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CDM at small-scales?
§ CDM works remarkably well on large scales, but small-scale puzzles remain.

§ Cusp-core problem
§ ΛCDM simulation predicts DM density to grow

towards centre of halos.
§ Measured rotation curves of low-mass DM dominated

galaxies prefer constant density cores.
(Moore 1994, Burkert 1995, Oh 2015)
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Possible explanations?
1. Systematic uncertainties
2. Baryonic effects (by bursty star formation)

If galaxies form enough stars, there will be enough supernovae energy to
redistribute dark matter and create significant cores.

3. Self-interacting dark matter (SIDM)
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Self Interacting Dark Matter (SIDM)
§ Strong DM self-interactions redistribute energy, momentum, and angular

momentum, causing dark matter particles to move outward from dense central
regions, leading to a core density profile.

(D. N. Spergel, P. J. Steinhardt 1999)
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Strongly Interacting Matter Particles (SIMP)
§ DM masses in the sub-GeV range.
§ DM relic abundance is regulated by N Ñ 2 self-interactions.
§ 2Nf Weyl fermions qi, which in massless limit exhibits a global SUp2Nf q flavor

symmetry. SUp2Nf q is broken into Spp2Nf q by chiral condensate,

xqiqjy “ µ3Jij, J “

„

0 INf

´INf
0

ȷ

.

The chiral symmetry breaking gives rise to Nπ “ 2N2
f ´ Nf ´ 1 pions πa

Σ “ eiπ{fπJeiπ
T {fπ “ ei2π{fπJ, π “

ÿ

a

πaTa

These pions are stable and can serve as dark matter candidates.
§ For Nf ě 2, WZW term induces a five-point interaction between pions

L0
WZW “

2Nc

15π2f 5
π

ϵµνρσTr pπBµπBνπBρπBσπq .

(Hochberg, Kuglik, Murayama, Volansky, Wacker 2015)
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SIMP Mechanism

§ Dark matter self-annihilation can heat the dark sector, and efficient interactions
with radiation are required to dissipate this energy.

§ Dark matter can be cooled through 2 Ñ 2 scattering with radiation; however,
crossing symmetry implies that the same interaction also allows DM particles to
annihilate into radiation.
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Framework
§ Scattering and annihilation between dark matter and radiation can be

decoupled if both interact with a slightly heavier dark-sector particle and have no
direct coupling to each other.

§ Analogous to the QCD theory in the standard model, vector meson ρ could pay
the role of heavier dark-sector particle.

§ Dark photon as radiation ?

LWZW Ą C
1

f 3
π

ϵµνρσVµTr pQ Bνπ Bρπ Bσπq

WZW term would leads to annhilation πa ` πb Ñ V ` πc.
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SIMP + dark axion
§ Consider Spp4qc gauge theory with Nf “ 2 (Dirac fermions mu “ md).

Leff “
1

2
BµaB

µa´
m2

a,0a
2

2
`q̄ piD ´ mq,0q q`

cggα

4π

a

f
GµνG̃

µν
`
a

f

ÿ

A1,2

c0A1A2
FA1µνF̃

µν
A2

A ” A ` B. B corresponds to meson fields below the confinement scale, acting
as non-dynamical gauge fields of the global flavor symmetry.

(Harvey, Hill, Hill 2007)
§ Axion–quark interactions ÝÑ embedding axion field into background fields.

BL{R Ñ BL{R ` kL{R,0
da

f
.

(Bai, Chen, Liu, Ma 2024)
§ To match the standard chiral Lagrangian, axion dependent chiral rotaion

qpxq Ñ exp

„

´i pδq,o ` κq,0γ5q cgg
apxq

f

ȷ

qpxq, with Trpκq,0q “ 1

mqpaq “ eicggθL,0
a
f mq,0e

´icggθR,0
a
f , kL{Rpaq “ kL{R,0`cggθL{R,0, θL{R,0 “ δq,0¯κq,0
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Chiral Lagrangian
§ The chiral Lagrangian is provided by:

DµΣ « BµΣ ` igρ
`

ρµΣ ` ΣρTµ
˘

` i
Bµa

fa

`

KΣ ` ΣKT
˘

where B0 «
m2

π

mu`md
, K “

ˆ

kLpaq 0
0 ´kRpaq

˙

and Mqpaq “

ˆ

0 mqpaq

´mqpaq 0

˙

.

§ WZW term can also generate a ρaρ vertex, similar to the chiral Lagrangian term.
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Axion-pion mixing?
§ Axion-pion kinetic mixing term Σ “ ei2π{fπJ :

f 2
π

4
Tr

“

pDµΣqpDµΣq
:
‰

Ą f 2
πTr

„

Bµa

fa

`

K ` JKJ:
˘ Bµπ

fπ

ȷ

“
fπ
fa

rkLpaq ´ kRpaqs
Bµa

fa
TrpB

µπq “ 0.

§ Axion-pion mass mixing term:

´
f 2
π

2
B0Tr rMqpaqΣ ` h.c.s Ą 2fπTr

„ˆ

pθL ´ θRqcgg
a
fa

0

0 pθL ´ θRqcgg
a
fa

˙

π

ȷ

“ 0.

§ From WZW term

10iC

ż

M4

Tr
“

A α3
‰

Ą 10iC

ż

M4

d4xTr

„

K
Bµa

fa
Bνπ Bρπ Bσπ

ȷ

ϵµνρσ

“ ´10iC

ż

M4

Tr

„

KBµ

ˆ

a

fa
Bνπ Bρπ Bσπ

˙ȷ

ϵµνρσα “ DµΣΣ:

Ajay Kaladharan Kinetic Equilibrium between SIMP and Radiation 10 / 13



Results
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§ Strong sector Ys ” Yπ ` 2Yρ

§ The coupling fa only serves to maintain kinetic equilibrium between the SIMP
and radiation and does not directly determine the dark matter relic abundance.

§ If Ts and Ta decouple early, DM freeze-out occurs at a later time, resulting in an
overabundance of dark matter.
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Summary

§ In SIMP models, dark matter relic abundance is obtained via n Ñ 2
self-annihilation.

§ Kinetic equilibrium between dark matter and radiation is required to dissipate the
kinetic energy generated by DM self-annihilation.

§ Dark matter annihilation and scattering with radiation can be decoupled if both
dark matter and radiation interact through a slightly heavier particle in the dark
sector instead of interacting directly.

§ We propose a minimal extension of the SIMP framework, in which the dark axion
serves as the radiation, while the dark ρ meson acts as the heavier mediator.

§ In the SIMP + dark axion model, the dark matter does not have leading-order
coupling with the axions.

Thank You
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