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Motivation: small scale structure problems

2

Observations of DM halos prefer self-interacting DM over 
collisionless DM: cusp-core problem

Adapted from Kaplinghat et al. [1508.03339]

<latexit sha1_base64="SzheGkQXMKk3HWpIJnaPgSXphyo="></latexit> �

m
⇠ 0.1� 1 cm2/g

The required self-interactions are strong



SIMPly add a dark photonPieter Braat 19-09-23

Motivation: small scale structure problems

3

Observations of DM halos prefer self-interacting DM over 
collisionless DM: cusp-core problem

Adapted from Kaplinghat et al. [1508.03339]

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●●

●

0.1cm
2 /g

1cm
2 /g

10cm
2 /g

P1

P1: m̃= 400 MeV

vR=108 km/s

(mR /m-2=10-7.5)

γ=10-3

σ0/m=0.1cm2/g

101 102 103 104

100

101

102

103

<v> (km/s)

<
σ

v
>
/m

(c
m

2
/g

×
km

/s
)

Adapted from Chu et al. [1810.04709]
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m
⇠ 0.1� 1 cm2/g

Resonant ( -wave) scattering can provide good fit to the datap
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The required self-interactions are strong
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Dark pions and photons

4

Dark QCD: dark sector with a dark  gauge symmetry 
and   dark quark flavours 

SU(Nc)
Nf

At low energies, phenomenology described by dark pions  
that make up the DM (  of them)

π′ 

N2
f − 1
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For  the Wess-Zumino-Witten (WZW) term is non-
vanishing:

Nf ≥ 3
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Dark matter: pions
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Dark pions and photons
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Dark QCD: dark sector with a dark  gauge symmetry 
and   dark quark flavours 
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At low energies, phenomenology described by dark pions  
that make up the DM (  of them)
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For  the Wess-Zumino-Witten (WZW) term is non-
vanishing:

Nf ≥ 3
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Dark matter: pions Resonance: dark photon
Dark copy of , but with a massive gauge boson with 
mass close to twice the dark pion mass

U(1)d
<latexit sha1_base64="4czGf4XGxgiE67H+N5xt93N3TeI="></latexit>

mV = m⇡(2 + �m)

<latexit sha1_base64="cjLJKMszmI/9tl+Pdp5dnm7uogw="></latexit>

LV = �1

4
V 2
µ⌫ � 1

2
mV V

2
µ + 2igDV µTr(Q[⇡, @µ⇡])| {z }

dark sector

� ✏VµJ
µ
SM| {z }

SM
<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM
<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM

<latexit sha1_base64="qXwmGXsHhROAq2920OmlFcNhuK0="></latexit>

Q = diag(1,�1, 1,�1, ...)

<latexit sha1_base64="NdY02cJuwLMzFn1jYXnh1v1/FTc="></latexit>

V

⇡

⇡

<latexit sha1_base64="P4wgkH3UrYuxn4lMqCxV3/hJXtw="></latexit>

V
�

<latexit sha1_base64="OMOZeb0p3tejtT1lzVgqkJAlyBA=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZwT6gDWUynbRjJ5MwMxFK6D+4caGIW//HnX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgsbvU0oX6ER4KFjGBtpHZfs4iqQbHk2K5XqTkecuyy69VrVUMqF65b9pBrOwuUYIXmoPjeH8YkjajQhGOleq6TaD/DUjPC6azQTxVNMJngEe0ZKrBZ4meLa2fozChDFMbSlNBooX6fyHCk1DQKTGeE9Vj99ubiX14v1WHdz5hIUk0FWS4KU450jOavoyGTlGg+NQQTycytiIyxxESbgAomhK9P0f+kXTZB2dWbaqlxuYojDydwCufgQg0acA1NaAGBO3iAJ3i2YuvRerFel605azVzDD9gvX0CHRqPgg==</latexit>⇥

<latexit sha1_base64="tUiT4YVY+WpPRHY90/sQpBbfQQc="></latexit>

⇡V

⇡

⇡<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM
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Dark pions and photons
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Dark QCD: dark sector with a dark  gauge symmetry 
and   dark quark flavours 

SU(Nc)
Nf

At low energies, phenomenology described by dark pions  
that make up the DM (  of them)

π′ 

N2
f − 1

<latexit sha1_base64="AV1AxZq+8bHLhtp6ffftB8ECk0E=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgaphp67QboejGZYW+oDMtmUzahmYeJBmhDF248VfcuFDErR/hzr8x01ZQ0QNJDufcS+49XsyokKb5oeXW1jc2t/LbhZ3dvf0D/fCoI6KEY9LGEYt4z0OCMBqStqSSkV7MCQo8Rrre9Crzu7eECxqFLTmLiRugcUhHFCOppKFedLyI+WIWqAc6MYUX2T1AsDVAQ71kGpZdqZk2NI2yZddrVUUq55ZVtqFlmAuUwArNof7u+BFOAhJKzJAQfcuMpZsiLilmZF5wEkFihKdoTPqKhiggwk0XS8zhqVJ8OIq4OqGEC/V7R4oCkc2pKgMkJ+K3l4l/ef1EjupuSsM4kSTEy49GCYMyglki0KecYMlmiiDMqZoV4gniCEuVW0GF8LUp/J90yiooo3pTLTUuV3HkQRGcgDNggRpogGvQBG2AwR14AE/gWbvXHrUX7XVZmtNWPcfgB7S3T86Il5M=</latexit>

⇡ = ⇡aT a

<latexit sha1_base64="lkRlYP+ylX3XXteGA1Ez/t9nNlk=">AAACBnicdVDLSsNAFJ3UV62vqEsRBovgKiRtTbssunHhokJf0JQymU7aoZMHMxOhhKzc+CtuXCji1m9w5984SSuo6IELh3Pu5d573IhRIU3zQyusrK6tbxQ3S1vbO7t7+v5BV4Qxx6SDQxbyvosEYTQgHUklI/2IE+S7jPTc2WXm924JFzQM2nIekaGPJgH1KEZSSSP92PGRnGLEkut0lDh4SnOB+0mrnaYjvWwall2tmzY0jYplN+o1RarnllWxoWWYOcpgidZIf3fGIY59EkjMkBADy4zkMEFcUsxIWnJiQSKEZ2hCBooGyCdimORvpPBUKWPohVxVIGGufp9IkC/E3HdVZ3aj+O1l4l/eIJZeY5jQIIolCfBikRczKEOYZQLHlBMs2VwRhDlVt0I8RRxhqZIrqRC+PoX/k25FBWXUbmrl5sUyjiI4AifgDFigDprgCrRAB2BwBx7AE3jW7rVH7UV7XbQWtOXMIfgB7e0TxOmZ/Q==</latexit>

L�PT

<latexit sha1_base64="1l6Cv+45dguIKszCcZSIYQZ6lFo="></latexit>

= Tr(@µ⇡@
µ⇡)�m2

⇡Tr(⇡
2)

| {z }
kinetic

+
⇠2

m2
⇡

O(⇡4) +
⇠4

m4
⇡

O(⇡6) + ...

| {z }
self�interactions

<latexit sha1_base64="1l6Cv+45dguIKszCcZSIYQZ6lFo="></latexit>

= Tr(@µ⇡@
µ⇡)�m2

⇡Tr(⇡
2)

| {z }
kinetic

+
⇠2

m2
⇡

O(⇡4) +
⇠4

m4
⇡

O(⇡6) + ...

| {z }
self�interactions

<latexit sha1_base64="bVmAX0rLO8KAtruF0tTPyyJOz08="></latexit>

+
m2

⇡

f2
⇡

O(⇡4)

<latexit sha1_base64="HLEJToHB19dwNJEiVUhkoJjEZto="></latexit>

LWZW =
2Nc

15⇡2f5
⇡

✏µ⌫⇢�Tr(⇡@µ⇡@⌫⇡@⇢⇡@�⇡)

For  the Wess-Zumino-Witten (WZW) term is non-
vanishing:

Nf ≥ 3

<latexit sha1_base64="BohtigKuJECMgiO6/WwDtC1MyVU=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0jamvZY9OKxirWFNJTNdtsu3WTD7kQpoT/DiwdFvPprvPlv3H4IKvpg4PHeDDPzwkRwDY7zYeVWVtfWN/Kbha3tnd294v7BrZapoqxFpZCqExLNBI9ZCzgI1kkUI1EoWDscX8z89h1Tmsv4BiYJCyIyjPmAUwJG8rvXfDgCopS87xVLju16lZrjYccuu169VjWkcua6ZQ+7tjNHCS3R7BXfu31J04jFQAXR2nedBIKMKOBUsGmhm2qWEDomQ+YbGpOI6SCbnzzFJ0bp44FUpmLAc/X7REYirSdRaDojAiP925uJf3l+CoN6kPE4SYHFdLFokAoMEs/+x32uGAUxMYRQxc2tmI6IIhRMSgUTwten+H9yWzZB2dWraqlxvowjj47QMTpFLqqhBrpETdRCFEn0gJ7QswXWo/VivS5ac9Zy5hD9gPX2Cff7kbs=</latexit>) SIMPs! 

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡ <latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

Dark matter: pions Resonance: dark photon
Dark copy of , but with a massive gauge boson with 
mass close to twice the dark pion mass

U(1)d
<latexit sha1_base64="4czGf4XGxgiE67H+N5xt93N3TeI="></latexit>

mV = m⇡(2 + �m)

<latexit sha1_base64="cjLJKMszmI/9tl+Pdp5dnm7uogw="></latexit>

LV = �1

4
V 2
µ⌫ � 1

2
mV V

2
µ + 2igDV µTr(Q[⇡, @µ⇡])| {z }

dark sector

� ✏VµJ
µ
SM| {z }

SM
<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM
<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM

<latexit sha1_base64="qXwmGXsHhROAq2920OmlFcNhuK0="></latexit>

Q = diag(1,�1, 1,�1, ...)

<latexit sha1_base64="zyJaxBMUB3EeZEaVJcz2xiFn8bI="></latexit>

+2igDV µTr(Q[⇡, @µ⇡])� i
NcgD
3⇡2f3

⇡

✏µ⌫⇢�VµTr(Q@⌫⇡@⇢⇡@�⇡)

| {z }
dark sector

� ✏VµJ
µ
SM| {z }

SM

<latexit sha1_base64="NdY02cJuwLMzFn1jYXnh1v1/FTc="></latexit>

V

⇡

⇡

<latexit sha1_base64="P4wgkH3UrYuxn4lMqCxV3/hJXtw="></latexit>

V
�

<latexit sha1_base64="OMOZeb0p3tejtT1lzVgqkJAlyBA=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZwT6gDWUynbRjJ5MwMxFK6D+4caGIW//HnX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgsbvU0oX6ER4KFjGBtpHZfs4iqQbHk2K5XqTkecuyy69VrVUMqF65b9pBrOwuUYIXmoPjeH8YkjajQhGOleq6TaD/DUjPC6azQTxVNMJngEe0ZKrBZ4meLa2fozChDFMbSlNBooX6fyHCk1DQKTGeE9Vj99ubiX14v1WHdz5hIUk0FWS4KU450jOavoyGTlGg+NQQTycytiIyxxESbgAomhK9P0f+kXTZB2dWbaqlxuYojDydwCufgQg0acA1NaAGBO3iAJ3i2YuvRerFel605azVzDD9gvX0CHRqPgg==</latexit>⇥

<latexit sha1_base64="tUiT4YVY+WpPRHY90/sQpBbfQQc="></latexit>

⇡V

⇡

⇡

Minimal setup: parameters
<latexit sha1_base64="KmFZa1o81h7LLaYidOu4lqUrLHY="></latexit>

{m⇡, f⇡, gD, �m, ✏}
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Relic abundance
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We wish to produce the DM relic density

Solve the Boltzmann equation that contains two contributions:

• SIMP-like  interactions within dark sector

• WIMP-like  annihilations to SM states ( -suppressed, 
but resonantly enhanced)

3 → 2

2 → 2 ϵ2

Planck collaboration (2018)

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡ <latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR 0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="/i56Z7QdsNA4rv81NEch8wCrhCk="></latexit>

ṅ+ 3Hn = �h�v2i3!2(n
3 � n

2
neq)| {z }

dark sector

�h�vi2!2(n
2 � neq)| {z }

DM DM!SM

<latexit sha1_base64="Rfwre/trccC7RDcmxUTqDnUCF/0="></latexit>

⇡ f̄

⇡ f

V

<latexit sha1_base64="2FgCf6ORQxdbT4hBwOKRtpFKiGQ="></latexit>⇡

⇡

⇡ ⇡

⇡
V

<latexit sha1_base64="DReSe29j3X6uQgQuwyo/MNiZg8k="></latexit>

⌦DMh2 = 0.12010
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Relic abundance

8

We wish to produce the DM relic density

Solve the Boltzmann equation that contains two contributions:

• SIMP-like  interactions within dark sector

• WIMP-like  annihilations to SM states ( -suppressed, 
but resonantly enhanced)

3 → 2

2 → 2 ϵ2

Planck collaboration (2018)

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡ <latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

<latexit sha1_base64="cBFsREt68K3QmR3b9C3nbzB+qN8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRtTbssunFZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw8qtrW9sbuW3Czu7e/sHxcOjtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCydXc79xTqVgs7vQ0oX6ER4KFjGBtpNt+wgbFkmO7XqXmeMixy65Xr1UNqVy4btlDru0sUIIVmoPie38YkzSiQhOOleq5TqL9DEvNCKezQj9VNMFkgke0Z6jAEVV+tjh1hs6MMkRhLE0JjRbq94kMR 0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlSMdo/jcaMkmJ5lNDMJHM3IrIGEtMtEmnYEL4+hT9T9plE5RdvamWGperOPJwAqdwDi7UoAHX0IQWEBjBAzzBs8WtR+vFel225qzVzDH8gPX2Cbadjhs=</latexit>⇡

WZW-only
WZW + 2->2
2->2 only
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10-11
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<latexit sha1_base64="/i56Z7QdsNA4rv81NEch8wCrhCk="></latexit>

ṅ+ 3Hn = �h�v2i3!2(n
3 � n

2
neq)| {z }

dark sector

�h�vi2!2(n
2 � neq)| {z }

DM DM!SM

In dimensionless quantities:

<latexit sha1_base64="tDxed4vfVnZYoMEaOJK3mI5dQJ4="></latexit>

dY

dx
= ��3!2

x7
(Y 3 � YeqY

2)� �2!2p
x

e��mx(Y 2 � Y 2
eq)

Extended period of (slow) freeze-out until
<latexit sha1_base64="JzBJumn+9GdGkq2+fQkn+kQudpw=">AAAB/HicdVDLSgMxFM3UV62vapdugkVw4zBpa9tl0Y3LCvYB7VgymUwbmswMSUYsQ/0VNy4UceuHuPNvTB+Cih64cDjnXu69x4s5U9pxPqzMyura+kZ2M7e1vbO7l98/aKsokYS2SMQj2fWwopyFtKWZ5rQbS4qFx2nHG1/M/M4tlYpF4bWexNQVeBiygBGsjTTIF+76ignY9ynXGIqb9BRNB/miY6NqueZUoWOXULVeqxhSPkOoVIXIduYogiWag/x7349IImioCcdK9ZATazfFUjPC6TTXTxSNMRnjIe0ZGmJBlZvOj5/CY6P4MIikqVDDufp9IsVCqYnwTKfAeqR+ezPxL6+X6KDupiyME01DslgUJBzqCM6SgD6TlGg+MQQTycytkIywxESbvHImhK9P4f+kXTJB2ZWrSrFxvowjCw7BETgBCNRAA1yCJmgBAibgATyBZ+veerRerNdFa8ZazhTAD1hvn1t1lJs=</latexit>

x ⇠ �m�1

<latexit sha1_base64="Rfwre/trccC7RDcmxUTqDnUCF/0="></latexit>

⇡ f̄

⇡ f

V

<latexit sha1_base64="2FgCf6ORQxdbT4hBwOKRtpFKiGQ="></latexit>⇡

⇡

⇡ ⇡

⇡
V

<latexit sha1_base64="DReSe29j3X6uQgQuwyo/MNiZg8k="></latexit>

⌦DMh2 = 0.12010

<latexit sha1_base64="n6qa5uIq+BTcrFZBbNYIIx5c96s="></latexit>

Y ⌘ nDM

s

<latexit sha1_base64="R3S4487xS81yvI3BH9EuC1SlliA="></latexit>

x =
m

T
,
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Viable parameter space

9

Kinetic mixing  is constrained by different probes:

• Require dark and SM sectors be in thermal equilibrium at 
freeze-out

• Cosmological bounds:

- Photodisintegration of light elements (BBN)

- Energy injection in CMB

• Direct detection: beam dump experiments

ϵ

<latexit sha1_base64="OVp6OAP1cQwXJoq8rNINFn2t7R0="></latexit>

� = nSMh�vi⇡e!⇡e . H

<latexit sha1_base64="4cfhq5eTatL4EiatQ0wOD4TbYdM=">AAACA3icdVBLSwMxGMz6rPW16k0vwSLUS9lt67bHogd7rGAf0JYlm2bb0GR3SbJiWQpe/CtePCji1T/hzX9juq2gogOBycx8JN94EaNSWdaHsbS8srq2ntnIbm5t7+yae/stGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXvji5nfviFC0jC4VpOI9DkaBtSnGCktueZh7xJxjvK3rn8Ke0OlkxzW06tr5qyC7ZQqlgOtQtF2qpWyJqUz2y460C5YKXJggYZrvvcGIY45CRRmSMqubUWqnyChKGZkmu3FkkQIj9GQdDUNECeyn6Q7TOGJVgbQD4U+gYKp+n0iQVzKCfd0kiM1kr+9mfiX142VX+0nNIhiRQI8f8iPGVQhnBUCB1QQrNhEE4QF1X+FeIQEwkrXltUlfG0K/yetoi6qUL4q52rnizoy4AgcgzywQQXUQB00QBNgcAcewBN4Nu6NR+PFeJ1Hl4zFzAH4AePtE4HPltI=</latexit>

�(xf ) & H(xf )

<latexit sha1_base64="SZ83oKz5u09pB8Y3J2khVJIvizU="></latexit>

pann = f(z)
h�vi⇡⇡!e+e�

m⇡
< 3.3⇥ 10�31cm3s�1MeV�1

Planck collaboration (2018)

<latexit sha1_base64="3Y87VVj4svYaDUOjrvg080rhXw8="></latexit> ⇡ ⇡

e� e�

V

<latexit sha1_base64="ysxcuShltqsNIX7mElmWNWMrN84="></latexit>

⇡

⇡

e+

e�

V

PB [2309.xxxxx]
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Viable parameter space

10

Kinetic mixing  is constrained by different probes:

• Require dark and SM sectors be in thermal equilibrium at 
freeze-out

• Cosmological bounds:

- Photodisintegration of light elements (BBN)

- Energy injection in CMB

• Direct detection: beam dump experiments

ϵ

<latexit sha1_base64="OVp6OAP1cQwXJoq8rNINFn2t7R0="></latexit>

� = nSMh�vi⇡e!⇡e . H

<latexit sha1_base64="4cfhq5eTatL4EiatQ0wOD4TbYdM=">AAACA3icdVBLSwMxGMz6rPW16k0vwSLUS9lt67bHogd7rGAf0JYlm2bb0GR3SbJiWQpe/CtePCji1T/hzX9juq2gogOBycx8JN94EaNSWdaHsbS8srq2ntnIbm5t7+yae/stGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXvji5nfviFC0jC4VpOI9DkaBtSnGCktueZh7xJxjvK3rn8Ke0OlkxzW06tr5qyC7ZQqlgOtQtF2qpWyJqUz2y460C5YKXJggYZrvvcGIY45CRRmSMqubUWqnyChKGZkmu3FkkQIj9GQdDUNECeyn6Q7TOGJVgbQD4U+gYKp+n0iQVzKCfd0kiM1kr+9mfiX142VX+0nNIhiRQI8f8iPGVQhnBUCB1QQrNhEE4QF1X+FeIQEwkrXltUlfG0K/yetoi6qUL4q52rnizoy4AgcgzywQQXUQB00QBNgcAcewBN4Nu6NR+PFeJ1Hl4zFzAH4AePtE4HPltI=</latexit>

�(xf ) & H(xf )

<latexit sha1_base64="SZ83oKz5u09pB8Y3J2khVJIvizU="></latexit>

pann = f(z)
h�vi⇡⇡!e+e�

m⇡
< 3.3⇥ 10�31cm3s�1MeV�1

Planck collaboration (2018)

<latexit sha1_base64="3Y87VVj4svYaDUOjrvg080rhXw8="></latexit> ⇡ ⇡

e� e�

V

<latexit sha1_base64="ysxcuShltqsNIX7mElmWNWMrN84="></latexit>

⇡

⇡

e+

e�

V

PB [2309.xxxxx]

<latexit sha1_base64="zALteBk3/QpiHAQF3Ti9vjF3Wr8="></latexit>
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Fixed

<latexit sha1_base64="SyeMvjb/KgozAtbmSo3SDhgtIvc="></latexit>

�m = 10�7.5

<latexit sha1_base64="8jxX9yT9aoefZlqSq2cnYfMCNbA="></latexit>

�/m = 0.11 cm2/g
<latexit sha1_base64="3mKjwawkgV0hcOMiCb2tkEYeo6o="></latexit>

gD = 0.21
⇣ m⇡

100 MeV

⌘3/2

<latexit sha1_base64="/i56Z7QdsNA4rv81NEch8wCrhCk="></latexit>ṅ
+
3
H
n
=

�
h
�
v
2i

3!
2 (
n
3�

n
2
n
eq )

|
{z

}
d
a
rk

secto
r

�
h
�
vi

2!
2 (
n
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n
eq )

|
{z

}
D
M

D
M

!
S
M

(fixes       )
<latexit sha1_base64="43n+sntguuc7dw3JWSYuedfSBXM=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchaRY24KLghuXFewDmhAm00k7dDIJMxMhhPorblwo4tYPceffOE0r+DxwuYdz7mXunCBhVCrbfjdWVtfWNzZLW+Xtnd29ffPgsCfjVGDSxTGLxSBAkjDKSVdRxcggEQRFASP9YHo59/u3REga8xuVJcSL0JjTkGKktOSbFTcUCOeR7yZ0lodF882qbdVajWa9BX8Tx7ILVMESHd98c0cxTiPCFWZIyqFjJ8rLkVAUMzIru6kkCcJTNCZDTTmKiPTy4vgZPNHKCIax0MUVLNSvGzmKpMyiQE9GSE3kT28u/uUNUxU2vZzyJFWE48VDYcqgiuE8CTiigmDFMk0QFlTfCvEE6TSUzqusQ/j8Kfyf9GqWc27Vr8+q7YtlHCVwBI7BKXBAA7TBFeiALsAgA/fgETwZd8aD8Wy8LEZXjOVOBXyD8foBK5WVyA==</latexit>m⇡

f⇡
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Viable parameter space
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Kinetic mixing  is constrained by different probes:

• Require dark and SM sectors be in thermal equilibrium at 
freeze-out

• Cosmological bounds:

- Photodisintegration of light elements (BBN)

- Energy injection in CMB

• Direct detection: beam dump experiments

ϵ

<latexit sha1_base64="OVp6OAP1cQwXJoq8rNINFn2t7R0="></latexit>

� = nSMh�vi⇡e!⇡e . H

<latexit sha1_base64="4cfhq5eTatL4EiatQ0wOD4TbYdM=">AAACA3icdVBLSwMxGMz6rPW16k0vwSLUS9lt67bHogd7rGAf0JYlm2bb0GR3SbJiWQpe/CtePCji1T/hzX9juq2gogOBycx8JN94EaNSWdaHsbS8srq2ntnIbm5t7+yae/stGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXvji5nfviFC0jC4VpOI9DkaBtSnGCktueZh7xJxjvK3rn8Ke0OlkxzW06tr5qyC7ZQqlgOtQtF2qpWyJqUz2y460C5YKXJggYZrvvcGIY45CRRmSMqubUWqnyChKGZkmu3FkkQIj9GQdDUNECeyn6Q7TOGJVgbQD4U+gYKp+n0iQVzKCfd0kiM1kr+9mfiX142VX+0nNIhiRQI8f8iPGVQhnBUCB1QQrNhEE4QF1X+FeIQEwkrXltUlfG0K/yetoi6qUL4q52rnizoy4AgcgzywQQXUQB00QBNgcAcewBN4Nu6NR+PFeJ1Hl4zFzAH4AePtE4HPltI=</latexit>

�(xf ) & H(xf )

<latexit sha1_base64="SZ83oKz5u09pB8Y3J2khVJIvizU="></latexit>

pann = f(z)
h�vi⇡⇡!e+e�

m⇡
< 3.3⇥ 10�31cm3s�1MeV�1

Planck collaboration (2018)

Viable model for  quarks!Nf = 4

<latexit sha1_base64="3Y87VVj4svYaDUOjrvg080rhXw8="></latexit> ⇡ ⇡

e� e�
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<latexit sha1_base64="ysxcuShltqsNIX7mElmWNWMrN84="></latexit>
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⇡
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V

PB, Marieke Postma [2301.04513]
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f⇡
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• Observations of DM halos hint at DM with strong self-interactions: small scale structure problems

• Velocity-dependent DM self-interactions can account for small scale structure problems at different scales 
(galaxies/clusters) 

• A minimal setup containing dark pion and resonantly produced dark photons naturally gives the correct self-
interactions (strength and velocity dependence), at the expense of a highly tuned photon mass

• As a result of the small mass splitting of the dark photons, DM freeze-out occurs over an extended period of time

• A viable setup evading BBN, thermalisation and direct detection bounds is obtained for  quarksNf = 4

Conclusions
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Thank you!
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Backup
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BBN bounds
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DM annihilations after the end of BBN can disintegrate formed light 
element abundances

Effect of resonant annihilations with small mass splittings has not been 
explored: can have effective energy injection at late times

s-wave p-wave
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Self-interactions
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The pions have a constant contact interaction

Dark photon exchange gives velocity dependence
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vR = 108 km/s

Peak position dictates mass splitting

extremely small!
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Self-interaction cross section contains a constant part and Breit-
Wigner shape for resonance
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V

4 out of 5 parameters of the model  can 
be expressed in terms of 1 parameter ( )

{mπ, ξ, gD, δm}
mπ

<latexit sha1_base64="BohtigKuJECMgiO6/WwDtC1MyVU=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0jamvZY9OKxirWFNJTNdtsu3WTD7kQpoT/DiwdFvPprvPlv3H4IKvpg4PHeDDPzwkRwDY7zYeVWVtfWN/Kbha3tnd294v7BrZapoqxFpZCqExLNBI9ZCzgI1kkUI1EoWDscX8z89h1Tmsv4BiYJCyIyjPmAUwJG8rvXfDgCopS87xVLju16lZrjYccuu169VjWkcua6ZQ+7tjNHCS3R7BXfu31J04jFQAXR2nedBIKMKOBUsGmhm2qWEDomQ+YbGpOI6SCbnzzFJ0bp44FUpmLAc/X7REYirSdRaDojAiP925uJf3l+CoN6kPE4SYHFdLFokAoMEs/+x32uGAUxMYRQxc2tmI6IIhRMSgUTwten+H9yWzZB2dWraqlxvowjj47QMTpFLqqhBrpETdRCFEn0gJ7QswXWo/VivS5ac9Zy5hD9gPX2Cff7kbs=</latexit>)

Adapted from Chu et al. [1810.04709]
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Resonance effect on relic density
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 cross section is also resonantly enhanced3 → 2
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Without resonance, it is hard to produce the correct relic 
density while evading bounds

Adding the resonance opens up part of the parameter 
space!

PB, Marieke Postma [2301.04513]
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Dropping small scale structure
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Model also works for other choice of parameters, but cannot address 
small scale issues

PB, Marieke Postma [2301.04513]
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�m = 10�3

Resonance is strong, need large  or  to stay in SIMP-regimeαd ξ


