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➤ I am going to focus on dark sectors like this:

➤ Wide range of distinctive astrophysical/cosmological effects

➤ Important targets for sub-GeV dark matter direct detection

➤ Theoretical motivations:

➤ mirror sectors (neutral naturalness, Nnaturalness, …)

➤ decoupled dark sectors

➤ Cosmological history: need to track abundance of ϕ

— may be all or part of DMχ

ϕ — may be stable or unstable



THREE POINTS FOR TODAY

➤ Cosmological constraints on stable dark mediators: Neff 

➤ Neff constraints on out-of-equilibrium low-mass dark 
sectors 

➤ terrestrial searches for out-of-equilibrium low-mass dark 
sectors



DARK RADIATION

➤ Early universe measurements have sensitivity to relativistic relics: Neff 

➤ Concordance of BBN, CMB with SM+ CDM: stringent constraints, 
especially dark sectors that equilibrate with SM
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CURRENT AND FUTURE MEASUREMENTS OF NEFF

➤ Improved sensitivity to Neff is a major target of next-generation 
CMB experiments: 

➤ Recently improved BBN sensitivity as well

[Dvorkin, Meyers, Adshead +: Snowmass]
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NEW DEUTERIUM BURNING RATES 

➤ 2020: LUNA collaboration measures  cross-section 
at BBN energies

pd → γ 3He

[Yeh, Fields, Olive]

➤ This rate dominated 
theoretical uncertainties on 
BBN predictions 

➤ New BBN + Planck constraint 
on Neff : 

➤ Neff < 0.226 

➤ updated treatment of 
other deuterium rates 

➤ ignoring Lithium, 
EMPRESS He

Δ

[Yeh, JS, Olive, Fields]
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COMPARING BBN AND CMB

➤ Constraints on Neff, baryon-to-photon ratio :η

[Yeh, JS, Olive, Fields]

CMB has much 
sharper 

sensitivity to η

BBN has better 
but comparable 
sensitivity to Neff

One-sided upper 
limit on (Neff-NeffSM)



APPLICATION TO DARK SECTORS

➤ Neff constraints on dark radiation: 

➤
ΔNν = 4

7 gIR
*HS ( TDR

Tν )
4

= 2.2gIR
*HS ( TDR

Tγ )
4
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APPLICATION TO DARK SECTORS

➤ Neff constraints on dark radiation:

SM+HS

Tγ TIR
DR

➤ Neff constraints on dark radiation: 

➤
 

➤ Given equilibrium at a common 
temperature T*: 

➤
 

➤  at most two degrees of 
freedom in HS 

➤ no evolution within HS after decoupling

ΔNν = 4
7 gIR

*HS ( TDR
Tν )

4

= 2.2gIR
*HS ( TDR

Tγ )
4

ΔNν = 2.2gIR
*HS ( 43/4

g*S,SM(T*) )
4/3
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g*S,HS(T*)
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δNν < 0.226 :
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➤ Neff constraints on dark radiation: 
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temperature T*: 

➤
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APPLICATION TO DARK SECTORS

➤ Limiting variation of Neff between BBN, 
CMB 

➤ Late-time equilibration with neutrinos: 

➤
 

➤ no more than one degree of freedom 

➤ initial temperature ratio <0.6

ΔNν ≈ 3 (1 + g*HS

g*ν )
1/3

1 + g*HS

g*ν ( THS

Tν )
4

− 1
 +HSν

SM HS

[Berlin, Blinov; Berlin, Blinov, Li]

Tγ Tν
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production

thermalization 
+ decoupling



NEFF FOR OUT-OF-EQUILIBRIUM DARK SECTORS

➤ Evaluating energy evolution in out-of-equilibrium dark sectors 
can be technically involved 

➤ Dominant energy transfer processes for millicharged particle: 

➤ Energy transferred to  is efficiently deposited into dark 
photons in region where Neff is constraining

χ

Z, γ* χ

t-channel: 
depends on HS temperature

s-channel: 
depend only on SM

[Adshead, Ralegankar, JS]



ALGORITHM TO OBTAIN SIMPLE CONSERVATIVE LIMIT

➤ Neglect t-channel processes: lower bound on energy transfer 

➤ For renormalizable interactions: resulting HS energy density has 
an attractor solution  

➤ final energy density can be evaluated algebraically from collision 
term, given a scale where energy transfer stops 
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CONSERVATIVE BOUND AND APPLICATIONS
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<latexit sha1_base64="hZXxqDaiLnL3AseVHK6DiihDNO8=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKre1FCl48VrAf0Iay2W7apZtN2N0IJfQvePGgiFf/kDf/jZu0goo+GHi8N8PMPD/mTGnH+bAKa+sbm1vF7dLO7t7+QfnwqKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3ad+b17KhWLxJ2ex9QL8USwgBGsM2lIpmxUrjh2zTGoopy4bt2QZrNxUW8i13ZyVGCF9qj8PhxHJAmp0IRjpQauE2svxVIzwumiNEwUjTGZ4QkdGCpwSJWX5rcu0JlRxiiIpCmhUa5+n0hxqNQ89E1niPVU/fYy8S9vkOig4aVMxImmgiwXBQlHOkLZ42jMJCWazw3BRDJzKyJTLDHRJp6SCeHrU/Q/6VZtt27XbmuV1tUqjiKcwCmcgwuX0IIbaEMHCEzhAZ7g2QqtR+vFel22FqzVzDH8gPX2CVywjnc=</latexit>�

<latexit sha1_base64="As69Owe8BriQbq2Fl+PuStF4hKs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSmmm6k4MZlBfuANpTJdNIMnUnCzEQoob/gxoUibv0hd/6Nk7aCih64cDjnXu69J0g5UxqhD2tldW19Y7O0Vd7e2d3brxwcdlSSSULbJOGJ7AVYUc5i2tZMc9pLJcUi4LQbTK4Lv3tPpWJJfKenKfUFHscsZATrQhqkERtWqshuNJDrehDZdVSruXVD0HnN8xzo2GiOKliiNay8D0YJyQSNNeFYqb6DUu3nWGpGOJ2VB5miKSYTPKZ9Q2MsqPLz+a0zeGqUEQwTaSrWcK5+n8ixUGoqAtMpsI7Ub68Q//L6mQ49P2dxmmkak8WiMONQJ7B4HI6YpETzqSGYSGZuhSTCEhNt4imbEL4+hf+TTs12Lmz31q02r5ZxlMAxOAFnwAGXoAluQAu0AQEReABP4NkS1qP1Yr0uWles5cwR+AHr7ROAvI6O</latexit>

�



CONSERVATIVE BOUND AND APPLICATIONS

➤ Under these conditions, simple visualization:

<latexit sha1_base64="hZXxqDaiLnL3AseVHK6DiihDNO8=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKre1FCl48VrAf0Iay2W7apZtN2N0IJfQvePGgiFf/kDf/jZu0goo+GHi8N8PMPD/mTGnH+bAKa+sbm1vF7dLO7t7+QfnwqKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3ad+b17KhWLxJ2ex9QL8USwgBGsM2lIpmxUrjh2zTGoopy4bt2QZrNxUW8i13ZyVGCF9qj8PhxHJAmp0IRjpQauE2svxVIzwumiNEwUjTGZ4QkdGCpwSJWX5rcu0JlRxiiIpCmhUa5+n0hxqNQ89E1niPVU/fYy8S9vkOig4aVMxImmgiwXBQlHOkLZ42jMJCWazw3BRDJzKyJTLDHRJp6SCeHrU/Q/6VZtt27XbmuV1tUqjiKcwCmcgwuX0IIbaEMHCEzhAZ7g2QqtR+vFel22FqzVzDH8gPX2CVywjnc=</latexit>�

<latexit sha1_base64="As69Owe8BriQbq2Fl+PuStF4hKs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSmmm6k4MZlBfuANpTJdNIMnUnCzEQoob/gxoUibv0hd/6Nk7aCih64cDjnXu69J0g5UxqhD2tldW19Y7O0Vd7e2d3brxwcdlSSSULbJOGJ7AVYUc5i2tZMc9pLJcUi4LQbTK4Lv3tPpWJJfKenKfUFHscsZATrQhqkERtWqshuNJDrehDZdVSruXVD0HnN8xzo2GiOKliiNay8D0YJyQSNNeFYqb6DUu3nWGpGOJ2VB5miKSYTPKZ9Q2MsqPLz+a0zeGqUEQwTaSrWcK5+n8ixUGoqAtMpsI7Ub68Q//L6mQ49P2dxmmkak8WiMONQJ7B4HI6YpETzqSGYSGZuhSTCEhNt4imbEL4+hf+TTs12Lmz31q02r5ZxlMAxOAFnwAGXoAluQAu0AQEReABP4NkS1qP1Yr0uWles5cwR+AHr7ROAvI6O</latexit>

�



CONSERVATIVE BOUND AND APPLICATIONS

➤ Under these conditions, simple visualization:

<latexit sha1_base64="hZXxqDaiLnL3AseVHK6DiihDNO8=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKre1FCl48VrAf0Iay2W7apZtN2N0IJfQvePGgiFf/kDf/jZu0goo+GHi8N8PMPD/mTGnH+bAKa+sbm1vF7dLO7t7+QfnwqKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3ad+b17KhWLxJ2ex9QL8USwgBGsM2lIpmxUrjh2zTGoopy4bt2QZrNxUW8i13ZyVGCF9qj8PhxHJAmp0IRjpQauE2svxVIzwumiNEwUjTGZ4QkdGCpwSJWX5rcu0JlRxiiIpCmhUa5+n0hxqNQ89E1niPVU/fYy8S9vkOig4aVMxImmgiwXBQlHOkLZ42jMJCWazw3BRDJzKyJTLDHRJp6SCeHrU/Q/6VZtt27XbmuV1tUqjiKcwCmcgwuX0IIbaEMHCEzhAZ7g2QqtR+vFel22FqzVzDH8gPX2CVywjnc=</latexit>�

<latexit sha1_base64="As69Owe8BriQbq2Fl+PuStF4hKs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSmmm6k4MZlBfuANpTJdNIMnUnCzEQoob/gxoUibv0hd/6Nk7aCih64cDjnXu69J0g5UxqhD2tldW19Y7O0Vd7e2d3brxwcdlSSSULbJOGJ7AVYUc5i2tZMc9pLJcUi4LQbTK4Lv3tPpWJJfKenKfUFHscsZATrQhqkERtWqshuNJDrehDZdVSruXVD0HnN8xzo2GiOKliiNay8D0YJyQSNNeFYqb6DUu3nWGpGOJ2VB5miKSYTPKZ9Q2MsqPLz+a0zeGqUEQwTaSrWcK5+n8ixUGoqAtMpsI7Ub68Q//L6mQ49P2dxmmkak8WiMONQJ7B4HI6YpETzqSGYSGZuhSTCEhNt4imbEL4+hf+TTs12Lmz31q02r5ZxlMAxOAFnwAGXoAluQAu0AQEReABP4NkS1qP1Yr0uWles5cwR+AHr7ROAvI6O</latexit>

�

<latexit sha1_base64="As69Owe8BriQbq2Fl+PuStF4hKs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSmmm6k4MZlBfuANpTJdNIMnUnCzEQoob/gxoUibv0hd/6Nk7aCih64cDjnXu69J0g5UxqhD2tldW19Y7O0Vd7e2d3brxwcdlSSSULbJOGJ7AVYUc5i2tZMc9pLJcUi4LQbTK4Lv3tPpWJJfKenKfUFHscsZATrQhqkERtWqshuNJDrehDZdVSruXVD0HnN8xzo2GiOKliiNay8D0YJyQSNNeFYqb6DUu3nWGpGOJ2VB5miKSYTPKZ9Q2MsqPLz+a0zeGqUEQwTaSrWcK5+n8ixUGoqAtMpsI7Ub68Q//L6mQ49P2dxmmkak8WiMONQJ7B4HI6YpETzqSGYSGZuhSTCEhNt4imbEL4+hf+TTs12Lmz31q02r5ZxlMAxOAFnwAGXoAluQAu0AQEReABP4NkS1qP1Yr0uWles5cwR+AHr7ROAvI6O</latexit>

�

<latexit sha1_base64="hZXxqDaiLnL3AseVHK6DiihDNO8=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hKre1FCl48VrAf0Iay2W7apZtN2N0IJfQvePGgiFf/kDf/jZu0goo+GHi8N8PMPD/mTGnH+bAKa+sbm1vF7dLO7t7+QfnwqKuiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3ad+b17KhWLxJ2ex9QL8USwgBGsM2lIpmxUrjh2zTGoopy4bt2QZrNxUW8i13ZyVGCF9qj8PhxHJAmp0IRjpQauE2svxVIzwumiNEwUjTGZ4QkdGCpwSJWX5rcu0JlRxiiIpCmhUa5+n0hxqNQ89E1niPVU/fYy8S9vkOig4aVMxImmgiwXBQlHOkLZ42jMJCWazw3BRDJzKyJTLDHRJp6SCeHrU/Q/6VZtt27XbmuV1tUqjiKcwCmcgwuX0IIbaEMHCEzhAZ7g2QqtR+vFel22FqzVzDH8gPX2CVywjnc=</latexit>�

➤ For example: proposal for extra chilling of baryons in “dark 
ages”: [Liu, Outmezguine, Redigolo, Volansky]  



➤ For example: proposal for extra chilling of baryons in “dark 
ages”: [Liu, Outmezguine, Redigolo, Volansky]  

MODEL-INSENSITIVE: APPLY TO MORE COMPLICATED MODELS

[Adshead, Ralegankar, JS]



DARK PHOTON ABUNDANCE AND FREEZE-IN DM

➤ Cosmological histories of out-of-equilibrium dark sectors can  
be important for understanding terrestrial observables 

➤ Freeze-in production of sub-GeV DM: important benchmarks 
for low-mass direct detection program 

➤ Standard benchmark model for low-mass direct detection: 
Dirac fermion DM, interacting with light dark photon

SM
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FREEZE-IN DARK MATTER

➤ Freeze-in through renormalizeable interactions is IR-
dominated and therefore UV-insensitive: 

➤ SM source term shuts off at  

➤ Residual UV sensitivity: initial condition on  

➤ (small) constant offset in final abundance 

➤ Have implicitly assumed DM does not interact after it is 
produced
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FREEZE-IN, FREEZE-OUT

➤ However in models with a light mediator, subsequent 
interactions among the dark particles can be very important 

➤ Assuming dark sector is in kinetic equilibrium:

[Chu, Hambye, Tytgat; Krnjaic; Berger et al; Evans, Gaidau, JS; Hambye et al; …]
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PHASES OF BEHAVIOR

[Fernandez, Kahn, JS]
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INITIAL CONDITION DEPENDENCE FOR DIRECT DETECTION 

➤ currently direct detection is probing UV-insensitive regions, 
but near the ‘freeze-in’ target predictions diverge depending 
on initial conditions
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SUMMARY

➤ BBN and the CMB are powerful probes of dark sectors 

➤ New BBN constraints on Neff further restrict scope for relativistic 
relics 

➤ Future CMB observations will be a major leap in sensitivity 

➤ MeV-scale dark sectors interacting with SM: out-of-equilibrium 

➤ IR-dominance can help simplify many calculations 

➤ but sometimes it doesn’t!


