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Dark Matter is key…
… in explaining the observations of the  
CMB (linear theory) 

… in the formation of large scale structure  
such as galaxies and clusters of galaxies 
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explaining the origin of structure

Dark Matter is key…
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Dark Matter is key…

… in the formation of large scale structure  
such as galaxies and clusters of galaxies 

… in explaining the observations of the  
CMB (linear theory) Important observable: Neff

Important observable: 

small scale structure
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Outline

On the freeze-out of strongly interacting dark matter candidates (SIMPs)   

=> SIMP miracles revived 
  

 
On the freeze-out of weakly interacting dark matter  

=> what is the minimal thermal DM mass? The WIMP dead end.

arXiv:2205.05714 (PRD)
arXiv:2310.06611 (PRD) 

w/ Xiaoyong Chu, Jui-Lin Kuo

w/ Xiaoyong Chu, Marco Nikolic

arXiv:2401.12283 (PRL)

1 SIMPs

2 WIMPs
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Small scale structure problems in LCDM (core-cusp, diversity)

Motivation for SIMPs

self-interactions lead to heat 
transfer in the halo, 
diversifying the halo density in 
the central regions of galaxies

e.g. Ren, Kwa, Kaplinghat, Yu [2019]
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Weakly interacting massive particles (WIMPs)

Freeze out when 2 -> 2 annihilation rate ~ Hubble rate
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WIMPs

Freeze out when 2 -> 2 annihilation rate ~ Hubble rate
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“Weakly Interacting Massive Particles”
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“Strongly Interacting Massive Particles”

SIMPs

Freeze out when 3 -> 2 annihilation rate ~ Hubble rate
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Right relic density AND interesting self-scattering cross section?

A SIMP miracle?

[Hansen, Langaeble, Sannino 2016] tension in the joint “miracle” solution
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WIMPs vs. SIMPs
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Dark Matter as Goldstone bosons of a confining dark sector

SIMP prototype model

<latexit sha1_base64="bvBJJvb08QoR5/eGwAUt/Vef2Os="></latexit>

LUV = �1

2
Tr [Gµ⌫G

µ⌫ ] + ū (�µDµ +mu)u+ d̄ (�µDµ +md) d

For example, two flavor                                gauge group
<latexit sha1_base64="Y4VTnARAgjYO/KX/JbmFvj+3Ujs=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FX4gNPAS8eI5oHJEuYncwmQ2Znx5lZISz5CS8eFPHq73jzb5wke9DEgoaiqpvurkBypo3rfju5ldW19Y38ZmFre2d3r7h/0NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1M/dYTVZrF4sGMJfUjPBAsZAQbK7XvkSxXT3ukVyy5FXcGtEy8jJQgQ71X/Or2Y5JEVBjCsdYdz5XGT7EyjHA6KXQTTSUmIzygHUsFjqj209m9E3RilT4KY2VLGDRTf0+kONJ6HAW2M8JmqBe9qfif10lMeOWnTMjEUEHmi8KEIxOj6fOozxQlho8twUQxeysiQ6wwMTaigg3BW3x5mTTPKt5F5fyuWqpdZ3Hk4QiOoQweXEINbqEODSDA4Rle4c15dF6cd+dj3ppzsplD+APn8weCnY72</latexit>

Sp(4)c
<latexit sha1_base64="rGRY7x6nFI/bk71So6cgLLLHmz8=">AAAB73icbVDLSgNBEOyJrxhfUY9eBoPgQcJu8IUgBLx4kgjmAckSZiezyZDZ2XVmVghLfsKLB0W8+jve/BsnyR40saChqOqmu8uPBdfGcb5Rbml5ZXUtv17Y2Nza3inu7jV0lCjK6jQSkWr5RDPBJasbbgRrxYqR0Bes6Q9vJn7ziSnNI/lgRjHzQtKXPOCUGCu17roBvsaVk26x5JSdKfAicTNSggy1bvGr04toEjJpqCBat10nNl5KlOFUsHGhk2gWEzokfda2VJKQaS+d3jvGR1bp4SBStqTBU/X3REpCrUehbztDYgZ63puI/3ntxASXXsplnBgm6WxRkAhsIjx5Hve4YtSIkSWEKm5vxXRAFKHGRlSwIbjzLy+SRqXsnpfP7k9L1assjjwcwCEcgwsXUIVbqEEdKAh4hld4Q4/oBb2jj1lrDmUz+/AH6PMHKI6Oug==</latexit>

Nf = 2,

<latexit sha1_base64="UvD0WYES59AlX9Yr/ZhHJEi5RnA="></latexit>

ūu+ d̄d = �1

2
 T�2SE + h.c. E =

✓
0 1Nf

�1Nf 0

◆
=> Sp(4)

<latexit sha1_base64="84MnIkjwmmZ8fm7LU/6L7zsWQ28=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKLwQhIAGPEbJJJFnD7OxsMmQey8ysEEJu/oFX/QFv4tUf8e6HOEn2YKIFDUVVN91dYcKoNq775eSWlldW1/LrhY3Nre2d4u5eQ8tUYeJjyaRqhUgTRgXxDTWMtBJFEA8ZaYaDm4nffCRKUynqZpiQgKOeoDHFyFjp3n+owyr0r6vdYsktu1PAv8TLSAlkqHWL351I4pQTYTBDWrc9NzHBCClDMSPjQifVJEF4gHqkbalAnOhgND14DI+sEsFYKlvCwKn6e2KEuNZDHtpOjkxfL3oT8T+vnZr4MhhRkaSGCDxbFKcMGgkn38OIKoING1qCsKL2Voj7SCFsbEZzW8JQsmhsY/EWQ/hLGidl77x8dndaqlxlAeXBATgEx8ADF6ACbkEN+AADDp7BC3h1npw35935mLXmnGxmH8zB+fwB78yXFQ==</latexit>

UTEU = E

<latexit sha1_base64="UvD0WYES59AlX9Yr/ZhHJEi5RnA="></latexit>

ūu+ d̄d = �1

2
 T�2SE + h.c. E =

✓
0 1Nf

�1Nf 0

◆
<latexit sha1_base64="2HtjG/Kxi/Npsym6qEiV0826m+g=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0Wom5KILwSh4MZlBfuANITJZNIOnUeYmQgl9DPcuFDErV/jzr9x2mahrQcuHM65l3vviVJGtXHdb6e0srq2vlHerGxt7+zuVfcPOlpmCpM2lkyqXoQ0YVSQtqGGkV6qCOIRI91odDf1u09EaSrFoxmnJOBoIGhCMTJW8us8zOAt5GF8GlZrbsOdAS4TryA1UKAVVr/6scQZJ8JghrT2PTc1QY6UoZiRSaWfaZIiPEID4lsqECc6yGcnT+CJVWKYSGVLGDhTf0/kiGs95pHt5MgM9aI3Ff/z/Mwk10FORZoZIvB8UZIxaCSc/g9jqgg2bGwJworaWyEeIoWwsSlVbAje4svLpHPW8C4bFw/nteZNEUcZHIFjUAceuAJNcA9aoA0wkOAZvII3xzgvzrvzMW8tOcXMIfgD5/MHnrOQKQ==</latexit>

(mu = md)

Kulkarni, Maas, Mee, Nikolic, JP,  Zierler SciPost Phys. 14 (2023) 3, 044,

<latexit sha1_base64="VPAEnefRRaKnflgD6EqCWbDQTPc="></latexit>

 ⌘

0

BB@

uL

dL
�2Su⇤

R
�2Sd⇤R

1

CCA

Quarks are in pseudoreal representation of color group

<latexit sha1_base64="VMFbGp+3vuT5v01Q+HdFKxNy2LM="></latexit>

LUV,f
kin = i †�̄µD

µ .=> => SU(4)

Flavor:
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QCD-like

Flavor breaking pattern
this example

5 broken 
generators

=> 5 Goldstone bosons
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Meson multiplet structure

=> 5 Goldstone bosons

<latexit sha1_base64="exjUMzcdlftdruQC6ggT0EHBmXk="></latexit>

⇡D = d̄�5SCūT

⇡E = dTSC�5u
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Low energy description

Prototype SIMP theory

<latexit sha1_base64="x96LNt8z+DbZP/zffOV08Ekqq6w="></latexit>

L
odd
int =

2Nc

15⇡2f5
⇡

✏µ⌫⇢� Tr [⇡@µ⇡@⌫⇡@⇢⇡@�⇡] +O
�
⇡6/f6

⇡

�

<latexit sha1_base64="2C70N8RqVCuxKpl9VpFdwTYo+LQ="></latexit>

Leven
int � � 1

3f2
⇡

Tr ([⇡, @µ⇡][⇡, @
µ⇡]) +

m2
⇡

3f2
⇡

Tr
⇥
⇡4

⇤

chiral field
<latexit sha1_base64="7LlIgMqckeRdIRzK2pFZ/RFL/5g=">AAACG3icbVDLSgMxFM34rPU16tJNsAiu6kzx0Y1QcOOyYl/QaYdMmmlDk8yQZIQy9D/c+CtuXCjiSnDh35i2g2jrgXs5nHMvyT1BzKjSjvNlLS2vrK6t5zbym1vbO7v23n5DRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWB4PfGb90QqGomaHsWkw1Ff0JBipI3k2yXvjvY5uoKkm1LoxfQ09E0fw5nuOz9Gt5ZZvl1wis4UcJG4GSmADFXf/vB6EU44ERozpFTbdWLdSZHUFDMyznuJIjHCQ9QnbUMF4kR10ultY3hslB4MI2lKaDhVf2+kiCs14oGZ5EgP1Lw3Ef/z2okOy52UijjRRODZQ2HCoI7gJCjYo5JgzUaGICyp+SvEAyQR1ibOvAnBnT95kTRKRfeieH57VqiUszhy4BAcgRPggktQATegCuoAgwfwBF7Aq/VoPVtv1vtsdMnKdg7AH1if31YZoFs=</latexit>

⌃ = ei⇡/f⇡⌃0e
i⇡T /f⇡

<latexit sha1_base64="R302uGy3z5eFtv4zZGWqc8Qaydw=">AAACA3icbVDLSsNAFL2pr1pfVXe6GSyCq5KIj24KBTcuK/QFTQyT6aQdOpmEmYlQQsGNv+LGhSJu/Ql3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5ldW19I79Z2Nre2d0r7h+0VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB0MbyZ++4FKxWLR0KOEehHuCxYygrWR/OKRmzBURa5KIz8TVWeMjOAL1Lg3Zsku21OgZeLMSQnmqPvFL7cXkzSiQhOOleo6dqK9DEvNCKfjgpsqmmAyxH3aNVTgiCovm/4wRqdG6aEwlqaERlP190SGI6VGUWA6I6wHatGbiP953VSHFS9jIkk1FWS2KEw50jGaBIJ6TFKi+cgQTCQztyIywBITbWIrmBCcxZeXSeu87FyVL+8uSrXKPI48HMMJnIED11CDW6hDEwg8wjO8wpv1ZL1Y79bHrDVnzWcO4Q+szx9OD5an</latexit>

⇡ =
X

n=1

⇡nT
n

broken generators

expansion yields 4-point, 6-point, etc interactions

even-numbered only

Wess-Zumino-Witten term when coset space has non-trivial fifth homotopy group

odd-numbered
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WIMPs vs. SIMPs

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡
<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="JCnEkHV728yDFL0Fu25lfvLN3Ug="></latexit>

m⇡ ⇠ ↵(T 2
eqMP )

1/3 ⇠ ↵(100 MeV)

<latexit sha1_base64="l3jIhf/lNvDUI1OCrddRr1ibFbw="></latexit>

m� ⇠ ↵
p
xf

p
TeqMP ⇠ ↵(30 TeV)

<latexit sha1_base64="KPfYCNRIOwphKBUVx4v1tEqbIb4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEao8FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5CasOlnTCapoZIsF4UpRyZG+eNozBQlhs8swUQxeysiEVaYGBtPxYbgrb68TrpXde+m3ni4rrWaRRxlOINzuAQPbqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gD/6Y4y</latexit>�

<latexit sha1_base64="KPfYCNRIOwphKBUVx4v1tEqbIb4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEao8FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5CasOlnTCapoZIsF4UpRyZG+eNozBQlhs8swUQxeysiEVaYGBtPxYbgrb68TrpXde+m3ni4rrWaRRxlOINzuAQPbqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gD/6Y4y</latexit>�

SM

SM

what if we make a 
stable bound state? X

WZW
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X = [𝜋 𝜋] must exist

SIMP bound states

• considering SIMPs as pseudo-Nambu-Goldstone bosons of a strongly interacting theory 
we require a molecular state with negative binding energy such that 
 
QCD with                       has a mass gap, hence not prospective 
 
=>  better consider a dark confining theory with                       and 
 
 
 
=> or take                       :  Glueball dark matter                                   
 
 

<latexit sha1_base64="c8LBMeX6D5QR+WNHQtcZE/h+TMU=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQFMZKLAwMRaIPqYkix3Faq7YTbAepirqw8CssDCDEyj+w8Te4bQZoOZKlo3Pu0fU9Ycqo0o7zbZWWlldW18rrlY3Nre0de3evrZJMYtLCCUtkN0SKMCpIS1PNSDeVBPGQkU44vJr4nQciFU3EnR6lxOeoL2hMMdJGCuxDHtxDjzHo3ZhQhILckxwqLRPRHwd21ak5U8BF4hakCgo0A/vLixKccSI0Zkipnuuk2s+R1BQzMq54mSIpwkPUJz1DBeJE+fn0ijE8NkoE40SaJzScqr8TOeJKjXhoJjnSAzXvTcT/vF6m40s/pyLNNBF4tijOGNQJnFQCIyoJ1mxkCMKSmr9CPEASYW2Kq5gS3PmTF0n7tObWa+e3Z9VGvaijDA7AETgBLrgADXANmqAFMHgEz+AVvFlP1ov1bn3MRktWkdkHf2B9/gAv0Zhe</latexit>

mq ⌧ ⇤strong

<latexit sha1_base64="2xl2lZlO362LgIhVaJyISISA4zc=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsyIVpcFNy5cVLAP6AxDJpNpQ5PMmGSEMnTlxl9x40IRt36DO//GtJ2Fth4IHM65h5t7wpRRpR3n2yotLa+srpXXKxubW9s79u5eWyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51weDXxOw9EKpqIOz1Kic9RX9CYYqSNFNiHPLiHnqIcejcmFaEg9ySHSstE9MeBXXVqzhRwkbgFqYICzcD+8qIEZ5wIjRlSquc6qfZzJDXFjIwrXqZIivAQ9UnPUIE4UX4+PWMMj40SwTiR5gkNp+rvRI64UiMemkmO9EDNexPxP6+X6fjSz6lIM00Eni2KMwZ1AiedwIhKgjUbGYKwpOavEA+QRFib5iqmBHf+5EXSPq259dr57Vm1US/qKIMDcAROgAsuQANcgyZoAQwewTN4BW/Wk/VivVsfs9GSVWT2wR9Ynz8MPpjZ</latexit>

mq ⇠ ⇤strong

<latexit sha1_base64="Orros4TH4WXlMhkKy5VhLDNxtDY=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQFMZKLAwMRaIPqYkix3FTq7YTbAepirqw8CssDCDEyj+w8Te4bQZoOZKlo3Pu0fU9Ycqo0o7zbZWWlldW18rrlY3Nre0de3evrZJMYtLCCUtkN0SKMCpIS1PNSDeVBPGQkU44vJr4nQciFU3EnR6lxOcoFrRPMdJGCuxDHtxDL46hd2NCEQpyT3KotExEPA7sqlNzpoCLxC1IFRRoBvaXFyU440RozJBSPddJtZ8jqSlmZFzxMkVShIcoJj1DBeJE+fn0ijE8NkoE+4k0T2g4VX8ncsSVGvHQTHKkB2rem4j/eb1M9y/9nIo000Tg2aJ+xqBO4KQSGFFJsGYjQxCW1PwV4gGSCGtTXMWU4M6fvEjapzW3Xju/Pas26kUdZXAAjsAJcMEFaIBr0AQtgMEjeAav4M16sl6sd+tjNlqyisw++APr8wcf0phU</latexit>

mq � ⇤strong e.g. [Soni, Zhang, 2016]
<latexit sha1_base64="lTQhwOLSXE+tCxHCkjD/YQZqqMw=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0EQgmFXNNoIgTRiFcE8INmE2clsMmT2wcxdMSzb2vgrNhaK2PoHdv6Nk0ehiac6nHMv957jRoIrsKxvI7O0vLK6ll3PbWxube+Yu3t1FcaSshoNRSibLlFM8IDVgINgzUgy4ruCNdxhZew37plUPAzuYBQxxyf9gHucEtBS18Q3naRaSa+sTlIopLgN7AFwEkqcYi2dFNKumbeK1gR4kdgzkkczVLvmV7sX0thnAVBBlGrZVgROQiRwKliaa8eKRYQOSZ+1NA2Iz5STTJKk+EgrPezp+14YAJ6ovzcS4is18l096RMYqHlvLP7ntWLwLp2EB1EMLKDTQ14sMIR4XAvucckoiJEmhEquf8V0QCShoMvL6RLs+ciLpH5atEvF89uzfLk0qyOLDtAhOkY2ukBldI2qqIYoekTP6BW9GU/Gi/FufExHM8ZsZx/9gfH5A+1+mI0=</latexit>

JPC = 0++or 0�+

=>  yields odd G3 interactions  
=>  3-to-2 SIMP mechanism 

for G-bound states see [Giacosa, Pilloni, Trotti 2021]

=>  make SIMP-onium 

=>  make Glueball-onium 

• one may also use a Yukawa force with sizable coupling; options exist

e.g. [G. Kribs and E. Neil 2016, Y. Tsai, R. McGehee, H.Murayama 2020, R. Mahbubani, M. Redi and A. Tesi 2020, ….]. 

<latexit sha1_base64="KLfnjeGu1/jtrDFqtwJ9Ir5pn1A=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mKVo8FLx4r2A9oQthsN+3S3STuboQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5ttbWNza3tks75d29/YOKfXjUUUkmCW2ThCeyF2JFOYtpWzPNaS+VFIuQ0244vpn53UcqFUviez1JqS/wMGYRI1gbKbArIughj9MHVBeBl7LArjo1Zw60StyCVKFAK7C/vEFCMkFjTThWqu86qfZzLDUjnE7LXqZoiskYD2nf0BgLqvx8fvgUnRllgKJEmoo1mqu/J3IslJqI0HQKrEdq2ZuJ/3n9TEfXfs7iNNM0JotFUcaRTtAsBTRgkhLNJ4ZgIpm5FZERlphok1XZhOAuv7xKOvWa26hd3l1Um40ijhKcwCmcgwtX0IRbaEEbCGTwDK/wZj1ZL9a79bFoXbOKmWP4A+vzB7VpknQ=</latexit>

mX  2m⇡
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Bound-state assisted freeze-out

Catalysis
Probability of two particles finding each other  

in a bound state vs. as free particles

<latexit sha1_base64="iJ358LG6AChnUnJ8vDefWveU/zc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXrwZwTwgWcLsZDYZMjO7zMwKYckvePGgiFd/yJt/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49vMbz9RpVkkH80kpr7AQ8lCRrDJpPuqd9ovV9yaOwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPvp7NYpOrHKAIWRsiUNmqm/J1IstJ6IwHYKbEZ60cvE/7xuYsJrP2UyTgyVZL4oTDgyEcoeRwOmKDF8YgkmitlbERlhhYmx8ZRsCN7iy8ukdVbzLmsXD+eV+k0eRxGO4Biq4MEV1OEOGtAEAiN4hld4c4Tz4rw7H/PWgpPPHMIfOJ8/4IyNfQ==</latexit>

O(1)
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Bound-state assisted freeze-out

WZW-free SIMP mechanism
self-depletion of mass density in the early Universe possible  

with even-numbered interactions only!

=> relaxes the requirement on the topological structure of the theory
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Comparing the rates of X-formation to free 
<latexit sha1_base64="YErjCVwskZykQyuVQ7VcXRVBvZc="></latexit>

�3⇡!X⇡

�3⇡!2⇡
=

h�3⇡!X⇡v2i
h�3⇡!2⇡v2i

⇡ | (0)|2f2
⇡

m5
⇡

x2
f . easily exceeds unity

Bound-state assisted freeze-out

guaranteed X formation
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Expectations/guesses for 

Bound-state assisted freeze-out

In analogy to QED, one may posit a scale aB “Bohr radius” 
  
For perturbative couplings

<latexit sha1_base64="R1X9wZzYyPLzTRxRR7Gi6EHTQO0=">AAACBHicdVDLTsJAFJ36RHyhLt1MJCa4aVqECjuiG5eYyCOBSqbDABOmnWZmakIKW//Arf6AO+PW/3DvhziFmojRk9zk5Jx7c+89XsioVJb1Yaysrq1vbGa2sts7u3v7uYPDpuSRwKSBOeOi7SFJGA1IQ1HFSDsUBPkeIy1vfJX4rXsiJOXBrZqExPXRMKADipHSUmfaDSUtWGfTu2Ivl7fMSqnsVKvQMq05ElK1nXMH2qmSBynqvdxnt89x5JNAYYak7NhWqNwYCUUxI7NsN5IkRHiMhqSjaYB8It14fvIMnmqlDwdc6AoUnKs/J2LkSznxPd3pIzWSv71E/MvrRGpQcWMahJEiAV4sGkQMKg6T/2GfCoIVm2iCsKD6VohHSCCsdEpLWzyPs/5Mx/L9O/yfNIum7Zjlm1K+dpkGlAHH4AQUgA0uQA1cgzpoAAw4eARP4Nl4MF6MV+Nt0bpipDNHYAnG+xe9JJjB</latexit>

| (0)|2

<latexit sha1_base64="QPysCueqa3KjI96GkUwlRN/R8WE=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKLzwFvHiMYB6QLKF3dpIMmd1ZZmaFsOTiH3jVH/AmXv0T736Ik2QPJlrQUFR1090VJIJr47pfTmFldW19o7hZ2tre2d0r7x80tUwVZQ0qhVTtADUTPGYNw41g7UQxjALBWsHoduq3HpnSXMYPZpwwP8JBzPucorFSq4siGSLplStu1Z2B/CVeTiqQo94rf3dDSdOIxYYK1LrjuYnxM1SGU8EmpW6qWYJ0hAPWsTTGiGk/m507ISdWCUlfKluxITP190SGkdbjKLCdEZqhXvam4n9eJzX9az/jcZIaFtP5on4qiJFk+jsJuWLUiLElSBW3txI6RIXU2IQWtgSBFOHExuIth/CXNM+q3mX14v68UrvJAyrCERzDKXhwBTW4gzo0gMIInuEFXp0n5815dz7mrQUnnzmEBTifP9UBlyA=</latexit>↵
<latexit sha1_base64="ZZCZsP4pZzDs+Fd0yo7x2zfWW1s="></latexit>

aB ⇠ 1/(↵µ) = 2/(↵m⇡) � 2/m⇡

Radial profiles (for n=1)

s-wave (l=0) p-wave (l=1)

<latexit sha1_base64="dpDRZW8I6oG7o+ob0Z3A55+LhDM="></latexit>

Rs(r) ' Rs(0) e
�(r/2aB), Rp(r) ' R0

p(0) r e
�(r/2aB) ,

<latexit sha1_base64="PSkWAtt4dlnL52zvTIiXvv/rI2c="></latexit>

Rs(0) =
1p
2a3B

⇠ 0.25(↵m⇡)
3/2, R0

p(0) =
1p
24a5B

⇠ 0.035(↵m⇡)
5/2

<latexit sha1_base64="IAM/DisFnnifwFMAHdtn4txTRzA="></latexit>

| (0)|/m3/2
⇡ ⇠ 0.9↵3/2=>
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CASE 1: even-numbered interactions only

Working hypothesis: 

X is a weakly bound (non-relativistic) state, such as a hadronic molecule

Bethe-Salpeter wave functions => non-relativistic Schroedinger equation

 [e.g. K.Petraki, M.Postma, J.de Vries 2016, …] 
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CASE 1: even-numbered interactions only

<latexit sha1_base64="spNzFfpbHS9CxCXHwGIXeMesorc="></latexit>

s

t�m2
⇡

/ m2
⇡

m2
X � 4m2

⇡

/ m⇡

EB
� 1

In the non-relativistic limit, one 
obtains a t-channel resonance:

additional t-channel enhancement 

radial wave function of X (s-wave) 
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CASE 1: even-numbered interactions only

<latexit sha1_base64="VABvr0PnIuo5/ETb6DKwQqnbXrQ="></latexit>

�XX!⇡⇡ =
n2
X h�XX!⇡⇡vi

n⇡

Total mass density (free and bound) reduces

mass-reduction rate

In practice, 2X→2𝝿 changes 𝝿-abundance  

fast enough when
<latexit sha1_base64="uIjme05QBusiIt05HlzI7pNuGh0=">AAACFHicbVDLSsNAFJ3UV62vqCtxM1gEVyURX7iQggu7rGDbQBPCZDJth84kYWYilBD8C//Arf6AO3Hr3r0f4rTNwrYeZuBwzr3ce0+QMCqVZX0bpaXlldW18nplY3Nre8fc3WvLOBWYtHDMYuEESBJGI9JSVDHiJIIgHjDSCYa3Y7/zSISkcfSgRgnxOOpHtEcxUlryzQP3DnGO/MxxXBVDN6H6wRzeNHyzatWsCeAisQtSBQWavvnjhjFOOYkUZkjKrm0lysuQUBQzklfcVJIE4SHqk66mEeJEetnkhBweayWEvVjoHyk4Uf92ZIhLOeKBruRIDeS8Nxb/87qp6l15GY2SVJEITwf1Ugb1seM8YEgFwYqNNEFYUL0rxAMkEFY6tZkpQRCzMNex2PMhLJL2ac2+qJ3fn1Xr10VAZXAIjsAJsMElqIMGaIIWwOAJvIBX8GY8G+/Gh/E5LS0ZRc8+mIHx9QtbHJ5Y</latexit>

�XX!⇡⇡ > H

Cross section is s-wave
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CASE 1: even-numbered interactions only

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

thermalized 

period
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CASE 1: even-numbered interactions only

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

thermalized 

period

Saha 

equilibrium
x1

<latexit sha1_base64="Kc6gTU6D1PCHY96MxYuV3Uv3UGs="></latexit>

YX =
Y 2
⇡ Y

eq
X

(Y eq
⇡ )

2

Bound-state formation maintains  

Saha equilibrium between X and pi
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CASE 1: even-numbered interactions only

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

thermalized 

period

Saha 

equilibrium
x1

mass depletion
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CASE 1: even-numbered interactions only

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

thermalized 

period

Saha 

equilibrium
x1

<latexit sha1_base64="Z0Okis1t11Zwvrzl14diGCyMLP4="></latexit>

Y �3
⇡ (x2) '

256
p
2⇡8g5/2⇤ m⇡MP h�XX!⇡⇡vi

6075
p
5x4

2

N2
X

N4
⇡

⇥
h
8 (x2)

4 Ei (2x2)� e2x2
�
3 + 2x2 + 22x2

2 + 43x3
2

�i

x2

decoupled

period
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CASE 1: even-numbered interactions only

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14

10→12

10→10

10 100

bound states

YX

YX

YXP

thermalized 

period

Saha 

equilibrium
x1 x2

decoupled

period

x2 - dependent!
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coincidence of correct relic density + interesting self scattering ballpark 

Even SIMP miracles are possible!
m

ω
/f

ω

mω (GeV)

R(0)/m3/2
ω

mω/fω > 4ω

εLO

el /mω → 2 bn/GeV

εLO

el /mω → 0.2 bn/GeV

2

4

6

8

10

12

14

10→1 100 101

0.3

1
3

even-numbered
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CASE 2: odd-numbered interactions

<latexit sha1_base64="tLAFoR8hYr5Dzqixk23V1yElqUc="></latexit>

⌦
�3⇡!2⇡v

2
↵
=

p
5N2

cm
3
⇡T

2

12800⇡5f10
⇡

<latexit sha1_base64="ltHHYsuoo5kMw1AjRbP7dhPhehE="></latexit>

h�⇡X!2⇡vi =
p
5N2

cR
0(0)2m2

⇡

512⇡6f10
⇡

T

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡
<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

<latexit sha1_base64="tTTqGxobsXTGySoi3L5YsMUqI+c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnqJ6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYc3PhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqnddvbq/rNRreRxFOIFTOAcPbqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFP+43N</latexit>⇡

derivative of radial wave function of X (p-wave) standard WZW annihilation (d-wave) 

p-wave X are available through collisional excitation
<latexit sha1_base64="3T1aB3q4p5EFl5uh+t5hNOJohvM="></latexit>nXP

nXS

= 3e�|ES�EP |T/m⇡
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mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV
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mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5
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!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5
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catalysis

CASE 2: odd-numbered interactions
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CASE 2: odd-numbered interactions

R(0)=0.5, R'(0)=0.05, κ=0.1

R(0)=0.1, R'(0)=0.05, κ=0.1

R(0)=0.5, R'(0)=0.01, κ=0.1

R(0)=0.5, R'(0)=0.05, κ=0.01

R(0)=0.5, R'(0)=0.05, κ=0.3
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8
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m
π/
f π
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3π
2π

Odd-num.
Yπ=Yobs contours:
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What bound states do

mω = 0.2 GeV, mω/fω = 5, ω = 4ωP = 0.1; εLO

el /mω = 0.2 bn/GeV

!XX→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6
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10→3

even-numbered

free 4 ↑ 2

Yω

!ωXP→ωω/H → 10↑5

!3ω→ωX/H → 10↑5

10→9

10→8

10→7

10→6

10→5

10→4

10→3

odd-numbered

free 3 ↑ 2

Yω

x = mω/T

10→20

10→18

10→16

10→14
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10 100

bound states

YX

YX

YXP

two-body process remains efficient even after pions are frozen out
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Coupling to Standard Model

SIMPs in isolation lead to 

HOT dark matter (excluded)

SIMPs must come into kinetic equilibrium with the SM plasma (=share the same temperature)

with

=> typically enables but OK, because 

HERE:  destabilizes the bound state
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Meta-stability of X

Noting that                  has units of particle flux   =>  

=>

Taking                                 , the stability requirement (X lives beyond freeze out) imposes 

upper limit on the elastic scattering rate that is needed to make Dark Matter “cold”.

=> can easily be satisfied:  retain kinetic equilibrium while maintaining sufficient 

longevity of X, paired with sub-Hubble two-body annihilation 

 => no escalated model building requirements in comparison to original works on the SIMPs

=> previously explored phenomenology remains in place
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When coupled to SM

X-catalyzed SIMP mechanism

additional X formation and breakup reactions may open  

=> the detailed balancing condition  

=> If the new processes dominate over 3π ↔ πX, detailed balancing retains its validity longer

<latexit sha1_base64="Kc6gTU6D1PCHY96MxYuV3Uv3UGs="></latexit>

YX =
Y 2
⇡ Y

eq
X

(Y eq
⇡ )

2 remains unaltered

=> x2 will be larger, and relic density smaller

Introduction of SM-interactions harbor the potential to make X-assisted 

freeze-out even more efficient, without jeopardizing the overall picture! 



2.  WIMP dead end 
OR: what is the lightest thermal DM mass?

MeV - mass WIMPs?

Chu, Kuo, JP, PRD 2022
Chu, JP  PRD 2024 



2.  Thermal MeV DM Chu, Kuo, JP, PRD 2022
Chu, JP  PRD 2024 

Well known that MeV-DM subject to Neff bound from heating by annihilation

OR

Previous treatments had to assume a branching either into EM-sector OR neutrinos:

OR: what is the lightest thermal DM mass?



2.  Thermal MeV DM 
Well known that MeV-DM subject to Neff bound from heating by annihilation

Previous treatments had to assume a branching either into EM-sector OR neutrinos:

OR: what is the lightest thermal DM mass?

100 101 102 103 104 105 106

m¬ [MeV]

0

2

4

6

8

10

b
[1

0°
25

cm
3 /

s]

Fermion DM (p-wave) Dirac (BrEM=1)

Dirac (Br∫=1)

Majorana £2 (BrEM=1)

Majorana £2 (Br∫=1)

100 101 102 103 104 105 106

m¬ [MeV]

0.0

0.5

1.0

1.5

a
[1

0°
25

cm
3 /

s]

Fermion DM (s-wave) Dirac (BrEM=1)

Dirac (Br∫=1)

Majorana £2 (BrEM=1)

Majorana £2 (Br∫=1)

<latexit sha1_base64="WXxqDZVRwVTcbUeMRgfeYQg08N4="></latexit>

h�annvi = a+ b (6T/m�,�)

Chu, Kuo, JP, PRD 2022
Chu, JP  PRD 2024 



Well known that MeV-DM subject to Neff bound from heating by annihilation

In the full picture, joint treatment of the three coupled sectors is necessary
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Chu, JP  PRD 2024 



Well known that MeV-DM subject to Neff bound from heating by annihilation

In the full picture, joint treatment of the three coupled sectors is necessary

2.  Thermal MeV DM 
OR: what is the lightest thermal DM mass?

Chu, Kuo, JP, PRD 2022
Chu, JP  PRD 2024 



Light DM freeze out 
Thermal cross section

Example: p-wave annihilation
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Light DM freeze out 
What is the lightest thermal DM mass?

Example: p-wave annihilation
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Evading Neff bound 
OR:  How low can you go?

Fine-tuned branching 

into neutrinos evades  

Neff constraint.

1 2 3 4 5 7 10 14 18
m¡ [MeV]

10°9

10°7

10°5

10°3

10°1

B
r ∫

(w
it

h
B

r E
M

'
1) NeÆ > 3.33

NeÆ < 2.66

CMB-S4

Complex Scalar (p-wave)

¢NeÆ = 0

|¢NeÆ | ∑ 0.06

BrEM : Br∫ = 104



1 2 3 4 5 7 10 14 18
m¡ [MeV]

10°9

10°7

10°5

10°3

10°1

B
r ∫

(w
it

h
B

r E
M

'
1) NeÆ > 3.33

NeÆ < 2.66

CMB-S4

Complex Scalar (p-wave)

¢NeÆ = 0

|¢NeÆ | ∑ 0.06

BrEM : Br∫ = 104

Evading Neff bound 
OR:  How low can you go?

Fine-tuned branching 

into neutrinos evades  

Neff constraint.

non-trivial temperature evolution in conflict with BBN

Application:  

thermal DM affecting  

21cm cosmology 

with millicharged DM 

(=> see paper)
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Summary
• Small-scale structure problems pertinent to LCDM may 

be a hint for DM self-interactions, naturally realized in 
theories with strongly interacting particles (SIMPs) 

• When SIMPs regulate their relic abundance in N->2  
processes, bound states — should they exist — 
significantly alter the standard picture.  

• Even-numbered SIMP-mechanism is possible 

• A comprehensive assessment of thermal MeV-scale 
DM necessitates a three-sector treatment of vastly 
changing rates => systematic formulation 

• nice application for DM affecting 21cm cosmology

Freeze-out of MeV-mass DM candidates

Thank you


