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Visible Matter

Dark Matter
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,  a stable fermion with EW charges!*

*OK, but also less minimal scenarios can be simple and give interesting dark physics



Outline

• Introduction to Baryonic Dark Matter

• Dark Big Bang Nucleosynthesis

• Example: nucleon triplet of SU(2)

• Example: nucleon singlet with dark photon

• Outlook



Introduction to Baryonic Dark Matter



Stability of Dark Matter

robust property if it is related to an accidental symmetry
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in the SM, stability of matter thanks to U(1)B
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• proton
What’s accidentally stable?

What’s not?

• wino in the MSSM

fixed by gauge structure of the theory at renormalizable level

Introduction to Baryonic Dark MatterCosmological Production of Dark Nuclei



how to build model based on accidental stability?

Minimalistic approach:

A bit of theory bias:

[Cirelli, Strumia]

• Consider new ‘dark’ sectors, with QCD-like interactions
• Just a twist on the minimalistic approach

L = LSM + LDM +
X

i

Oi

MPl
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Cosmological Production of Dark Nuclei Introduction to Baryonic Dark Matter
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part of an SU(2) multiplet w/o hypercharge (quintuplet)



Vector-like confinement

• SU(N) gauge theory confines at scale 
• Valid up to the Planck scale
• Fundamental fermions have electroweak charges

[Kilic, Okui, Sundrum]
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accidental dark baryon number conservation

⇤
<latexit sha1_base64="XhoVkyk3JcX+BgLSmiTmKaGXAzA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJudFl048JFBfuAJJTJ5KYdOsmEmYlQQj/Drf0ad+JW/BjBSZuFbT0wcDj33MuZE6ScKW3b31Zla3tnd6+6Xzs4PDo+qZ+e9ZTIJIUuFVzIQUAUcJZAVzPNYZBKIHHAoR9M7ot5/wWkYiJ51tMU/JiMEhYxSrSRXM/1Ho05JJ4/rDfspr0A3iROSRqoRGdY//FCQbMYEk05Ucp17FT7OZGaUQ6zmpcpSAmdkBG4hiYkBuXni8gzfGWUEEdCmpdovFD/buQkVmoaB8YZEz1W67NC/G/mZjq69XOWpJmGhK6kyJWJOYZwVSxOSBWpZaYo41gLXFSFQyaBaj41hFDJzLcwHRNJqDaF1kxfzno7m6TXajpO03lqNdp3ZXNVdIEu0TVy0A1qowfUQV1EkUCv6A3Nrbn1bn1Yn0trxSp3ztEKrK9fz0qjMA==</latexit><latexit sha1_base64="XhoVkyk3JcX+BgLSmiTmKaGXAzA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJudFl048JFBfuAJJTJ5KYdOsmEmYlQQj/Drf0ad+JW/BjBSZuFbT0wcDj33MuZE6ScKW3b31Zla3tnd6+6Xzs4PDo+qZ+e9ZTIJIUuFVzIQUAUcJZAVzPNYZBKIHHAoR9M7ot5/wWkYiJ51tMU/JiMEhYxSrSRXM/1Ho05JJ4/rDfspr0A3iROSRqoRGdY//FCQbMYEk05Ucp17FT7OZGaUQ6zmpcpSAmdkBG4hiYkBuXni8gzfGWUEEdCmpdovFD/buQkVmoaB8YZEz1W67NC/G/mZjq69XOWpJmGhK6kyJWJOYZwVSxOSBWpZaYo41gLXFSFQyaBaj41hFDJzLcwHRNJqDaF1kxfzno7m6TXajpO03lqNdp3ZXNVdIEu0TVy0A1qowfUQV1EkUCv6A3Nrbn1bn1Yn0trxSp3ztEKrK9fz0qjMA==</latexit><latexit sha1_base64="XhoVkyk3JcX+BgLSmiTmKaGXAzA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJudFl048JFBfuAJJTJ5KYdOsmEmYlQQj/Drf0ad+JW/BjBSZuFbT0wcDj33MuZE6ScKW3b31Zla3tnd6+6Xzs4PDo+qZ+e9ZTIJIUuFVzIQUAUcJZAVzPNYZBKIHHAoR9M7ot5/wWkYiJ51tMU/JiMEhYxSrSRXM/1Ho05JJ4/rDfspr0A3iROSRqoRGdY//FCQbMYEk05Ucp17FT7OZGaUQ6zmpcpSAmdkBG4hiYkBuXni8gzfGWUEEdCmpdovFD/buQkVmoaB8YZEz1W67NC/G/mZjq69XOWpJmGhK6kyJWJOYZwVSxOSBWpZaYo41gLXFSFQyaBaj41hFDJzLcwHRNJqDaF1kxfzno7m6TXajpO03lqNdp3ZXNVdIEu0TVy0A1qowfUQV1EkUCv6A3Nrbn1bn1Yn0trxSp3ztEKrK9fz0qjMA==</latexit><latexit sha1_base64="XhoVkyk3JcX+BgLSmiTmKaGXAzA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJudFl048JFBfuAJJTJ5KYdOsmEmYlQQj/Drf0ad+JW/BjBSZuFbT0wcDj33MuZE6ScKW3b31Zla3tnd6+6Xzs4PDo+qZ+e9ZTIJIUuFVzIQUAUcJZAVzPNYZBKIHHAoR9M7ot5/wWkYiJ51tMU/JiMEhYxSrSRXM/1Ho05JJ4/rDfspr0A3iROSRqoRGdY//FCQbMYEk05Ucp17FT7OZGaUQ6zmpcpSAmdkBG4hiYkBuXni8gzfGWUEEdCmpdovFD/buQkVmoaB8YZEz1W67NC/G/mZjq69XOWpJmGhK6kyJWJOYZwVSxOSBWpZaYo41gLXFSFQyaBaj41hFDJzLcwHRNJqDaF1kxfzno7m6TXajpO03lqNdp3ZXNVdIEu0TVy0A1qowfUQV1EkUCv6A3Nrbn1bn1Yn0trxSp3ztEKrK9fz0qjMA==</latexit>

We have:

We also assume:

• Fermion masses much smaller than confinement scale m ⌧ ⇤, ⇤ & TeV
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Cosmological Production of Dark Nuclei Introduction to Baryonic Dark Matter

L = LSM �
Ga
µ⌫Gaµ⌫

4g2DC

+  ̄(i /D �m ) + y ̄H 
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Spectrum of the theory

it depends on the representation dimension of the fermions

flavor symmetry as in ordinary QCD

SU(NF )⇥SU(NF ) ! SU(NF )
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Cosmological Production of Dark Nuclei Introduction to Baryonic Dark Matter

Concretely, we will consider NF = 3
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• dark pion octect, decomposed under the SM
• dark baryon octect, decomposed under the SM

⇡, N
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G, 
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energy
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Dark Matter candidates in VLC

Good candidates among dark baryons

N ⇠    ... ⇠ 30,50,70, ...
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under SU(2) U(1)

Cosmological Production of Dark Nuclei Introduction to Baryonic Dark Matter
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simplest model: triplet of SU(2)

N =    , N = 8
SM! 3+ 5
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cosmological stability dimension 5 dimension 6

dark pions ⇥ –

dark baryons – X
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Constraint from the LHC

even for only weakly charged states, constraints are around TeV

this sets O( TeV) scale also for Dark Matter in related models

Cosmological Production of Dark Nuclei Introduction to Baryonic Dark Matter

[1805.12578/JHEP08(2018)017
with Barducci, De Curtis, Redi]



Dark Big Bang Nucleosynthesis

[Krnjaic, Sigurdson]
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Residual strong forces and binding energies

Cosmological Production of Dark Nuclei Dark Big Bang Nucleosynthesis

nuclear physics affected by unnaturally large scattering lenghts

Ed/mp ⇡ 0.0022
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[see later]
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howevere, we restrict to the the scenario

-  nucleons splitting �MN ⇠ ↵2

4⇡
MN
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splitting of nuclei�EB ⇠ ↵2
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-  dominance of nuclear binding energy over weak binding

for the dark sector we consider

0.001 . EB

MN
. 0.1
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BBN, cornerstone of cosmological history

many detailed codes, what are the structural properties?

[PRIMAT]

Cosmological Production of Dark Nuclei Dark Big Bang Nucleosynthesis



BBN, structural and accidental facts

Structural:

• Time scale set by deuterium
• Need to produce deuterium first
• Need emission of light quanta (weak process)

Accidental (typical of SM):
• Overall mass scale ~GeV
• Neutron decay
• Binding energy bottlenecks after 4He
⌘b ⇠ 10�10
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in the SM deuterium formation is at saturation

�(NN ! D�)
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what about dark BBN?

The discussion is simplified assuming asymmetric abundance
we only track the redistribution of dark baryon number*
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accidental facts of dark BBN

An approximate solution to the dark deuterium density

dark deuterium is rarely at saturation
(dark tritium even less abundant)
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Dark Deuterium production rate



precise predictions for dark BBN

exploiting the universal properties of short range nuclear forces

in modern language we use non-relativistic EFT for NN-scattering
[Kaplan, Savage, Wise 1996]

Dark Deuterium Production RateCosmological Production of Dark Nuclei



dark nucleon EFT
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minimal interactions, magnetic dipole operator and 4-fermi interactions

elastic scattering per spin/isospin given by

the above lagrangian fully determine the bound state formation
under the assumption of ‘shallow’ bound states

let’s see how…



Matching to elastic scattering
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A ⇠ Cchannel
<latexit sha1_base64="9vVDsxpIa/KTpRkVQQe62CVoaPs=">AAACOHicbVC7TsMwFHV4lvIqMLJYFCSmKukCY6ELY5HoQ2qiynFvWqu2E9kOUhX1B/gaVvonbGyIlR0Jp+1AW45k6eice61zT5hwpo3rvjsbm1vbO7uFveL+weHRcenktKXjVFFo0pjHqhMSDZxJaBpmOHQSBUSEHNrhqJ777WdQmsXyyYwTCAQZSBYxSoyVeqVLv4t9QcyQEp7dTXzNBK73Ml8JTIdESuATP+iVym7FnQGvE29BymiBRq/04/djmgqQhnKidddzExNkRBlGOUyKfqohIXREBtC1VBIBOshm10zwlVX6OIqVfdLgmfp3IyNC67EI7WQeXK96ufif101NdBtkTCapAUmXUmTaxhxCf1nMv1A60vNMUcqxiXHeIu4zBdTwsSWEKmbPyutShBrbddH25a22s05a1YrnVbzHarl2v2iugM7RBbpGHrpBNfSAGqiJKHpBr+gNTZ2p8+F8Ol/z0Q1nsXOGluB8/wLO2K3g</latexit><latexit sha1_base64="9vVDsxpIa/KTpRkVQQe62CVoaPs=">AAACOHicbVC7TsMwFHV4lvIqMLJYFCSmKukCY6ELY5HoQ2qiynFvWqu2E9kOUhX1B/gaVvonbGyIlR0Jp+1AW45k6eice61zT5hwpo3rvjsbm1vbO7uFveL+weHRcenktKXjVFFo0pjHqhMSDZxJaBpmOHQSBUSEHNrhqJ777WdQmsXyyYwTCAQZSBYxSoyVeqVLv4t9QcyQEp7dTXzNBK73Ml8JTIdESuATP+iVym7FnQGvE29BymiBRq/04/djmgqQhnKidddzExNkRBlGOUyKfqohIXREBtC1VBIBOshm10zwlVX6OIqVfdLgmfp3IyNC67EI7WQeXK96ufif101NdBtkTCapAUmXUmTaxhxCf1nMv1A60vNMUcqxiXHeIu4zBdTwsSWEKmbPyutShBrbddH25a22s05a1YrnVbzHarl2v2iugM7RBbpGHrpBNfSAGqiJKHpBr+gNTZ2p8+F8Ol/z0Q1nsXOGluB8/wLO2K3g</latexit><latexit sha1_base64="9vVDsxpIa/KTpRkVQQe62CVoaPs=">AAACOHicbVC7TsMwFHV4lvIqMLJYFCSmKukCY6ELY5HoQ2qiynFvWqu2E9kOUhX1B/gaVvonbGyIlR0Jp+1AW45k6eice61zT5hwpo3rvjsbm1vbO7uFveL+weHRcenktKXjVFFo0pjHqhMSDZxJaBpmOHQSBUSEHNrhqJ777WdQmsXyyYwTCAQZSBYxSoyVeqVLv4t9QcyQEp7dTXzNBK73Ml8JTIdESuATP+iVym7FnQGvE29BymiBRq/04/djmgqQhnKidddzExNkRBlGOUyKfqohIXREBtC1VBIBOshm10zwlVX6OIqVfdLgmfp3IyNC67EI7WQeXK96ufif101NdBtkTCapAUmXUmTaxhxCf1nMv1A60vNMUcqxiXHeIu4zBdTwsSWEKmbPyutShBrbddH25a22s05a1YrnVbzHarl2v2iugM7RBbpGHrpBNfSAGqiJKHpBr+gNTZ2p8+F8Ol/z0Q1nsXOGluB8/wLO2K3g</latexit><latexit sha1_base64="9vVDsxpIa/KTpRkVQQe62CVoaPs=">AAACOHicbVC7TsMwFHV4lvIqMLJYFCSmKukCY6ELY5HoQ2qiynFvWqu2E9kOUhX1B/gaVvonbGyIlR0Jp+1AW45k6eice61zT5hwpo3rvjsbm1vbO7uFveL+weHRcenktKXjVFFo0pjHqhMSDZxJaBpmOHQSBUSEHNrhqJ777WdQmsXyyYwTCAQZSBYxSoyVeqVLv4t9QcyQEp7dTXzNBK73Ml8JTIdESuATP+iVym7FnQGvE29BymiBRq/04/djmgqQhnKidddzExNkRBlGOUyKfqohIXREBtC1VBIBOshm10zwlVX6OIqVfdLgmfp3IyNC67EI7WQeXK96ufif101NdBtkTCapAUmXUmTaxhxCf1nMv1A60vNMUcqxiXHeIu4zBdTwsSWEKmbPyutShBrbddH25a22s05a1YrnVbzHarl2v2iugM7RBbpGHrpBNfSAGqiJKHpBr+gNTZ2p8+F8Ol/z0Q1nsXOGluB8/wLO2K3g</latexit>

scattering lenght L4 poles of A bound state SM case

a ! 0 irrelevant – ⇥ –

a ⌧ 0 relevant E = |✏| ⇥ (nn): a(1S0) = �23.75fm
a � 0 relevant E = �|✏| X � =

p
MNEB = 1/a d(pn): a(3S1) = 5.38fm

<latexit sha1_base64="Ir+JqpN9HSDnSJVvbsCBhy1b0S8="></latexit><latexit sha1_base64="Ir+JqpN9HSDnSJVvbsCBhy1b0S8="></latexit><latexit sha1_base64="Ir+JqpN9HSDnSJVvbsCBhy1b0S8="></latexit><latexit sha1_base64="Ir+JqpN9HSDnSJVvbsCBhy1b0S8="></latexit>

effects of       need to be included at all order when     is largeL4
<latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="2hS5kgIp5pI716rB/tXTDIsPPfM=">AAACLXicbVHNSsNAGNz4W2PV9uwlWAoeJCQF0aPgxWMF+wNtKJvNl3TpZhN2N0JZ8gJefR1fxKs38SXcpD3Y1oEPhpndj9nZMGdUKs/7tPb2Dw6Pjhsn9mnTPju/aDWHMisEgQHJWCbGIZbAKIeBoorBOBeA05DBKFw8Vv7oFYSkGX9RyxyCFCecxpRgZaT+rNXxXK+Gs0v8NemgNWZtqzuNMlKkwBVhWMqJ7+Uq0FgoShiU9rSQkGOywAlMDOU4BRnoOmfpdI0SOXEmzHDl1OrfGxqnUi7T0JxMsZrLba8S//MmhYrvA015XijgZCOFlibmHKJNsVohZCxXmeKCOSpzqn6ciAogii0NwURQ8yyHzLHARJkW7WkEsWm6Tq4jLBaJAOClFklYau/Gc2/N9Erb9Opvt7hLhj3X913/2UMNdImu0DXy0R16QE+ojwaIoAi9oXfrw/qyvlf971nrj2ijDVg/vwz4qok=</latexit><latexit sha1_base64="lmtNnPKZtMCv5A3e+Bk8oZdIIOY="></latexit><latexit sha1_base64="lmtNnPKZtMCv5A3e+Bk8oZdIIOY="></latexit><latexit sha1_base64="aXWi2y4iZycTdusUuKJncY4MGfw="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit><latexit sha1_base64="pPth5n+AkCokXfWEwqS+GvxRfRA="></latexit>

|a|
<latexit sha1_base64="ge8fu6WyP2SKvSqOOJKV1gpaD88="></latexit><latexit sha1_base64="ge8fu6WyP2SKvSqOOJKV1gpaD88="></latexit><latexit sha1_base64="ge8fu6WyP2SKvSqOOJKV1gpaD88="></latexit><latexit sha1_base64="ge8fu6WyP2SKvSqOOJKV1gpaD88="></latexit>

N
<latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit>

N
<latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit>

[see lectures by Iain Stewart]



Matching to elastic scattering

Cosmological Production of Dark Nuclei Dark Deuterium Production Rate

E ! �EB
<latexit sha1_base64="YoVsN8KpZtJiGZXwhxDt6pKqZhY=">AAACI3icbVDLSsNAFJ3UV62PRl26GSyCG0vSjS5LpeCygn1AEsJkMmmHTiZhZiKU0C9xa7/Gnbhx4acITtosbOuBgcM5917OnCBlVCrL+jIqO7t7+wfVw9rR8clp3Tw7H8gkE5j0ccISMQqQJIxy0ldUMTJKBUFxwMgwmD4U/vCFCEkT/qxmKfFiNOY0ohgpLflm3XVg11UJvIVdv+N6vtmwmtYScJvYJWmAEj3f/HHDBGcx4QozJKVjW6nyciQUxYzMa24mSYrwFI2JoylHMZFevgw+h9daCWGUCP24gkv170aOYilncaAnY6QmctMrxP88J1PRvZdTnmaKcLyWIpc65oSE62JxQshIrjJFGYO6k6IwGFJBsGIzTRAWVH8L4gkSCCtda033ZW+2s00GraZtN+2nVqPdKZurgktwBW6ADe5AGzyCHugDDDLwCt7AwlgY78aH8bkarRjlzgVYg/H9C4NZo+M=</latexit><latexit sha1_base64="YoVsN8KpZtJiGZXwhxDt6pKqZhY=">AAACI3icbVDLSsNAFJ3UV62PRl26GSyCG0vSjS5LpeCygn1AEsJkMmmHTiZhZiKU0C9xa7/Gnbhx4acITtosbOuBgcM5917OnCBlVCrL+jIqO7t7+wfVw9rR8clp3Tw7H8gkE5j0ccISMQqQJIxy0ldUMTJKBUFxwMgwmD4U/vCFCEkT/qxmKfFiNOY0ohgpLflm3XVg11UJvIVdv+N6vtmwmtYScJvYJWmAEj3f/HHDBGcx4QozJKVjW6nyciQUxYzMa24mSYrwFI2JoylHMZFevgw+h9daCWGUCP24gkv170aOYilncaAnY6QmctMrxP88J1PRvZdTnmaKcLyWIpc65oSE62JxQshIrjJFGYO6k6IwGFJBsGIzTRAWVH8L4gkSCCtda033ZW+2s00GraZtN+2nVqPdKZurgktwBW6ADe5AGzyCHugDDDLwCt7AwlgY78aH8bkarRjlzgVYg/H9C4NZo+M=</latexit><latexit sha1_base64="YoVsN8KpZtJiGZXwhxDt6pKqZhY=">AAACI3icbVDLSsNAFJ3UV62PRl26GSyCG0vSjS5LpeCygn1AEsJkMmmHTiZhZiKU0C9xa7/Gnbhx4acITtosbOuBgcM5917OnCBlVCrL+jIqO7t7+wfVw9rR8clp3Tw7H8gkE5j0ccISMQqQJIxy0ldUMTJKBUFxwMgwmD4U/vCFCEkT/qxmKfFiNOY0ohgpLflm3XVg11UJvIVdv+N6vtmwmtYScJvYJWmAEj3f/HHDBGcx4QozJKVjW6nyciQUxYzMa24mSYrwFI2JoylHMZFevgw+h9daCWGUCP24gkv170aOYilncaAnY6QmctMrxP88J1PRvZdTnmaKcLyWIpc65oSE62JxQshIrjJFGYO6k6IwGFJBsGIzTRAWVH8L4gkSCCtda033ZW+2s00GraZtN+2nVqPdKZurgktwBW6ADe5AGzyCHugDDDLwCt7AwlgY78aH8bkarRjlzgVYg/H9C4NZo+M=</latexit><latexit sha1_base64="YoVsN8KpZtJiGZXwhxDt6pKqZhY=">AAACI3icbVDLSsNAFJ3UV62PRl26GSyCG0vSjS5LpeCygn1AEsJkMmmHTiZhZiKU0C9xa7/Gnbhx4acITtosbOuBgcM5917OnCBlVCrL+jIqO7t7+wfVw9rR8clp3Tw7H8gkE5j0ccISMQqQJIxy0ldUMTJKBUFxwMgwmD4U/vCFCEkT/qxmKfFiNOY0ohgpLflm3XVg11UJvIVdv+N6vtmwmtYScJvYJWmAEj3f/HHDBGcx4QozJKVjW6nyciQUxYzMa24mSYrwFI2JoylHMZFevgw+h9daCWGUCP24gkv170aOYilncaAnY6QmctMrxP88J1PRvZdTnmaKcLyWIpc65oSE62JxQshIrjJFGYO6k6IwGFJBsGIzTRAWVH8L4gkSCCtda033ZW+2s00GraZtN+2nVqPdKZurgktwBW6ADe5AGzyCHugDDDLwCt7AwlgY78aH8bkarRjlzgVYg/H9C4NZo+M=</latexit> =<latexit sha1_base64="Jyol3cxlNjbnW4g9HAaqQ6InCEo="></latexit><latexit sha1_base64="Jyol3cxlNjbnW4g9HAaqQ6InCEo="></latexit><latexit sha1_base64="Jyol3cxlNjbnW4g9HAaqQ6InCEo="></latexit><latexit sha1_base64="Jyol3cxlNjbnW4g9HAaqQ6InCEo="></latexit>

1
E+EB

<latexit sha1_base64="J/tQpVw4FCOJYnTClM4fSpNF3RM="></latexit><latexit sha1_base64="J/tQpVw4FCOJYnTClM4fSpNF3RM="></latexit><latexit sha1_base64="J/tQpVw4FCOJYnTClM4fSpNF3RM="></latexit><latexit sha1_base64="J/tQpVw4FCOJYnTClM4fSpNF3RM="></latexit>

2<latexit sha1_base64="L7zgKNoKF5ngig8NiG0JO3W6E0E=">AAACPHicbVDLSsNAFJ34rPXV6tJNsBRcSEgCosuiG5ct2Ae0oUwmN+3QySTMTIQS8gVu9Xf8D/fuxK1rJ20WtvXAhcM59w5njp8wKpVtfxhb2zu7e/uVg+rh0fHJaa1+1pNxKgh0ScxiMfCxBEY5dBVVDAaJABz5DPr+7KHw+88gJI35k5on4EV4wmlICVZa6rjjWsO27AXMTeKUpIFKtMd1ozkKYpJGwBVhWMqhYyfKy7BQlDDIq6NUQoLJDE9gqCnHEUgvWyTNzaZWAjOMhR6uzIX69yLDkZTzyNebEVZTue4V4n/eMFXhnZdRnqQKOFlJkUkdcwrBqlg8IWQol5nClJkqNouGzIAKIIrNNcFEUP0tk0yxwETpHqujAELd9SJ5FmAxmwgAnmdi4ueZfW1bN3rcvKqLddZr3CQ913Icy+m4jdZ9WXEFXaBLdIUcdIta6BG1URcRBOgFvaI34934NL6M7+XqllHenKMVGD+/HuytWQ==</latexit><latexit sha1_base64="L1q8Wwto4bn7gWsDYdg19uul40s=">AAACOHicbVDLSsNAFJ3UV42v1q2bYCm4kJIURJdFNy4r2Ae0oUwmN+nQySTMTIQS8gVu9Xf8D/fu3PoBTtIsbOuBC4dz7h3OHC9hVCrb/jRqO7t7+wf1Q/Po+OT0rGE2hzJOBYEBiVksxh6WwCiHgaKKwTgRgCOPwchbPBT+6AWEpDF/VssE3AiHnAaUYKWlp+6s0bI7dglrmzgVaaEK/VnTaE/9mKQRcEUYlnLi2IlyMywUJQxyc5pKSDBZ4BAmmnIcgXSzMmlutbXiW0Es9HBllerfiwxHUi4jT29GWM3lpleI/3mTVAV3bkZ5kirgZC1FJnXMOfjrYvGEkIFcZQpSZqnYKhqyfCqAKLbUBBNB9bcsMscCE6V7NKc+BLrrMnnmY7EIBQDPMxF6eWZf250bPd3c1MU6mzVuk2G34zgdp9W7rwquowt0ia6Qg25RDz2iPhogggC9ojf0bnwYX8b3arFmVBfnaA3Gzy8pv6vd</latexit><latexit sha1_base64="L1q8Wwto4bn7gWsDYdg19uul40s=">AAACOHicbVDLSsNAFJ3UV42v1q2bYCm4kJIURJdFNy4r2Ae0oUwmN+nQySTMTIQS8gVu9Xf8D/fu3PoBTtIsbOuBC4dz7h3OHC9hVCrb/jRqO7t7+wf1Q/Po+OT0rGE2hzJOBYEBiVksxh6WwCiHgaKKwTgRgCOPwchbPBT+6AWEpDF/VssE3AiHnAaUYKWlp+6s0bI7dglrmzgVaaEK/VnTaE/9mKQRcEUYlnLi2IlyMywUJQxyc5pKSDBZ4BAmmnIcgXSzMmlutbXiW0Es9HBllerfiwxHUi4jT29GWM3lpleI/3mTVAV3bkZ5kirgZC1FJnXMOfjrYvGEkIFcZQpSZqnYKhqyfCqAKLbUBBNB9bcsMscCE6V7NKc+BLrrMnnmY7EIBQDPMxF6eWZf250bPd3c1MU6mzVuk2G34zgdp9W7rwquowt0ia6Qg25RDz2iPhogggC9ojf0bnwYX8b3arFmVBfnaA3Gzy8pv6vd</latexit><latexit sha1_base64="L1q8Wwto4bn7gWsDYdg19uul40s=">AAACOHicbVDLSsNAFJ3UV42v1q2bYCm4kJIURJdFNy4r2Ae0oUwmN+nQySTMTIQS8gVu9Xf8D/fu3PoBTtIsbOuBC4dz7h3OHC9hVCrb/jRqO7t7+wf1Q/Po+OT0rGE2hzJOBYEBiVksxh6WwCiHgaKKwTgRgCOPwchbPBT+6AWEpDF/VssE3AiHnAaUYKWlp+6s0bI7dglrmzgVaaEK/VnTaE/9mKQRcEUYlnLi2IlyMywUJQxyc5pKSDBZ4BAmmnIcgXSzMmlutbXiW0Es9HBllerfiwxHUi4jT29GWM3lpleI/3mTVAV3bkZ5kirgZC1FJnXMOfjrYvGEkIFcZQpSZqnYKhqyfCqAKLbUBBNB9bcsMscCE6V7NKc+BLrrMnnmY7EIBQDPMxF6eWZf250bPd3c1MU6mzVuk2G34zgdp9W7rwquowt0ia6Qg25RDz2iPhogggC9ojf0bnwYX8b3arFmVBfnaA3Gzy8pv6vd</latexit>

coupling to the bound state read off from the residue

N
<latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit>

N
<latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit><latexit sha1_base64="9ehQ4q2Joie73Ut10zXNZDvrhOU="></latexit>

D
<latexit sha1_base64="KtSofmepKGLEF/JkvO7WpjtPqR0="></latexit><latexit sha1_base64="KtSofmepKGLEF/JkvO7WpjtPqR0="></latexit><latexit sha1_base64="KtSofmepKGLEF/JkvO7WpjtPqR0="></latexit><latexit sha1_base64="KtSofmepKGLEF/JkvO7WpjtPqR0="></latexit>

by matching the EFT to the measured/given scattering lenghts/ binding energies alone
we fully determine the ingredients needed for the BSF rate

analog of the wave function overlap in Coulombian bound state formation (BSF)

gNND =

p
8⇡�

MN
=

p
8⇡

p
MNED

MN
<latexit sha1_base64="nTBa+fotApyGkE2NG1zZ1anHyKg="></latexit><latexit sha1_base64="nTBa+fotApyGkE2NG1zZ1anHyKg="></latexit><latexit sha1_base64="nTBa+fotApyGkE2NG1zZ1anHyKg="></latexit><latexit sha1_base64="nTBa+fotApyGkE2NG1zZ1anHyKg="></latexit>



Validity of the EFT

appropriate description in presence of shallow bound states

it obviously fails in the Coulombian case

Cosmological Production of Dark Nuclei Dark Deuterium Production Rate

[see original works by Kaplan, Savage, Wise from the ‘90s]

�|V0|
<latexit sha1_base64="yJkUr4VZgq88em273ERejncOd5o="></latexit><latexit sha1_base64="yJkUr4VZgq88em273ERejncOd5o="></latexit><latexit sha1_base64="yJkUr4VZgq88em273ERejncOd5o="></latexit><latexit sha1_base64="yJkUr4VZgq88em273ERejncOd5o="></latexit>

a
<latexit sha1_base64="xI2fErFeb+HWoulnw+yHutGSgc4="></latexit><latexit sha1_base64="xI2fErFeb+HWoulnw+yHutGSgc4="></latexit><latexit sha1_base64="xI2fErFeb+HWoulnw+yHutGSgc4="></latexit><latexit sha1_base64="xI2fErFeb+HWoulnw+yHutGSgc4="></latexit>

only one bound state close to zero energy

r
<latexit sha1_base64="hX6di0XX5MLfGhTjWG9IEJRbq74="></latexit><latexit sha1_base64="hX6di0XX5MLfGhTjWG9IEJRbq74="></latexit><latexit sha1_base64="hX6di0XX5MLfGhTjWG9IEJRbq74="></latexit><latexit sha1_base64="hX6di0XX5MLfGhTjWG9IEJRbq74="></latexit>

V (r)
<latexit sha1_base64="cNeI/7kdOJS1hbW2+o1Lut8sYaE="></latexit><latexit sha1_base64="cNeI/7kdOJS1hbW2+o1Lut8sYaE="></latexit><latexit sha1_base64="cNeI/7kdOJS1hbW2+o1Lut8sYaE="></latexit><latexit sha1_base64="cNeI/7kdOJS1hbW2+o1Lut8sYaE="></latexit>

[for SM deuterium: Kaplan, Savage, Scaldeferri, Wise; Rupak]



Magnetic transitions

everything in terms of scattering lenght and binding energies
K, group factor calculable case by case

Cosmological Production of Dark Nuclei Dark Deuterium Production Rate

enhancement from initial state
in the SM                       ,

slow neutrons are captured via magnetic dipole interactions
a(1S0)� ⇡ �5
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Electric transitions (aka dipole approximation)

Cosmological Production of Dark Nuclei Dark Deuterium Production Rate

no enhancement from initial state
(initial state is p-wave)

everything in terms of scattering lenght and binding energies
K, group factor calculable case by case
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Example: nucleon triplet of SU(2)



Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)

Dirac triplet of SU(2), 

dark nuclei with dark baryon number two live in the product

name r of SU(2) Spin

D1 1 0

D3 3 1

D5 5 0
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in the symmetric limit, absence of Coulomb barrier for singlet and triplet,
we have Sommerfeld enhancement

quintuplet is repulsive, also we do not consider bound state there

⌦
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ED1 > ED3
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Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)

Boltzmann equation

we consider symmetric Sommerfeld effect (SU(2) preserved)
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transition between bound states are faster than dissociation rates, we can sum:
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Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)

Cross sections

many rates contributes to h�vie↵
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• Effect of less bind D3 can be important
• Important effect of Sommerfeld enhancement for the electric (p-wave) rates



Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)

Abundance of Dark Deuterium D1
<latexit sha1_base64="3DvmJ49QYamDD0N9U5AZsgSJIUM="></latexit><latexit sha1_base64="3DvmJ49QYamDD0N9U5AZsgSJIUM="></latexit><latexit sha1_base64="3DvmJ49QYamDD0N9U5AZsgSJIUM="></latexit><latexit sha1_base64="3DvmJ49QYamDD0N9U5AZsgSJIUM="></latexit>

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=0.5

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

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)

• Large effect only for very large binding energies
• Fraction of O(10%) recombined into dark deuterium



Indirect detection signals

can happen today from annihilation of residual V0
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possible even in presence of totally asymmetric component

Sommerfeld effects allow for the transition:

Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)

we can reuse the results for the Wino



Indirect detection signals

Cosmological Production of Dark Nuclei Example: nucleon triplet of SU(2)
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Example: nucleon singlet with dark photon



Cosmological Production of Dark Nuclei Example: nucleon singlet with dark photon

Mimicking the SM

different results with previous studies [Krnjajic, Sigurdson]

input for studies that focus on large atomic numbers [Hardy et al]

new Dirac fermions Q±
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Outlook



Cosmological Production of Dark Nuclei Outlook

Conclusions

Future Directions

• Rich phase in the dark sector, if it is similar to the SM
• Dark BBN can be computed from first principles
• Improvement on existing treatments
• A strongly-coupled analogy of BSF widely studied in the literature

• Clarify better the implications for indirect detection
• Sommerfeld from strong interactions?
• Explore the dark sector in more extreme condition (large density)



Thank You!



BACKUP
(calculation of enhancement from initial state)
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(group theory factors)



BACKUP
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