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Motivation  
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• Embed ultralight Higgs portal DM in extended dark sector. 


• Include necessary ingredients for leptogenesis and neutrino masses.


• Interesting new features emerge with seemingly benign ingredients. 

Executive  Summary
• Focus on radiatively generated parameter space (CW-dynamics).


• Correlation between DM and RHN mass (~few GeV). 


• Predictive mass range for DM, . 1 μeV ≲ mϕ ≲ 10 meV
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• Ultralight Higgs portal dark matter. 


• Thermal misalignment. 

• Interfacing with a neutrino mass mechanism. 


• New radiative corrections & scalar dynamics.


• "Predicting" the RHN mass. 

• Thermal misalignment & dynamics in the early universe.


• Relic abundance prediction. 


• Initial conditions and preheating. 



Minimal   Scalar   Dark  Matter
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ϕ4 + Bϕ2 |H |2 + ℒSM

mϕ ∼ 10 − 100 GeV

  S Y M M E T RYℤ2



Ultralight   Scalar   Dark   Matter
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··ϕ + 3H ·ϕ + m2
ϕϕ = 0
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ϕϕ2F R I E D M A N  E Q U AT I O N

ϕ(t0) = ϕi
·ϕ(t0) = 0

I N I T I A L  C O N D I T I O N S

John Preskill, Mark B. Wise, Frank Wilczek (1983)



Super-Renormalizable  Higgs  Portal
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ℒ =
1
2

(∂ϕ)2 − V(ϕ) + Aϕ |H |2 + Bϕ2 |H |2 + ℒSM

N O    S Y M M E T RYℤ2



Scalar  Mass   &   Fine  Tuning 
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ℒ =
1
2

(∂ϕ)2 − V(ϕ) + Aϕ |H |2 + Bϕ2 |H |2 + ℒSM

N O    S Y M M E T RYℤ2

A A

δm2
ϕ ∼ A2 × log(…)

• If   then small 
scalar mass is technically 
natural within IR theory

B < m2
H /m2

ϕ



Interactions  With  Matter 
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• Electroweak symmetry breaking 
leads to mixing with the Higgs. 


• This induces coupling to matter. 

ℒint = geff ϕ N̄N

geff ∼ A
(500 MeV)

m2
h



Misalignment   &   Relic   Abundance
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ρ = 1
2 m2

ϕϕ2
ρ = ρ0 × ( T

Tosc )
3

g*(T)
g*(Tosc)

S E T  B Y  I N I T I A L  C O N D I T I O N S

3H(Tosc) = mϕ
• Mechanism is simple, and entirely 

secluded. 


• Initial conditions leave open questions. 



Thermally  Driven  Misalignment
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Veff(φ, T) ∼ A T2 φ T ≫ TEW
• Linear tilt from thermal effects misaligns field to negative values.


• Can supply necessary misalignment for dark matter. 



Thermally  Driven  Misalignment
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• Relic abundance is 
predictable in terms 
of . 


• Relies on small initial 
field fluctuations.


• Can be translated 
into low inflationary 
scale. 

(A, mϕ)
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• Interfacing with a neutrino mass mechanism. 


• New radiative corrections & scalar dynamics.


• "Predicting" the RHN mass. 

• Thermal misalignment & dynamics in the early universe.


• Relic abundance prediction. 


• Initial conditions and preheating. 



Including   A  Neutrino  Mass  Mechanism
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• Gauge singlets in neutrino mass 
models will couple to . 


• Lets consider the simplest option and 
add a family of right-handed neutrinos. 

ϕ

T Y P E - I  S E E S AW  M E C H A N I S M



Keeping    Dark  Matter   (Ultra)Light
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A Ag g

Nc

ϕ ϕ

• Right-handed neutrino loops will induce 
a new correction to the scalar mass 

δm2
ϕ ∼

1
16π2

g2M2
N × log(…)



Keeping    Dark  Matter   (Ultra)Light
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• A small scalar masses 
leads to a large scalar vev

⟨ϕ⟩ ∼ A
v2

EW

m2
ϕ

• Large vev leads to large 
RHN masses

δMN = g⟨ϕ⟩

S C A L A R   
M A S S

S C A L A R   
V E V

F E R M I O N  
M A S S  
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Coleman-Weinberg    Dynamics



Coleman-Weinberg  Potential
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• This has just been a clumsy discussion of 
scalar dynamics w/ radiative corrections

S C A L A R   
M A S S

S C A L A R   
V E V

F E R M I O N  
M A S S  

VCW(ϕ) = Vtree(ϕ) + (−1)S M4
eff

64π2
(2S + 1) log

M2
eff

φ2
R

• Large corrections from fermion loops show 
up as a quartic-like potential. 

Meff = MN + g⟨ϕ⟩



Radiatively  Generated   Parameters
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• It is natural to ask if parameters are "fine-tuned". 


• One way to guarantee natural size of parameters is to 
generate almost all of them radiatively. 

 I N  D A R K  S E C T O R  ℤ4

S O F T  B R E A K I N G  B Y  P O RTA L S



Stabilization  Of   The  Field
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Free Parameters = (g, A)
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 Theory  At   Zero Temperature 



Zero Temperature  Dynamics
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Free Parameters = (g, A) ↔ (mϕ, A)

F O R  T H E  R E S T  O F  T H E  TA L K  W E  W I L L  U S E  (mϕ, A)



Right-Handed  Neutrino  Mass 
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• The RHN mass depends only on the ratio of .  


• This ratio is always less than one! 

A/mN

mN < vEW

mN ∼ few GeV
W E L L  S U I T E D  F O R   

A C C E L E R AT O R S
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• Ultralight Higgs portal dark matter. 


• Thermal misalignment. 

PA RT  2
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• Interfacing with a neutrino mass mechanism. 


• New radiative corrections & scalar dynamics.


• "Predicting" the RHN mass. 

• Thermal misalignment & dynamics in the early universe.


• Relic abundance prediction. 


• Initial conditions and preheating. 
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``Heavy''  Scalars 
mϕ ≳ 1 meV



Dynamics  At   Very   Early   Times 
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··φ + 3H ·φ + m2
ϕφ = 0

S TA N D A R D  M I S A L I G N M E N T

··φ + 3H ·φ + ∂φVCW = −
AT2

π2

T H E R M A L  M I S A L I G N M E N T

meff(φ) = ∂φVCW/φ 3H(Tosc) = meff (φpre(Tosc))



Onset  Of   Oscillations
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• Oscillation onset is well 
estimated.   


• Oscillations always start 
close to the minimum of 
the potential. 


• Electroweak phase 
transition provides quick 
"jump" in field space. 



Maximum  Dark  Matter  Mass  
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• If  is too large CW-log 
can turn over potential. 


• Sets maximum mass for DM. 

Tosc



Adiabatic  Transport
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• We find adiabatic 
dynamics. 


• Stems from scaling of 
potential minimum. 

φmin(T) ∼ T2/3

H ∼ T2

• Very different than with tree-level mass



Relic  Abundance  Estimate
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• Dynamics are adiabatic. 


• Comoving number density is conserved. 

• Mass is time-dependent. 


• Straightforward estimate of relic density. 
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•  Coleman-Weinberg 
dynamics fix   


• Reproducing DM relic 
abundance predicts 


• At high masses ISL test 
offer discovery prospects.


• At low mass search for 
RHNs with accelerators.  

MN(mϕ, A)

A(mϕ)



Summary 
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Summary
• We considered RHNs and light scalar DM coupled to the 

SM via the Higgs portal.  

• RHNs radiatively "lift" the scalar mass. 

• We studied regions of parameter space where the DM mass 

comes only radiative corrections. 

• Resulting cosmology differs from quadratic case because of 

non-linearities in the CW-potential. 

• Mechanism exists to drive scalar field to origin after inflation. 32



Backup   Slides 
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``Light''  Scalars 
mϕ ≲ 100 μeV
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··φ + 3H ·φ + m2
ϕφ = 0

S TA N D A R  M I S A L I G N M E N T

··φ + 3H ·φ + ∂φVCW = − Av2

T H E R M A L  M I S A L I G N M E N T

3H(Tosc) = mϕ

Dynamics  Below   The   Electroweak   Scale

• After Higgs vev turns on mass is 
constant and agrees w/ .T = 0



Right-Handed   Neutrino   Thermalization
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• Assuming standard type-I see-saw couplings GeV scale 
neutrinos thermalize around .


• These contribute to the thermal effective potential. 


• Thermalization is slow compared to scalar oscillations. 


• Adiabatic shift in minimum. 

T ∼ 10 GeV

R I G H T- H A N D E D  N E U T R I N O  T H E R M A L I Z AT I O N   
D O E S  N O T  A F F E C T  R E L I C  A B U N D A N C E



Relic  Abundance  Estimate
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• Dynamics are adiabatic. 


• Comoving number density is conserved. 

• Mass is fixed. 


• Straightforward estimate of relic density. 
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•  Coleman-Weinberg 
dynamics fix   


• Reproducing DM relic 
abundance predicts 


• At high masses ISL test 
offer discovery prospects.


• At low mass search for 
RHNs with accelerators.  

MN(mϕ, A)

A(mϕ)
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Speculations  About   Initial  Conditions



Who's  Afraid   Of    Initial  Conditions?
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P(φI) ∼ exp[−V(φI)/H4
I ] ⟹ φI ∼ HI/g

• A generic concern with light fields during inflation is that they will 
get "knocked around". 


• If the initial value  is too large thermal misalignment cannot 
erase the initial conditions. 

φI ≫ φ0

B E N C H M A R K  :  φI ∼ δ × MPl



Slipping,  Sliding,  &  Stopping
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• What about after inflation ends? 

m2
eff(φ) = ∂φVCW/φ ∼ g2H2

I

H ∼ T2/MPl

T2
slide ∼ g2φIMPl ∼ H2

I × δ
Tslide ≪ HI



Slipping,  Sliding,  &  Stopping
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• Now our field is flying past the 
origin in field space. 

• Fermions are very nearly 
massless here. 

• Burst of fermions produced. 
Effective source of friction/damping. 

K O F F M A N N ,  G R E E N E  A R X I V: H E P - P H / 0 0 0 3 0 1 8

F E L D M A N ,  K O F F M A N N ,  L I N D E  A R X I V: H E P - P H / 9 8 1 2 2 8 9

https://arxiv.org/abs/hep-ph/0003018
https://arxiv.org/abs/hep-ph/9812289


Slipping,  Sliding,  &  Stopping
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• The field eventually comes to 
rest.

• Linear portion of the potential is 
"special" because it is the most flat. 

• Turning points provide the condition 

φI(t0) = φi
·φ(t0) = 0

I N I T I A L  C O N D I T I O N S


