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CDM at small-scales?

o} ]
Cusp-core problem 5 i
ACDM simulation predicts DM density to grow o
towards centre of halos.
Measured rotation curves of low-mass DM dominated R
galaxies prefer constant density cores. o

(Moore 1994, Burkert 1995, Oh 2015)
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Possible explanations?
Systematic uncertainties
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.
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 centra
regions, leading to a core density profile.

(D. N. Spergel, P. J. Steinhardt 1999)
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[D.N. Spergel & P. J. Steinhardt 1999, J. Feng, M. [M. Ibe & H.-B. Yu 2009, E. Braaten & E.W.Hammer 2013, X. [E. Carlson, M. Machacek & L. Hall, 1992, A. de Laix,
Kaplinghat & H.-B. Yu 2009, ...] Chu, C. Garcia-Cely, H. Murayama 2018, ...] R.Scherrer & R.Schaefer 1995, Hochberg, Kuflik, Volansky &

Wacker 2014, ...]

t-channel elastic scattering s-channel enhancement kinetic equilibrium with radiation

light mediator enhances cross sections velocity dependence relic abundance requires strong
J interaction.
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Strongly Interacting Matter Particles (SIMP)

DM masses in the sub-GeV range.

DM relic abundance is regulated by N — 2 self-interactions.
2N; Weyl fermions ¢;, which in massless limit exhibits a global SU(2N) flavor
symmetry. SU(2Ny) is broken into Sp(2Ny) by chiral condensate,

0 I
AN — 37T _ Ny
{qiq;) = p°Jij, J [_ Iv, 0 ] -

The chiral symmetry breaking gives rise to N, = 2Nf2 — Ny — 1 pions 7
Y = e/ fx Jeim I = 2/ Ix . = Z?TaTa
a
These pions are stable and can serve as dark matter candidates.
For Ny > 2, WZW term induces a five-point interaction between pions

2NC vpo
LYy = e !PTy (10, m0,m0,m0) .

(Hochberg, Kuglik, Murayama, Volansky, Wacker 2015)
Ajay Kaladharan Kinetic Equilibrium between SIMP and Radiation 5/ 13




SIMP Mechanism

DM

DM DM

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 — 2 scattering with radiation; however,
crossing symmetry implies that the same interaction also allows DM particles to

annihilate into radiation.

DM DM DM Rad

Rad Rad DM Rad
t t
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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.

Dark Slightly
Matter ——— Massive DS ———— Radiation
(m) Particle

Analogous to the QCD theory in the standard model, vector meson p could pay
the role of heavier dark-sector particle.
Dark photon as radiation ?

1
Lwzw D %”Fe’“’p"v T (Q 0,1 0, Opr)

WZW term would leads to annhilation 7, + m — V + 7.
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SIMP + dark axion

Consider Sp(4). gauge theory with N; = 2 (Dirac fermions m,, = my).
1 mg 0a2 .
.i/ﬂeff = éauaé“a—’TJrq (ZD — My )

C aa ~
—gg— ;Ll/ E 0 uv
G.U’VG Cé?fl oy Fﬂl pv E(Z{Q

Am f I e

o/ = 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 — embedding axion fieléi into background fields.
a
Br/r — Brr + kL/R,OT-

Bai, Chep, Liu, Ma 2024
To match the standard chiral Lagrangian, axion depencgent chiral rotaion )

q(x) = exp | =i (6g.0 + Kq.075) M] q(z), with Tr(k,0) =1

Cyg 7

_ ic 9L,02 —1c 0370g _ _ J—
mg(a) = 0T mg e 07 kpp(a) = kprotcgefr/ro, /o = dg0FKqo

Ajay Kaladharan Kinetic Equilibrium between SIMP and Radiation 8/ 13



Chiral Lagrangian

The chiral Lagrangian is provided by:

,3 : 1 m,f a N
5@,:%%[(1)#2)@#2)] f2 BoTr[M @=Z+h.c. ]+E(6ﬂa)(d”a)—7’oa2 7 Y CutFop,
oo,
77p interaction pap interaction
DY ~ 0,5 +ig, ( 2+2T)+z—(Kz ¥K")
pe Oy 9o \Pu Pu I;
a
2 kr(a 0 0 mg(a
where By ~ —=x— K = r(a) and M,(a) = o() .
Mutma 0 —kg(a) —myg(a) 0
WZW term can also generate a pap vertex, similar to the chiral Lagrangian term.
7T(l
\\ //ﬂ-d
N\\ (1( ////
/// p(; \\ \\\
R h\\{‘ o
Th ta T
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Axion-pion mixing?

Axion-pion kinetic mixing term X = ¢/~ J:

2 Iz
ST [(DrE)(D,2)!] 5 £ laf—a (K + JKJT) afﬁ}
Ir dua
— kr(a Tr(o#m) = 0.
- 22 hu(@) — k(o) 2 Te(om) =
Axion-pion mass mixing term:
E (01 — QR)ngfi 0
_?BOTr [M,(a)X 4+ h.c.] o 2f,Tr [( 0 0, — QR)ngf%> 71'} = 0.

From WZW term

10:€ Tr [sza?’] o 1€ d*zTr | K [ Cuc ——0,m0,T 0, 7T:| €pvpo
M4 M4 fa

a=D,% st = —10i% » Tr [Kﬁu (an’ﬂ 0pm &ﬂr)] €pvpo
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Results

§=5
f = T, m; =100 MeV
Tsy mulfr=6.7

—— £,=10%GeV
— fu=10>GeV
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Strong sector Y; =Y, + 2Y),
The coupling f, only serves to maintain kinetic equilibrium between the SIMP
and radiation and does not directly determine the dark matter relic abundance.
If T, and T, decouple early, DM freeze-out occurs at a later time, resulting in an
overabundance of dark matter.
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Results
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Summary

In SIMP models, dark matter relic abundance is obtained via n — 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 p 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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