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DARK MATTER STABILITY:
The proton lifetime is long:

⌧p > 1034 y
<latexit sha1_base64="zJPZt+YP9lbYv5Z6HNeoXhPv8SQ=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBhZREBV2IFNy4ESraBzQxTKaTdujkwcxEKCG48VfcuFDErV/hzp2f4vSx0NYDFw7n3Mu99/gJZ1JZ1pcxMzs3v7BYWCour6yurZsbm3UZp4LQGol5LJo+lpSziNYUU5w2E0Fx6HPa8HsXA79xT4VkcXSr+gl1Q9yJWMAIVlryzG1H4dRL0Dmyrbvs6Dh3DjJHhKife2bJKltDoGlij0mpgq5uvgGg6pmfTjsmaUgjRTiWsmVbiXIzLBQjnOZFJ5U0waSHO7SlaYRDKt1s+EKO9rTSRkEsdEUKDdXfExkOpeyHvu4MserKSW8g/ue1UhWcuhmLklTRiIwWBSlHKkaDPFCbCUoU72uCiWD6VkS6WGCidGpFHYI9+fI0qR+WbatsX+s0zmCEAuzALuyDDSdQgUuoQg0IPMATvMCr8Wg8G2/G+6h1xhjPbMEfGB8/wYKX4A==</latexit><latexit sha1_base64="bbZrK0KmA5VkKiEv0eKQ5l2idxE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISFXQhUhDEjVDRPqCJYTKdtEMnkzAzEUIIbvwVNy4UcetXuPMr/AWnj4W2HrhwOOde7r3HjxmVyrK+jMLM7Nz8QnGxtLS8srpmrm80ZJQITOo4YpFo+UgSRjmpK6oYacWCoNBnpOn3zwd+854ISSN+q9KYuCHqchpQjJSWPHPLUSjxYngGbesuOzzKnf3MESFMc88sWxVrCDhN7DEpV+HVzXffvah55qfTiXASEq4wQ1K2bStWboaEopiRvOQkksQI91GXtDXlKCTSzYYv5HBXKx0YREIXV3Co/p7IUChlGvq6M0SqJye9gfif105UcOJmlMeJIhyPFgUJgyqCgzxghwqCFUs1QVhQfSvEPSQQVjq1kg7Bnnx5mjQOKrZVsa91GqdghCLYBjtgD9jgGFTBJaiBOsDgATyBF/BqPBrPxpvxPmotGOOZTfAHxscPPqGY/Q==</latexit><latexit sha1_base64="bbZrK0KmA5VkKiEv0eKQ5l2idxE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISFXQhUhDEjVDRPqCJYTKdtEMnkzAzEUIIbvwVNy4UcetXuPMr/AWnj4W2HrhwOOde7r3HjxmVyrK+jMLM7Nz8QnGxtLS8srpmrm80ZJQITOo4YpFo+UgSRjmpK6oYacWCoNBnpOn3zwd+854ISSN+q9KYuCHqchpQjJSWPHPLUSjxYngGbesuOzzKnf3MESFMc88sWxVrCDhN7DEpV+HVzXffvah55qfTiXASEq4wQ1K2bStWboaEopiRvOQkksQI91GXtDXlKCTSzYYv5HBXKx0YREIXV3Co/p7IUChlGvq6M0SqJye9gfif105UcOJmlMeJIhyPFgUJgyqCgzxghwqCFUs1QVhQfSvEPSQQVjq1kg7Bnnx5mjQOKrZVsa91GqdghCLYBjtgD9jgGFTBJaiBOsDgATyBF/BqPBrPxpvxPmotGOOZTfAHxscPPqGY/Q==</latexit><latexit sha1_base64="IUzu0swuOBhneL9fAL8pzqOY4X0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ImKuhCpODGZQX7gCaGyXTSDp1MwsxEKCG48VfcuFDErV/hzr9x2mahrQcuHM65l3vvCRLOlEbo2yotLC4tr5RXK2vrG5tb9vZOS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB8Hrstx+oVCwWd3qUUC/CfcFCRrA2km/vuRqnfgKvoIPus9Oz3D3OXBnBUe7bVVRDE8B54hSkCgo0fPvL7cUkjajQhGOlug5KtJdhqRnhNK+4qaIJJkPcp11DBY6o8rLJCzk8NEoPhrE0JTScqL8nMhwpNYoC0xlhPVCz3lj8z+umOrzwMiaSVFNBpovClEMdw3EesMckJZqPDMFEMnMrJAMsMdEmtYoJwZl9eZ60TmoOqjm3qFq/LOIog31wAI6AA85BHdyABmgCAh7BM3gFb9aT9WK9Wx/T1pJVzOyCP7A+fwA6F5YA</latexit>

This follows from accidental baryon number 
conservation of the SM lagrangian:
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New ``dark’’ forces:

DM is an accidentally stable dark-hadron

Cosmological stability of DM is often obtained imposing 
ad hoc global symmetries. In supersymmetry:

R-parity:

Can DM be accidentally stable as the proton?
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The visible sector couples minimally to the dark 
sector through gauge and Yukawa interactions:
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Accidental symmetries:

• Dark-Baryon number

• Dark-Species number 

B = ✏i1i1...inQ{↵1
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Dark baryons robustly cosmologically stable:

⌧p ⇠ 8⇡⇤4

M5
DM

= 1026 s

✓
⇤

Mp

◆4 ✓100TeV

MDM

◆5

<latexit sha1_base64="3aFxRVk6QskgDVkP63/QqMfNNnk="></latexit>



Models
- Q-complex (SU(N) fundamental)
Baryons and anti-baryons are different particles that can 
be produced thermally or through an asymmetry. 

- Q-real (SO(N) fundamental)
Baryon and anti-baryons are the same particle so 2 DM 
particles can annihilate. DM cannot be asymmetric.

- Q-adjoint
DM is a bound state of dark quarks and dark gluons.

[Contino, Mitridate, Podo, MR, 2018]

[Antipin, MR, Strumia Vigiani, 2015]
[Mitridate, MR, Smirnov, Strumia, 2017]

http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975


- Light Dark Quarks: (mQ < ⇤DC)
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[Antipin, MR, Strumia Vigiani, 2015]

http://arxiv.org/abs/arXiv:1811.06975


SU(N) classification:

- SU(N) asymptotically free 

- No Landau poles below the Planck scale.

- Lightest dark-baryon with Q=Y=0

- No unwanted stable particles
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DM could also be asymmetric with lower mass.
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⇤DC

7⇤DC

2mQ

NDC mQ

Dark glueballs

Dark mesons

Dark baryons

mQ

- Heavy Dark Quarks: (mQ > ⇤DC)

[Mitridate, MR, Smirnov, Strumia, 2017]
[Contino, Mitridate, Podo, MR, 2018]

http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975


Detailed predictions depend on the strongly coupled 
dynamics of SU(N) or SO(N) gauge theories:

- Spectrum of lightest hadrons

- Electric and magnetic dipole moments

- Annihilation cross-section
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Determines DM thermal abundance and indirect detection. 
Possible non-standard cosmologies.



Dark Nuclei
If DM is made of dark SU(N) baryons, heavier stable 
nuclei likely exist and can be produced. 

Dark deuterium:

- Dark Nucleo-synthesis

- Indirect Detection Signals

[MR, Tesi, 2018]

[Mahbubani, MR, Tesi, 2019]

http://arxiv.org/abs/arXiv:1812.08784
http://arxiv.org/abs/arXiv:1908.00538
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Dark Nucleosynthesis can be computed by solving equations 
analogous to BBN. Focusing on asymmetric DM:
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Deuterium starts forming at T~EB/20:

Need cross-sections…

D : N +N � D +X
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T : D +N � T +X , D +D � T +N
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. . .
<latexit sha1_base64="61xIrpxYKhWZfnVViDnCTfULqZI=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIq6MFDwYvHCqYttKFstpt26WYTdl+EEvobvHhQxKs/yJv/xm2bg7YOLAwzb9j3JkylMOi6387a+sbm1nZpp7y7t39wWDk6bpkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8d3Mbz9xbUSiHnGS8iCmQyUiwShaye8NEjT9StWtuXOQVeIVpAoFmv3Kl82xLOYKmaTGdD03xSCnGgWTfFruZYanlI3pkHctVTTmJsjny07JuVUGJEq0fQrJXP2dyGlszCQO7WRMcWSWvZn4n9fNMLoJcqHSDLlii4+iTBJMyOxyMhCaM5QTSyjTwu5K2IhqytD2U7YleMsnr5JWveZd1uoPV9XGbVFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HYnTNKTIn8AfO5w/w6I7A</latexit>



We can compute the x-sec from “first principles”:

EB

M⇡
⌧ 1

<latexit sha1_base64="a5CjAtAI5YMO530/YIzhwzPs7YA=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJqqDLUhHcCBXsA5oQJtNJO3TyYGYilJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPn3AmlWV9G6WV1bX1jfJmZWt7Z3fP3D/oyDgVhLZJzGPR87GknEW0rZjitJcIikOf064/vp763UcqJIujBzVJqBviYcQCRrDSkmceOYHABGU3XjPP7jwnYbnDObI9s2rVrBnQMrELUoUCLc/8cgYxSUMaKcKxlH3bSpSbYaEY4TSvOKmkCSZjPKR9TSMcUulmswdydKqVAQpioStSaKb+nshwKOUk9HVniNVILnpT8T+vn6rgys1YlKSKRmS+KEg5UjGapoEGTFCi+EQTTATTtyIywjoRpTOr6BDsxZeXSades89r9fuLaqNZxFGGYziBM7DhEhpwCy1oA4EcnuEV3own48V4Nz7mrSWjmDmEPzA+fwDVuZXp</latexit>

Effective theory of nucleons
E ⌧ M⇡

<latexit sha1_base64="dyqCHaZYk5hdRIl49JdHSlSbG2A=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBC9CBfuBTSib7bRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHWcKoYNFotYtUOqUXCJDcONwHaikEahwFY4up76rSdUmsfywYwTDCI6kLzPGTVWerzxhSB3XT/h3XLFrbozkGXi5aQCOerd8pffi1kaoTRMUK07npuYIKPKcCZwUvJTjQllIzrAjqWSRqiDbHbxhJxYpUf6sbIlDZmpvycyGmk9jkLbGVEz1IveVPzP66SmfxlkXCapQcnmi/qpICYm0/dJjytkRowtoUxxeythQ6ooMzakkg3BW3x5mTTPqp5b9e7PK7WrPI4iHMExnIIHF1CDW6hDAxhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP9DJkFg=</latexit><latexit sha1_base64="dyqCHaZYk5hdRIl49JdHSlSbG2A=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBC9CBfuBTSib7bRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHWcKoYNFotYtUOqUXCJDcONwHaikEahwFY4up76rSdUmsfywYwTDCI6kLzPGTVWerzxhSB3XT/h3XLFrbozkGXi5aQCOerd8pffi1kaoTRMUK07npuYIKPKcCZwUvJTjQllIzrAjqWSRqiDbHbxhJxYpUf6sbIlDZmpvycyGmk9jkLbGVEz1IveVPzP66SmfxlkXCapQcnmi/qpICYm0/dJjytkRowtoUxxeythQ6ooMzakkg3BW3x5mTTPqp5b9e7PK7WrPI4iHMExnIIHF1CDW6hDAxhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP9DJkFg=</latexit><latexit sha1_base64="dyqCHaZYk5hdRIl49JdHSlSbG2A=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBC9CBfuBTSib7bRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHWcKoYNFotYtUOqUXCJDcONwHaikEahwFY4up76rSdUmsfywYwTDCI6kLzPGTVWerzxhSB3XT/h3XLFrbozkGXi5aQCOerd8pffi1kaoTRMUK07npuYIKPKcCZwUvJTjQllIzrAjqWSRqiDbHbxhJxYpUf6sbIlDZmpvycyGmk9jkLbGVEz1IveVPzP66SmfxlkXCapQcnmi/qpICYm0/dJjytkRowtoUxxeythQ6ooMzakkg3BW3x5mTTPqp5b9e7PK7WrPI4iHMExnIIHF1CDW6hDAxhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP9DJkFg=</latexit><latexit sha1_base64="dyqCHaZYk5hdRIl49JdHSlSbG2A=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBC9CBfuBTSib7bRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHWcKoYNFotYtUOqUXCJDcONwHaikEahwFY4up76rSdUmsfywYwTDCI6kLzPGTVWerzxhSB3XT/h3XLFrbozkGXi5aQCOerd8pffi1kaoTRMUK07npuYIKPKcCZwUvJTjQllIzrAjqWSRqiDbHbxhJxYpUf6sbIlDZmpvycyGmk9jkLbGVEz1IveVPzP66SmfxlkXCapQcnmi/qpICYm0/dJjytkRowtoUxxeythQ6ooMzakkg3BW3x5mTTPqp5b9e7PK7WrPI4iHMExnIIHF1CDW6hDAxhIeIZXeHO08+K8Ox/z1oKTzxzCHzifP9DJkFg=</latexit>



L = N†

 
iDt +

~D2

2MN
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2MN
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

MN
g2N

†Ja(~� · ~Ba)N
<latexit sha1_base64="2zKx8ea/kKAqaoVZDb0N4PLyJdg="></latexit>

Coefficients are fixed to reproduce elastic scattering:

Ar,S =
4⇡

MN

1

p cot �r,S � ip
<latexit sha1_base64="MqT5gQQg/H0IY4nzQ3kO89JcdW4="></latexit>

1

ar,S
⇡

p
MNEB

<latexit sha1_base64="81N+sabH08jJG57Sh4voXphjIQE="></latexit>

Pion-less EFT: [Kaplan, Savage, Wise, nucl-th/9801034]

p cot �r,S = � 1

ar,S
+

r0
2
p2 + . . .

<latexit sha1_base64="VTLwHso4aebZ0TAIkVOWv+LkOHs="></latexit>

This theory also describes deuterium!

L4 = �
X

r,S

Cr,S

4
(NP i

r,SN)† (NP i
r,SN) + . . .

<latexit sha1_base64="yrUv4TX+1M9HvBdud7W6AKWJL30="></latexit>

http://arxiv.org/abs/nucl-th/9801034


Magnetic transition:

�S = 1
<latexit sha1_base64="9ZOeXQ7fLXB/dYyC2Q/A+EbwOyU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EEhoAePEc0DkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1QyoRsEl1gw3ApuxQhoGAhvB8HriN55QaR7JBzOK0Q9pX/IeZ9RY6bF9g8JQcn/ldQpFt+ROQRaJl5EiZKh2Cl/tbsSSEKVhgmrd8tzY+ClVhjOB43w70RhTNqR9bFkqaYjaT6cXj8mxVbqkFylb0pCp+nsipaHWozCwnSE1Az3vTcT/vFZiehd+ymWcGJRstqiXCGIiMnmfdLlCZsTIEsoUt7cSNqCKMmNDytsQvPmXF0m9XPJOS+W7s2LlMosjB4dwBCfgwTlU4BaqUAMGEp7hFd4c7bw4787HrHXJyWYO4A+czx9TTZAD</latexit>

�L = 0
<latexit sha1_base64="WpnlKqXvyw1jykLaTFpv6lSt6rU=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0UtBGCWlhYRDAfmBxhbzNJluztHbt7QjjyL2wsFLH139j5b9wkV2jig4HHezPMzAtiwbVx3W9naXlldW09t5Hf3Nre2S3s7dd1lCiGNRaJSDUDqlFwiTXDjcBmrJCGgcBGMLye+I0nVJpH8sGMYvRD2pe8xxk1Vnps36AwlNxdup1C0S25U5BF4mWkCBmqncJXuxuxJERpmKBatzw3Nn5KleFM4DjfTjTGlA1pH1uWShqi9tPpxWNybJUu6UXKljRkqv6eSGmo9SgMbGdIzUDPexPxP6+VmN6Fn3IZJwYlmy3qJYKYiEzeJ12ukBkxsoQyxe2thA2ooszYkPI2BG/+5UVSL5e801L5/qxYucriyMEhHMEJeHAOFbiFKtSAgYRneIU3RzsvzrvzMWtdcrKZA/gD5/MHSO2QAQ==</latexit>

�vrel
��
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= KM
⇡2↵

M2
N

✓
EB

MN

◆ 3
2
✓
1� ainitial

afinal

◆2

<latexit sha1_base64="5/Zr+yzcDbY2EzRUStkoyQa6oX0="></latexit><latexit sha1_base64="5/Zr+yzcDbY2EzRUStkoyQa6oX0="></latexit><latexit sha1_base64="5/Zr+yzcDbY2EzRUStkoyQa6oX0="></latexit><latexit sha1_base64="5/Zr+yzcDbY2EzRUStkoyQa6oX0="></latexit>



Electric transition:

In the SM LO computations agree to 10% with exp.

�vrel
��
electric

= KE
⇡↵

M2
N

✓
MN

EB

◆ 1
2

v2rel
<latexit sha1_base64="1JnSu/ClbEP938jLSb4hJeVJimo="></latexit>

�S = 0
<latexit sha1_base64="Iu3aPIpIjTsuiBf5zi6ghXnE5/g=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EEhoAePEc0DkyXMTjrJkNnZZWZWCEv+wosHRbz6N978GyfJHjSxoKGo6qa7K4gF18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1QyoRsEl1gw3ApuxQhoGAhvB8HriN55QaR7JBzOK0Q9pX/IeZ9RY6bF9g8JQcn/ldgpFt+ROQRaJl5EiZKh2Cl/tbsSSEKVhgmrd8tzY+ClVhjOB43w70RhTNqR9bFkqaYjaT6cXj8mxVbqkFylb0pCp+nsipaHWozCwnSE1Az3vTcT/vFZiehd+ymWcGJRstqiXCGIiMnmfdLlCZsTIEsoUt7cSNqCKMmNDytsQvPmXF0m9XPJOS+W7s2LlMosjB4dwBCfgwTlU4BaqUAMGEp7hFd4c7bw4787HrHXJyWYO4A+czx9RyZAC</latexit>

�L = 1
<latexit sha1_base64="wdE0gEf6/0b8V1PbCeoLNKBgswQ=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0UtFAIaGFhEcF8YHKEvc0kWbK3d+zuCeHIv7CxUMTWf2Pnv3GTXKGJDwYe780wMy+IBdfGdb+dpeWV1bX13EZ+c2t7Z7ewt1/XUaIY1lgkItUMqEbBJdYMNwKbsUIaBgIbwfB64jeeUGkeyQczitEPaV/yHmfUWOmxfYPCUHJ35XUKRbfkTkEWiZeRImSodgpf7W7EkhClYYJq3fLc2PgpVYYzgeN8O9EYUzakfWxZKmmI2k+nF4/JsVW6pBcpW9KQqfp7IqWh1qMwsJ0hNQM9703E/7xWYnoXfsplnBiUbLaolwhiIjJ5n3S5QmbEyBLKFLe3EjagijJjQ8rbELz5lxdJvVzyTkvl+7Ni5TKLIweHcAQn4ME5VOAWqlADBhKe4RXeHO28OO/Ox6x1yclmDuAPnM8fSKOP/A==</latexit>

Initial p-wave state:



Contrary to SM we also have to include long distance 
effects due to weak interactions:

This leads to the Sommerfeld enhancement:

SEs�wave =
2⇡↵e↵/vrel

1� e�2⇡↵eff/vrel
⇡ 2⇡↵e↵

vrel
<latexit sha1_base64="AAclCOlY+APjNc9i8n5PQQQTL3o="></latexit>

SEp�wave =

"
1 +

✓
↵e↵

vrel

◆2
#

2⇡↵e↵/vrel
1� e�2⇡↵eff/vrel

⇡ 2⇡

✓
↵e↵

vrel

◆3

<latexit sha1_base64="nTNZQAEpxdbYSwQUhvP0NyNFYpA="></latexit>

For MV=0:
�tot = SE⇥ �short

<latexit sha1_base64="uerxOoiVyp9Q/EL0yqTsWqeaLj0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwVWaqoguFggguK9oHdErJpGkbmswMyR2hDPMlbvwVNy4UEVzp35i2s6itBwKHc87l5h4/ElyD4/xYuaXlldW1/HphY3Nre8fe3avrMFaU1WgoQtX0iWaCB6wGHARrRooR6QvW8IfXY7/xyJTmYfAAo4i1JekHvMcpASN17DNP874kncRTEkMIKb7CE35/k3rAJdN4NqEHoTKZjl10Ss4EeJG4GSmiDNWO/eV1QxpLFgAVROuW60TQTogCTgVLC16sWUTokPRZy9CAmMXtZHJeio+M0sW9UJkXAJ6osxMJkVqPpG+SksBAz3tj8T+vFUPvop3wIIqBBXS6qBcL0wMed4W7XDEKYmQIoYqbv2I6IIpQMI0WTAnu/MmLpF4uuSel8t1psXKZ1ZFHB+gQHSMXnaMKukVVVEMUPaEX9IberWfr1fqwPqfRnJXN7KM/sL5/AWzMoqY=</latexit>



Triplet model:

SU(3)D ⌦ SU(3)c ⌦ SU(2)L ⌦ U(1)Y
<latexit sha1_base64="g5DlB/YI3eUrapUp7hA9CD5/ZSc=">AAACHnicbVDLTgIxFO3gC/E16tJNIzGBDZkBjS5ckOjChQuMDmBgMumUAg2d6aTtmJAJX+LGX3HjQmNMXOnfWGBiEDxJk3POvTe39/gRo1JZ1reRWVpeWV3Lruc2Nre2d8zdvbrkscDEwZxx0fSRJIyGxFFUMdKMBEGBz0jDH1yM640HIiTl4Z0aRsQNUC+kXYqR0pZnntw6hUrRu2xzRQMi4VRiOKPLRe/6VzsFu+jde2beKlkTwEVipyQPUtQ887Pd4TgOSKgwQ1K2bCtSboKEopiRUa4dSxIhPEA90tI0RHqXm0zOG8Ej7XRglwv9QgUn7uxEggIph4GvOwOk+nK+Njb/q7Vi1T1zExpGsSIhni7qxgwqDsdZwQ4VBCs21ARhQfVfIe4jgbDSieZ0CPb8yYukXi7ZlVL55jhfPU/jyIIDcAgKwAanoAquQA04AINH8AxewZvxZLwY78bHtDVjpDP74A+Mrx/2lZ9E</latexit>

Q = (3 , 1 , 3)0
<latexit sha1_base64="qd0u2NSVqYIB4Bs48krn9cMFnqY=">AAAB+XicbVBdSwJBFL1rX2ZfWz32MiSBgciuBvVQIPTSo0KmoMsyO446ODu7zMwKsvhPeumhiF77J731bxp1H0o7cC+Hc+5l7pwg5kxpx/m2chubW9s7+d3C3v7B4ZF9fPKkokQS2iIRj2QnwIpyJmhLM81pJ5YUhwGn7WB8P/fbEyoVi8SjnsbUC/FQsAEjWBvJt+3mXanWK5eRa1rt0nd8u+hUnAXQOnEzUoQMDd/+6vUjkoRUaMKxUl3XibWXYqkZ4XRW6CWKxpiM8ZB2DRU4pMpLF5fP0IVR+mgQSVNCo4X6eyPFoVLTMDCTIdYjterNxf+8bqIHN17KRJxoKsjyoUHCkY7QPAbUZ5ISzaeGYCKZuRWREZaYaBNWwYTgrn55nTxVK26tUm1eFeu3WRx5OINzKIEL11CHB2hACwhM4Ble4c1KrRfr3fpYjuasbOcU/sD6/AFPFZDW</latexit>

Dynamics same as QCD with 3 degenerate flavours.

Lightest states are dark pions:

8 = 3 + 5
<latexit sha1_base64="A0AzNL9UDLWRlT3BJVuhDYlIAEg=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEErSKvagUPDisYJpC20om+2mXbrZhN2NUEJ/gxcPinj1B3nz37htc9DWBwOP92aYmRcknCntON9WYW19Y3OruF3a2d3bP7APj1oqTiWhHol5LDsBVpQzQT3NNKedRFIcBZy2g/HdzG8/UalYLB71JKF+hIeChYxgbSSvflu7uOrbZafizIFWiZuTMuRo9u2v3iAmaUSFJhwr1XWdRPsZlpoRTqelXqpogskYD2nXUIEjqvxsfuwUnRllgMJYmhIazdXfExmOlJpEgemMsB6pZW8m/ud1Ux3W/YyJJNVUkMWiMOVIx2j2ORowSYnmE0MwkczcisgIS0y0yadkQnCXX14lrWrFrVWqD5flxk0eRxFO4BTOwYVraMA9NMEDAgye4RXeLGG9WO/Wx6K1YOUzx/AH1ucPVduNsg==</latexit>

Dark matter is the neutral component of dark baryon in 
a triplet rep V. Lightest deuterium isotopes are VxV:

[see Beane et al. 2019]

Name SU(2) Spin
D1 1 0
D3 3 1
D5 5 0

<latexit sha1_base64="wpl2na13jBe4w0vfLQza5ZQutZE="></latexit><latexit sha1_base64="wpl2na13jBe4w0vfLQza5ZQutZE="></latexit><latexit sha1_base64="wpl2na13jBe4w0vfLQza5ZQutZE="></latexit><latexit sha1_base64="wpl2na13jBe4w0vfLQza5ZQutZE="></latexit>

https://arxiv.org/abs/1206.5219


2000 4000 6000 8000 10000
10-3

10-2

10-1

1

10-3

10-2

10-1

1

MN [GeV]

X
D

EB1/MN=0.1
EB1/MN=0.05
EB1/MN=0.01

EB3/EB1=0.1

Triplet of SU(2)L
w/ Sommerfeld (solid)
w/o Sommerfeld (dashed)

For DM in the TeV range a fraction could be in the form 
of dark deuterium and traces of tritium. 

[MR, Tesi, 1812.08784]



Indirect detection:
Deuterium could be formed today through emission of a 
monochromatic photon detectable with gamma-ray 
telescopes.

V0V0 =) D0
3 + �

<latexit sha1_base64="DgBXJK5zUeM+donzW+csUL/t7vc=">AAACDXicbVC7SgNBFJ31GeMramkzGAVBCLuJoIVFQAsLiwgmBpK43J1MNkPmsczMKiHkB2z8FRsLRWzt7fwbJ4/C14ELh3Pu5d57ooQzY33/05uZnZtfWMwsZZdXVtfWcxubNaNSTWiVKK50PQJDOZO0apnltJ5oCiLi9DrqnY7861uqDVPyyvYT2hIQS9ZhBKyTwtxuLfTxqJoXSsaaxV0LWqs7fBaWbvyDZgxCQJjL+wV/DPyXBFOSR1NUwtxHs61IKqi0hIMxjcBPbGsA2jLC6TDbTA1NgPQgpg1HJQhqWoPxN0O855Q27ijtSlo8Vr9PDEAY0xeR6xRgu+a3NxL/8xqp7Ry3BkwmqaWSTBZ1Uo6twqNocJtpSizvOwJEM3crJl3QQKwLMOtCCH6//JfUioWgVCheHubLJ9M4Mmgb7aB9FKAjVEbnqIKqiKB79Iie0Yv34D15r97bpHXGm85soR/w3r8AMKiaXg==</latexit>

Secondary line:

E� ⇡ EB3
<latexit sha1_base64="kCxy2Q+SpcPozNYNk3gsHxkxvcg=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuEkELi6AELCOYD8gdx9xmkyzZvTt298RwpPGv2FgoYuvPsPPfuEmu0MQHA4/3ZpiZF8ScKW3b31ZuZXVtfSO/Wdja3tndK+4ftFSUSEKbJOKR7ASgKGchbWqmOe3EkoIIOG0Ho5up336gUrEovNfjmHoCBiHrMwLaSH7xqO67AxACXIhjGT3iup9e+9WJXyzZZXsGvEycjJRQhoZf/HJ7EUkEDTXhoFTXsWPtpSA1I5xOCm6iaAxkBAPaNTQEQZWXzh6Y4FOj9HA/kqZCjWfq74kUhFJjEZhOAXqoFr2p+J/XTXT/0ktZGCeahmS+qJ9wrCM8TQP3mKRE87EhQCQzt2IyBAlEm8wKJgRn8eVl0qqUnWq5cndeql1lceTRMTpBZ8hBF6iGblEDNRFBE/SMXtGb9WS9WO/Wx7w1Z2Uzh+gPrM8fJceWGA==</latexit>

E�0 ⇡ EB1 � EB3
<latexit sha1_base64="LaNGQVGKm24MAb/BwvYuoCsv1Uo=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JoY9hNBC0sgiJYRjAPSMJydzJJhszsLjOzYli2t/FXbCwUsfUH7PwbJ49CEw9c7uGce5m5x484U9pxvq3M0vLK6lp2PbexubW9Y+/u1VUYS0JrJOShbPqgKGcBrWmmOW1GkoLwOW34w6ux37inUrEwuNOjiHYE9APWYwS0kTw7f+0l7T4IAUdpG6JIhg/YSJeem55Mejn17IJTdCbAi8SdkQKaoerZX+1uSGJBA004KNVynUh3EpCaEU7TXDtWNAIyhD5tGRqAoKqTTG5J8aFRurgXSlOBxhP190YCQqmR8M2kAD1Q895Y/M9rxbp33klYEMWaBmT6UC/mWId4HAzuMkmJ5iNDgEhm/orJACQQbeLLmRDc+ZMXSb1UdMvF0u1poXIxiyOLDlAeHSMXnaEKukFVVEMEPaJn9IrerCfrxXq3PqajGWu2s4/+wPr8AdaKmkA=</latexit>



At low DM velocities factorisation can fail due to finite 
size effects and shift of zero energy bound states:

SE ⇡ V0

EBi(M) +MNv2rel
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A safe way to proceed is to compute the cross-section 
in QM using the wave-functions of initial and final 
states including long and short distance potentials:
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For shallow nuclear bound states the result depends 
weakly on the choice of the potential:

VN (r) = �VI✓(r0 � r)
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If DM is a singlet it could be light and deuterium could 
be formed efficiently. Elements with very large atomic 
number could also be formed.

[Alpher, Bethe, Gamow, 1948]
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Dark nucleosynthesis can only start if a light quantum can 
be emitted. Simple option is a dark photon:

Dark photon emission produces a diffuse photon flux 
constrained by Dwarf Galaxies. Energy injected strongly 
constrained by CMB.

LD = �1

4
FDµ⌫F

µ⌫
D � 1

2
M2

V VµV
µ � ✏

2cW
FDµ⌫B

µ⌫

<latexit sha1_base64="hrkMn3Ih3XrFPyqvKr3ooGVD4pQ="></latexit>



SUMMARY

• The dark sector contains many other resonances.    
Nuclei could be formed in the cosmological history or in 
the present universe, giving rise to striking signatures in 
indirect detection experiments.

• Composite dark matter, especially a baryon of a dark 
gauge group, is a strongly motivated and viable scenario.         
Many models are possible with distinctive phenomenology. 

• A detailed study requires a DARK MANHATTAN PROJECT: 
determine the spectrum and interactions of hadrons and 
nuclei in QCD-like theories. Dark nucleosynthesis can be 
computed quantitatively with just few inputs.



Light singlet:

Elastic x-sec:



contributions of different origin

for a ‘composite dirac wino’ we expect two effects better seen in EFT

(V0V0) ! (V +V �)⇤ ! D0
I=1 + �
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(V0V0) ! (V0V0)
⇤ ! D0

I=1 + �
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they can interfere (destructively)
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present also in wino annihilation
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Rich collider phenomenology:
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