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+ Standard Model including neutrino masses
Many quantities so far observed to be consistent with zero
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hypothesis: 

the universe does not spontaneously violate CPT



the standard model

one stable neutrino:  ν R



the standard model

Gµ,Wµ, Bµ, h



the standard model

dL, uL, dR, uR

dL, uL, dR, uR

dL, uL, dR, uR

Gµ,Wµ, Bµ, h

one stable neutrino:  ν R



the standard model

dL, uL, dR, uR

dL, uL, dR, uR

dL, uL, dR, uR

eL, νL, eR, νR

Gµ,Wµ, Bµ, h

one stable neutrino:  ν R



the standard model

dL, uL, dR, uR

dL, uL, dR, uR

dL, uL, dR, uR

eL, νL, eR, νR

Gµ,Wµ, Bµ, h

} x 3

one stable neutrino:  ν R



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )

u+ a+ ⇒  0
+



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )

u+ a+ ⇒  0
+

 u−
a− ⇒  0

−



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )

u+ a+ ⇒  0
+

 u−
a− ⇒  0

−

uCPT aCPT ⇒  0
CPT



ψ = d3 !p
(2π )3∫

h
∑ a !p ,hu(

!p,h, !x)+ a !p ,h
† uc( !p,h, !x)( )

u+ a+ ⇒  0
+

 u−
a− ⇒  0

−

uCPT aCPT ⇒  0
CPT

uCPT (τ ) ∼ uCPT
c (−τ )( )



   uCPT ( !p,h, !x) =α ( !p)u+ ( !p,h, !x)+ β( !p)u+
c ( !p,h, !x)



CPT
0 a+

† ( !p,h)a+ ( !p,h) 0
CPT

=  β( !p)
2
= e

−π p2 MPl
mdm

3
ρrad

   uCPT ( !p,h, !x) =α ( !p)u+ ( !p,h, !x)+ β( !p)u+
c ( !p,h, !x)



CPT
0 a+

† ( !p,h)a+ ( !p,h) 0
CPT

=  β( !p)
2
= e

−π p2 MPl
mdm

3
ρrad

   uCPT ( !p,h, !x) =α ( !p)u+ ( !p,h, !x)+ β( !p)u+
c ( !p,h, !x)

Like Hawking Radiation



dark matter

one stable neutrino:  ν R

One stable neutrino: ν(1)R



dark matter

one stable neutrino:  ν R

One stable neutrino: ν(1)R (Z2 symmetry : ν(1)R → −ν(1)R )



dark matter

one stable neutrino:  ν R

ndm

srad
= C

(
mdm

Mpl

)3/2

(C = 0.003476 ...)

One stable neutrino: ν(1)R (Z2 symmetry : ν(1)R → −ν(1)R )



dark matter

one stable neutrino:  ν R

ndm

srad
= C

(
mdm

Mpl

)3/2

(C = 0.003476 ...)

One stable neutrino: ν(1)R (Z2 symmetry : ν(1)R → −ν(1)R )

mdm = 4.8× 108GeV



dark matter

one stable neutrino:  ν R

ndm

srad
= C

(
mdm

Mpl

)3/2

(C = 0.003476 ...)

One stable neutrino: ν(1)R (Z2 symmetry : ν(1)R → −ν(1)R )

mdm = 4.8× 108GeV

detection?



Prediction: one neutrino is massless

one stable neutrino:  ν R



Prediction: one neutrino is massless

one stable neutrino:  ν R

  mν∑ ≈ .06eV (NH ) or .12eV ( IH )



Prediction: one neutrino is massless

one stable neutrino:  ν R

  mν∑ ≈ .06eV (NH ) or .12eV ( IH )

(Brinckmann et al, arXiv:1808.05955) 



Prediction: one neutrino is massless

one stable neutrino:  ν R

  mν∑ ≈ .06eV (NH ) or .12eV ( IH )

(Brinckmann et al, arXiv:1808.05955) 

0νββ decay:



Prediction: one neutrino is massless

one stable neutrino:  ν R

  mν∑ ≈ .06eV (NH ) or .12eV ( IH )

(Brinckmann et al, arXiv:1808.05955) 

0νββ decay:

(Dell’Oro et al, arXiv:1601.07512) 



one stable neutrino:  ν R

• Other predictions:
– No primordial tensor perturbations (GWs)
– No primordial vector perturbations (vorticity)
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– Boundary conditions for quantum cosmology
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most probable universe: 

spatially flat, homogeneous and isotropic

space and time are emergent

CPT symmetry        matter-antimatter asymmetry 

dark matter can consist of right handed neutrinos

scale invariant perturbations from conformal anomaly
In the standard model (in progress)

a new, simpler cosmology is in prospect⇒

⇒



The dark matter has been hiding in plain sight: 
its right handed neutrinos!

Couples only to gravity - in CPT symmetric
vacuum, outgoing particle density nonzero

Predict:       - one of left handed neutrinos is massless  (at tree level)

- testable via cosmic structure formation

- double beta decay rate

can impose discrete symmetry
(i.e. reduce SM coupling space),  
renders one rh neutrino stable

w/L. Boyle and K. Finn

  ⇒ mνR
= 4.8×108GeV

  ν R,1 →−ν R,1

  mν∑ ≈ .06eV (NH ) or .12eV ( IH )



how will we know?

Forthcoming
CMB+galaxy
measurements
(S4+DESI)

a new experiment,10x size of CHIME, could set a 
much tighter bound

  ⇒σ ( mν∑ ) ≈ .02eV



Experimental confirmation? L. Anchordoqui et al. 
1803.11554



   ds2 = a(η)2(−dη2 + d!x 2 ),
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  a(η) ~η                 
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dark energy

FLRW background in 
conformal coordinates

natural  continuation to  

classical background invariant under 
time reversal symmetry

 η  <0               entropy

entropy

CPT

 η ↔ −η            



Gravity

Right handed neutrinos


