni et al.”22,Kogut et al.”00]
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 Well-studied theory on the lattice

* Spectrum as function of heavy masses

* Gaugeballs (only quenched) isennett et ai 201

* Flavored hadrons isemett et ai 19

* (Pseudo)scalar singlets sennett et a1 241

* Vector resonance isennett et al. 261

» Effects of isospin breaking icukamietal 22, sennett et al 241

* Cross-sections/phase shifts in two channels ennett et a2,

Dengler et al.’24]

 Low-energy effective theory: x PT

¢ RangeS Of Va“d'ty [Kulkarni et al.’2]
¢ LEET ﬁtted at LO [Bennett et al.’19, Kulkarni et al.’22] and NLO [Kolosova et al.’25]

 Reusable for composite Higgs isemet et a1
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« Example: Lattice cross sections

[ X

 Lischer analysis * ‘\ s = 100MeV

——=- 14: 3=6.9, amy = —0.92

- Fitted to T-matrix 30: ) 1089260 amy= 02

_____ 10 : /6: 7057 a,mo == —0867

ansatze
* Units fitted to
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« ~100 MeV

0 ! | :
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E., [MeV]

[Bennett et al.’26, Tulin et al.”17, SU(2) case: Drach et al.”20]



Candidate theories: UV complete

L=1, “Isopsin 1", with and withouta p”
« Example: Lattice cross sections

351

e Luscher analysis
» Fitted to T-matrix °
ansatze S

* Units fitted to %
astrophysics )

e ~100 MeV .

O_
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Candidate theories: UV complete

L=1, “Isopsin 1", with and withouta p”
« Example: Lattice cross sections

351

e Luscher analysis
» Fitted to T-matrix

O_
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ansatze S

. _ Ezo-

* Units fitted to 2
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Candidate theories: UV complete

« Example: Lattice cross sections

* Luscher analysis
* Fitted to T-matrix | qu ’ 2

. = Y
ansatze £ =
N g
* Units fitted to =]
: £
aStrOphyS|CS : This work (mpu=100 MeV)
—— ERE Fit (mpy=16.7 GeV)

4+ PRL 116.041302

o ~ 100 MeV - " i S0 LO EFT (mpwm=100 MeV)

102 03 g
(v) in km/s

L=0, “lsospin 2"

(ov)m  (cm?/g x kmy9)

%o 50 100 500 1000 5000 [Bennett et al.’26, Tulin et al.”17, SU(2) case: Drach et al.’20]
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Candidate theories: UV complete

« Example: Lattice cross sections

* Luscher analysis —
I " \\v\\;*“\/
* Fitted to T-matrix qu ’ >

. 2 NN
ansatze <
N g
* Units fitted to =]
: £
aStrOphyS|CS : This work (mpu=100 MeV)
—— ERE Fit (mpy=16.7 GeV)

1 LO EFT (mpy=100MeV)
4+ PRL 116.041302

e ~100 MeV 10

102/ e

/ L=0, “Isospin 2"
Effective range fit
Very different than lattice!

%o 50 100 500 1000 5000 [Bennett et al.’26, Tulin et al.”17, SU(2) case: Drach et al.’20]
Wy (km/9)

(ov)m  (cm?/g x kmy9)
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Candidate theories: Low-energy

[Hochberg et al.”14, Kulkarni et al.’22
Kolesova et al.’25, Bijnens talk—= Wed 11:20
Kamada talk -» Wed. 11:50]

» (Standard) Chiral perturbation theory

e Different factors/numbers

« WZW term: 5 Goldstone interaction
2N
Lyyw=——=¢"tr(x0,70,70,70,7)
157 f,
 Few (dark)quark flavors but many Goldstones:
Gauge groups different than SU(N)
e Limit of validity?
 Heavy dark quarks favored by phenomenology
- Lattice suggests for Sp(4) LO m,/m_>1.4

» Allows for a stable vector particle
 Significant NLO corrections: Parameter space!
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Candidate theories: Low-energy

 Heavy dark quarks: Quarkonia-like

* (Non-relativistic) Heavy quark effective
theory and similar approaches

 Conference series:
Quarkonia meets Dark Matter

* Potentials/string tensions for all gauge
groups similar to QCD

 Different scaling for different
representations

* Qualitatively similar results
* Important quantitatively: E.g. Relic density


https://inspirehep.net/conferences/2677507
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» Dark matter interacts gravitationally

 Can be bound to baryonic (stellar) objects
* Could create compact bodies

* |s this possible?

 Depends on distribution in the galaxy

* Usually assumed: Maxwell distribution with
average speed < galactic escape velocity

» Galactic escape velocity inside a galaxy (~ 500
km/s) >> stellar escape velocity inside a stellar
system (~ 50 km/s)

* Very limited accumulation (<1%)

 Necessary, otherwise most stellar objects would be
largely dark matter
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In (neutron) stars

* Pure dark objects

« Basically any size

* Distribution limited by microlensing
 Distinction from primordial black holes
* (Primordial) Production mechanism?

* Neutron star component

 Needs dark matter equation of state
* Impact on QCD EoS constraints?
* No direct interactions: Two objects intersecting

* Gravitationally bound
* Interaction by gravity: Two-fluid system
e Can be larger (core) or smaller (halo)



In (neutron) stars

[Sagun talk - Next up]
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[Sagun talk - Next up]
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Total (dark+baryonic) mass

M | Mg

2.5

2.0

1.5
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0.5

0.0
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In (neutron) stars

Strong interactions: Self-bound (bosonic) stars: x PT result

[Sagun talk - Next up]
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Dark halos can intersect in collisions first: Possible GW signal

[Tsuyoshi et al.”23]
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Only QCD-like dark scales yield consistent, slight admixtures
- Newton constant and Neutron mass absolute reference
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Sighatures in direct detection

* Form factors can %\»Q
enhance cross sections =
* Low speed: Scattering
length dominated Messenger
» Central quantity () sector
* Significant ot \/
: andard model
enhancement possible
* Requires assumption Detector

on messenger sector

o Effect of form factors at
fixed messenger

[R. Laha et al.’24, A. Hietanen et al.’14]
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Signatures in colliders

* Direct production of dark matter particle

* Standard missing energy
* Long-lived particle searches
* Similar to other dark matter types

Reaction in the detector
With no linking track

[CMS’'21, CMS-PHO-EVENTS-2021-026-6]
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[Cohen et al.”15+, CMS/ATLAS’'18+, Kulkarni et al.’24+
Snowmass’'22]

* Production of resonances or partons

 Resonances: Decay chain
« Partons in QCD-like dark matter: Jets

 Depending on standard model coupling: Semi-
visible/emerging particles
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Signatures in colliders

[Cohen et al.”15+, CMS/ATLAS’'18+, Kulkarni et al.’24+
Snowmass’'22]

* Production of resonances or partons

 Resonances: Decay chain
« Partons in QCD-like dark matter: Jets

 Depending on standard model coupling: Semi-
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Signatures in colliders

[Cohen et al.”15+, CMS/ATLAS’'18+, Kulkarni et al.’24+
Snowmass’'22]

* Production of resonances or partons

 Resonances: Decay chain
« Partons in QCD-like dark matter: Jets

 Depending on standard model coupling: Semi-
visible/emerging particles/jets Visible (QCD) jet

Posablg far away Portal/Messenger
from primary vertex """,
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* Holographic approaches to dynamics
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Summary: Is it there?

* Nothing seen - no idea

* Urgently needed: Better astrophysical
constraints on self interaction...

e ...but they will be mainly at very low
energies/thresholds!

* Low-energy/non-relativistic effective theories for
precision needed

* Exception: Compact stellar objects

 Messenger sector obscures direct
detection/collider searches

 Semi-visible/emerging jets unigue signature
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