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Motivating Questions…

• Developed at a time before there was clear evidence for dark matter or neutrino mass, 
but now there are even more questions…

Sakharov’s criteria for generating a baryon asymmetry are 50 years old!

• Baryon asymmetry? 
              and 
• Identity of Dark Matter? 
• DM-genesis? 
• Neutrino mass? 
• Lepton asymmetry?

Questions



New physics in a dark/hidden sector
Empirical evidence for new physics (e.g. neutrino mass, dark matter) arguably 
points to a hidden/dark sector, but not directly to a specific mass scale

May contain light states, if 
sufficiently weakly coupled

mediators
Standard Model

Hidden Sector 
- dark matter 
- neutrino mass

➠ a huge parameter space a priori, so what theoretical guidance is there?
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Visibility Frontier

Direct 
searches

UV Physics 
• Neutrino mass - (HL)(HL)/ΛUV 
• DM - WIMPs etc

IR Physics 
• Neutrino mass - light (RH) singlets 
• DM - axions, sterile neutrinos, etc

Discoverability frontier



Cold DM “Landscape”
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1/T

comoving 
density

thermal

non-thermal production        
(many mechanisms)

DM thermal history

Classify models according to their thermal history in the early universe

~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

(thermalized with the SM or not)



!5

~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

“WIMPs”

Natural starting point: 
• Minimal, linked to EWSB…  
• But no evidence thus far 

from direct detection, or 
LHC…

Cold DM landscape

[Billard et al ’13] 

Cold DM “Landscape”

bosonic composite

Classify models according to their thermal history in the early universe
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~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

Light DM

WIMP-like thermal relic 
• requires light mediators 

to thermalize with SM 

“WIMPs”

➠

Cold DM landscape

[Billard et al ’13] 

SM Dark  
Sector

Cold DM “Landscape”

bosonic composite

Classify models according to their thermal history in the early universe



Cold DM “Landscape”
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~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

ultralight bosonic DM

Range of new low energy precision detection techniques

[Cosmic Visions 2017]

Classify models according to their thermal history in the early universe

[See also 
the next 
two talks]



Easier to be systematic if we focus 
first on the mediation channels...

mediators
Standard Model

Hidden Sector 
- dark matter 
- neutrino mass

Substantial research effort over the past decade….

EFT for a (neutral) hidden sector
Given a very large ‘model-space’ a priori, its useful to develop an EFT 
expansion, assuming the hidden sector is SM-neutral



EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators
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EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators

Many more UV-sensitive interactions at dim ≥ 5

[Okun; Galison & 
Manohar; Holdom; 
Foot et al]

[Patt & Wilczek]
Vector portal Higgs portal Neutrino portal
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EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators

[Okun; Galison & 
Manohar; Holdom; 
Foot et al]

[Patt & Wilczek]
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Axion portal
[Weinberg, Wilczek, KSVZ, DFSZ]

Vector portal Higgs portal Neutrino portal



EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators
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Naturally incorporates minimal models of neutrino mass, and leptogenesis

Vector portal Higgs portal Neutrino portal



EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators
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If sufficiently light, A’, N and S can be viable (and minimal) 
nonthermal cold DM candidates 

Vector portal Higgs portal Neutrino portal



Cold DM “Landscape”
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~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

ultralight bosonic DM

Range of new low energy precision detection techniques

[Cosmic Visions 2017]



EG: keV-scale vector portal DM
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[An, Pospelov, 
Pradler, AR ’14]

L = �1
4
F �2

µ� �
�

2
F �

µ�Fµ� � 1
2
m2

A�A�2
µ + · · ·Dark photon DM: long lifetime if 

m < 2me (A’ → 3γ or 2ν)
[Pospelov, AR, Voloshin ’08, Redondo & Postma ’08]

Sensitivity via 
atomic ionization

Sensitivity can 
be improved at 
SuperCDMS, 
XENON1T
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Technically natural, only log-sensitivity to UV

[Piazza, Pospelov ’10]

Primarily constrained by 
fifth-force searches and 
the CMB

A = xm2
h

EG: Ultralight sub-eV Higgs portal DM



Cold DM “Landscape”
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~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

ultralight bosonic DM

Range of new low energy precision detection techniques

[Cosmic Visions 2017]

Light DM “WIMPs”
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~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

Light DM

Light (WIMP-like) thermal relic 
• requires light mediators to 

thermalize with SM 

“WIMPs”

➠

Cold DM landscape

[Billard et al ’13] 

SM Dark  
Sector

Cold DM “Landscape”

bosonic composite

Classify models according to their thermal history in the early universe
bosonic composite

Light DM “WIMPs”

Cold DM “Landscape”



EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators
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A’, S can provide new `dark force’ mediators enabling sufficient annihilation 
of MeV-GeV (hidden sector) dark matter in the early universe

Vector portal Higgs portal Neutrino portal



EFT for a (neutral) hidden sector - IR mediation

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ

Standard Model Hidden Sector
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mediators

Vector portal Higgs portal Neutrino portal
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Universal couplings to EM/scalar currents at low energy, so hidden sector 
models have correlated observable effects 

✏A0
µJ

µ
EM

Av2

m2
h

SJS vY ij
N ⌫̄iNj



Experimental probes

Standard Model Hidden Sector
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• Precision corrections 
• Rare (visible) decays 
• Astrophys/cosmology

• Rare (invisible) decays/Emiss 
• Anomalous NC-like scattering 
• Astrophys/cosmology

Experimental probes

Significant complementarity between precision & intensity!



Experimental probes

Standard Model Hidden Sector
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(vector) 
mediators

[Pospelov ‘08]
aVl =

↵2

2⇡
⇥

⇢
1 ml � mV

2m2
l /(3m

2
V ) ml ⌧ mV

• muon/electron g-2 



Experimental probes

Standard Model Hidden Sector
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(vector) 
mediators

[Ilten et al ‘18]

• muon/electron g-2 
• Rare (visible) decays 

NB: there are also 
constraints, e.g. 
from APV if in 
addition to the 
vector portal 
coupling, there are 
(higher-dimensional) 
corrections to the 
neutral current 



Experimental probes

Standard Model Hidden Sector
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• Precision corrections 
• Rare (visible) decays 
• Astrophys/cosmology

• Rare (invisible) decays/Emiss 
• Anomalous NC-like scattering 
• Astrophys/cosmology

Experimental probes

DM Models!
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Cold DM landscape

[Billard et al ’13] 

Cold DM “Landscape”Classify models according to their thermal history in the early universeCold DM “Landscape”

Dark sector scalar/pseudo-Dirac fields coupled to the vector portal are good sub-GeV 
DM candidates... [Boehm & Fayet, Batell, Pospelov, AR, deNiverville, McKeen, Essig, 
Schuster, Izaguirre, Krnjaic, Kahn, Morrissey, …] 

Experimental probes

~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

bosonic compositebosonic compositeLight DM

Sensitivity to 
halo DM with 
v~10-3 drops for 
m<O(GeV), due 
to recoil energy 
thresholds.



Experimental probes
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• Rare (invisible) decays/Emiss 
• Anomalous NC-like scattering

[MiniBooNE 2018]

[Further ongoing work + 
proposals, summarized in 
Battaglieri et al, Cosmic Visions 
Community Report ‘17] 

(vector) 
mediators

Standard Model Hidden Sector



Experimental probes

Standard Model Hidden Sector
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• Precision corrections 
• Rare (visible) decays 
• Astrophys/cosmology

• Rare (invisible) decays/Emiss 
• Anomalous NC-like scattering 
• Astrophys/cosmology

Experimental probes

Sources of CP-violation within this 
framework (e.g. for baryogenesis)?



EDM Sensitivity over the past ~30 years
log(dd) 
[e cm]
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-24
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dHg

log(de) 
[e cm]

dXe

dCs

log(dd) 
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-23

~

ThO
HfF+

Improvement in AMO EDM limits 
since ~1985… [Haxton & Henley ’83; 

Flambaum et al ‘84]

Observable     
    EDMs

QCD scale

nuclear scale

atomic/molec 
scale

CP 
violation

If CP violation originates in a hidden 
sector, the EFT may need to contain 
additional states down to lower scales…
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EDM Sensitivity to light (UV-complete) hidden sectors
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Standard Model Hidden Sector

γ

e e

WW

ni nje
➠ EDMs suppressed 
by constraints on light 
neutrino spectrum

de(“✓mixing”) . 10�33e · cm [Ng & Ng ’96; Archambault et al ’04;  
Le Dall, Pospelov & AR ’15]

{L = LSM + Lportals(O3,O4) + Lhid

de ⇠ (3⇥ 10�35ecm)
m2

D1
m2

D2

M4

M2
S �M2

R

GeV2 sin(2⌘)

UV complete neutrino portal

(CP-odd source relevant in the context of leptogenesis)



[Le Dall, Pospelov & AR ’15]

Standard Model Hidden Sector

{

UV complete Higgs and vector portals

L = LSM + Lportals(O3,O4) + Lhid

γ

V V
ψ

γ

S

h

γ5

“Dark” EDM ➠ 
dim-7 “EDM radius” 
(or Schiff moment)

EDM Sensitivity to light (UV-complete) hidden sectors

{

CP-violation

iē�µ⌫�5eVµ⌫ �! r2de
iē�µ⌫�5e

⇤Fµ⌫

m2
V

de(“✓mixing”) ⇠ (Z↵me)
2r2de

 10�32e · cm

➠EDM suppressed by limit on 1-loop 
(“dark photon”) correction to (g-2)e

NB: Further complementary constraints for EDMs generated in (UV-incomplete) 
models with light new physics [Marciano et al ’16, Dzuba et al ’18, ….] !30
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Summary
mediators

Standard Model
Hidden Sector 
- dark matter 
- neutrino mass

• EFT arguments focus attention on the 
UV-complete portal interactions 

➡ Expanded theoretical landscape 
e.g. for (low mass) particle DM, and 
growing experimental efforts at the 
precision and intensity frontier over 
the past decadeEn
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Visibility Frontier

Direct 
searches

UV Physics

IR Physics

Discoverability frontier

~10-22 eV ~30 M!

bosonic composite

~100 eV MeV ~100TeV Mpl

thermal
GeV MZ

non-thermalnon-thermal

Empirical motivations for new physics suggest dark/hidden sectors, 
which can contain light (sub-EW scale) degrees of freedom: 


