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Outline

= What are SIMPs?
= How do SIMPs freeze out?

= SIMPs with vector mesons
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Strongly Interacting Massive Particles (SIMP)

1. UV-theory with QCD-like gauge interaction
s E.g., SU(N), Sp(N), SO(N)

2. Confinement breaks flavour symmetry

o Dark pions are pseudo-Nambu-Goldstone
bosons

3. Effective ChPT for dark pions
o Dark Matter candidate if stable

4. Thermal equil. with SM through U(1)p
portal
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Thermal Freeze-Out
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WIMP: DM in equilibrium with thermal bath.
SIMP: Number changing process in Dark Sector

Boltzmann equation:
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Phenomenology of SIMPs

Initial idea:

= 31 — 27 process fixes the relic abundance of
Dark Matter

Consequences:
= Sub-GeV Dark Matter
M ~ ae(T2 Mp1)'/? ~ 100 MeV

= Coupling to the Standard Model needed

o Must thermalise with SM
o ¢ could be small —+ Not connected to freeze-out

= Sizeable self-interactions

4
My 1
Oscatter X 2
fr) m2
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Beyond purely pionic SIMP DM

—— SIMPlest model
Bullet Cl., LO

Problem: . Bullet C1., NLO
Pionic SIMP DM is ruled out for small values L
of my/ fr by Bullet cluster constraint:
Oscatter < 1 sz/g (1) S
My ™ £

Hochberg et al. [1411.3727], Hansen et al. [1507.01590]

Solution
Include vector mesons in the model building;:

Choi et al. [1801.07726], Berlin et al. [1801.05805],

Bernreuther et al. [2311.17157] 102 1071 10°
my (GeV)
UNIVERSITY Kolesova, Krichevskiy, Kulkarni [2509.07102]
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Hidden Local Symmetry

= Vector mesons are gauge bosons of a
HLS corresponding to the unbroken

flavour symmetry.

Bando, Kugo, Yamawaki (Phys. Rep. 164, 1988) > T
Lvzv

= Lattice results relate m, and fr -
s Assuming Vector Meson Dominance for 2
Dark Photon portal +
T
T
g T / / +
Z’/ﬂ-_{ - >< + )(\ tw T Y,
T T T
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Hidden Local Symmetry

= Vector mesons are gauge bosons of a
HLS corresponding to the unbroken
flavour symmetry.

Bando, Kugo, Yamawaki (Phys. Rep. 164, 1988)

= Lattice results relate m, and fx

s Assuming Vector Meson Dominance for
Dark Photon portal

Z’HA_CD >< + )(\ tw 1
1 T T T
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o Sp(4) [1909.12662]
Sp(4) [2202.05191]
—— SU(N)[2311.17157]




Boltzmann equations

dn,
Hnr
i + 3Hn

= — (ov(mm — SM))er (nfr - (n?rq)2)
nod
+ovlmp = o (e, 225 )

— (ov* (31 — 27))est (n

T n?r n:'q)

— 2(0v> (31 — 7p))esr (n3 (”?)2)

w — NaNp

—3(0v* (3™ — 2p))enr (”737 - () (:e’é)j
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dn,

i +3Hn,
=—(T(p = SM))enr (np — nf)q)

nsd
— (ov(mp = 7T)) et (nwn,, —n2=t )

nat

eq
Np

+ 2(ov* (3™ = 2p))err (nfr — (n%9y? (%;)2>

+ (0v* (31 = 7p)est (nfr — Ny (nfrq)2>



Freeze-out scenarios with vector mesons
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Freeze-out scenarios with Sp(4)

Qh? =012, m,/mz =17, mu/m.=3

(A) WIMP
« WIMP -
(A) 27 < SM
= Semi-annihilation 107
(B) 27 <> mp: Vector mesons are in (B) Senti-anni.
equilibrium with SM at freeze-out. ERUSE
(C) p <> SM: Pions and Vector mesons are () Sentamni
in equilibrium at freeze-out. 10?5
= SIMP with vector meson 0]
(D) 3w <> mp (D) SIMP
1077 - T I
1072 107! 100

my (GeV)
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Interactions responsible for freeze-out

Qh2=0.12, mA«/m,r=3

14
59 I 27+ SM
’ N 37 o271
B 37 o mp
504 B 2r o mp
0 peSM
"""" €
4.8 1
&
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13
£ 461
4.4 1 ©
4.2 1
102 1071 100 100
UNIVERSITY e (GeV)
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Constraints on freeze-out scenarios
Qh2=0.12, mAr/m,,-:3
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Constraints

= Bullet cluster constraint on
self-interaction:

Oscatter 2
Gucater < 1 cm? g
ez

= Dark photon constraints set upper
limit on €

o BaBar, Belle II, NA64
Berlin et al. [1801.05805]

= The same experiments can search
for decaying vector mesons
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Summary

1. Vector mesons must be included in SIMP
studies

2. HLS + Lattice results =
o Consistent and predictive model

3. Rich phenomenology in Cosmology and at
Colliders

Work in progress!
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Thank you for the attention!
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Varying parameters

ma/mz =3

107!
— my/my =14
— my/my =15
— m,/m; =16

10724 —— m,/m; = 1.7
— m,/m; =18
— m,/my =19

1079

10

1079

1076

1077

1072 107!

UNIVERSITY

OF OSLO

my (GeV)

107!

my/my = 1.7

10724

1079 4

10714

1074

10704

1077

— ma/mz =3

marfmg =5

102

107!

e (GeV)

100

Backup

15



Backup

Freeze-out scenarios with vector mesons
Qh2:0.12, mAr/m,r=5
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Backup

HLS Lagrangian

ﬁgi:(;z = —28 (my +maq) + 6 7, — —67r <XT“Tb>

12
3ap —4 a c a c 2/8
gf,% T 7rb8#7r Ot <T [Tb,T ] Td> 3fi

o f2a2 an F2e2 g2
N of;gv Vuavu,a + %Zﬂz# _ qCDgVGOﬁZ”V;
Py «
_ gv Ofabcvaaﬂﬂ.bﬂ.c + ep (?0 —
1
2\/_ 2 12, 2P 77" (05004 — Oe50an)

+ quDgVOZoﬂ'aﬂ'bVaZu (_fibc <XaTaTc> + fiac <XaTch>)

—mirtnerd (XTTPT°T?)

1) qfich,ﬁ"ﬁbﬁ

3f2

+ 'ng;/;;O Verlr Wca‘uﬂ'd <(3Ta [Td Tc] Tb [TCTaTb,Td]) Xa> + 0(6 ﬁelds)‘

+ <2 - za()) Y09 guanbueg,nt (3T [T%, T T* + [T°T*T*, T%]) X"
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Backup

NLO Lagrangian
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f3

"EDS’Vf (‘% b oar") VEVEZ,00n gy - (carki™ + o) VeVEVy D

id
LNO = 18 R gy |:15D7r7 20,70, 7rb(967r + zgv “bcvaa 0. 771’6,;77

+engy, f V 2 Z,05m" + giy 32?5 V.oV osm® + epgy 4;6 Vi Zyy Osm®

1 8 2
T ( 15 i+ %TEM) 9 O, O, Ot + iep g 7 (‘57? + %rgo ) Zym" 0y O5mc°

[e3 [e%
+813ng (alré’ub6+ frf‘g'm) V2 Z,70. ), m0sme +gvf3 ( 92 apabe | ?Ergfabc) %avuﬁﬂua7”b66”5
- engf (QZTu + ﬂa’"aﬂm) V“VﬂV“’A.s‘lr + var‘l";”‘V om0, mt O5m

—iengl oy ; 15097, 2VI At — i€k gy —rge VO F,, Agn®

2f=
1 2
+eh 73 (ﬂrﬁm + I’ﬁc 97";'78 + 0:14 o ) F Aymon0sme

oo (Garie + S+ 7;7“) Vi Ay

a;
+ 9 12;3 ﬂabCV “’V" 057 + epgv — 7 ( 1272850 + I,,Souzbc) V:Fm,’!ra’!rb&;’rrc

5D36f3F;wF767r 7I‘ 7I':| + O(6 fields)
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SIMP models

Backup

Representation of

the fermions Complex Pseudoreal Real
Example:
Fundamental rep. SUN,) Sp(N,) ON,)
Chiral symmetry
breaking pattern SU(Np) X SUNp)/SU(Ng) | SURNE)/Sp(2Np)  SUQNE)/SO(2Np)
Number of pions Ni-1 Np + D(Np = 1)

Ny@Np+1)—1
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