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as a working example



Why Higgs Inflation?



In good agreement with the Data sets 

Planck 2015 results. XX. 
Constraints on inflation

Here



Higgs inflation = Non-minimally coupled inflation
=𝑅2 (Starobinsky) Inflation (?)

Reheating process is not the same <= our focus

Planck 2015 results. XX. 
Constraints on inflation



Why 𝜈MSM?



𝜈MSM
The minimal extension of the SM 
by three right-handed singlet fermions

The Standard Model (SM) lacks 
1. Neutrino Mass     =>   See-Saw Mechanism 
2. Baryogenesis =>   Leptogenesis
3. Dark Matter          =>   Singlet fermion
4. Anomalies =>   Sterile neutrinos
For these solutions 𝜈𝑅(Singlet fermion) is useful

The 𝜈MSM gives a minimal set of “beyond SM”
A good starting point

*usually assume 𝑀𝑠 < Λ𝐸𝑊
singlet fermion ≃ 𝜈𝑅 ≃ sterile neutrino



How Reheating goes along ?
1. Oscillation (Higgs field)
2. Preheating 

3. Reheating 

Particle production
(non-perturbative)

Particle decay
or annihilation
(perturbative)



Our idea is very simple

𝑊±, 𝑍0 production

𝑊±, 𝑍0 decay
or annihilate
into SM fermions

𝜈𝐿 is generated, 
mass matrix is not diagonal for (𝜈𝐿, 𝜈𝑅)

Mixing at this moment

Normally, singlet fermions are negligible because:

Direct production   <= forbidden (by definition)
Secondary process <= suppressed by tiny coupling

*We are not thinking about neutrino oscillation after reheating



Similar process in Astrophysics

Core
𝜈𝑒 production

Surface
𝜈𝜇 emission

Star

WHY?
Seems strange in {𝜈𝑒 , 𝜈𝜇} base



During the adiabatic process
“mass eigenstates” are separated
*definition changes

𝜈𝑒

𝜈𝑒

𝜈𝜇

𝜈𝜇

𝜓𝐻𝑒𝑎𝑣𝑦

𝜓𝐻𝑒𝑎𝑣𝑦

𝑁𝑒

In the core (𝑁𝑒 is large)

𝑖
𝑑

𝑑𝑡

𝜈𝑒
𝜈𝜇

= 𝐻
𝜈𝑒
𝜈𝜇

𝐻 ∝
𝑁𝑒 𝑐1
𝑐2 𝑐3

Mass eigenstates are
𝜓ℎ𝑒𝑎𝑣𝑦 ≃ 𝜈𝑒
𝜓𝑙𝑖𝑔ℎ𝑡 ≃ 𝜈𝜇

Opposite !

In our work
𝜈𝐿 from 𝑊+, 𝑍0 is
translated into 𝜈𝑅



Calculation
Seesaw Mass matrix  

𝑀 =
0 𝑚𝐷

𝑚𝐷 𝑀𝑅
,

In terms of the mass eigenstates 𝜓+, 𝜓− , 
neutrinos are

𝜈𝐿
𝜈𝑅

=
𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

𝜓−
𝜓+

𝑚𝐷 ∝ ℎ (in the original frame)
**This must be seen in the Einstein frame

𝜃 → 0 (No mixing) in the Vacuum

𝜃 →
𝜋

4
(Maximal mixing) at the decay



Conformal transformation => E-frame
ℎ (original Higgs) => 𝜙 (E-frame)

Ω2 ℎ = 1 +
𝜉ℎ2

𝑀𝑝
2 = 𝑒𝛼𝜅𝜙

𝑀𝑅 = 𝑀∗
2𝑒−𝛼𝜅|𝜙|, 𝑚𝐷 =

𝑦𝜈
2𝑀𝑝

2 1 − 𝑒−𝛼𝜅 𝜙

𝜉
1.  𝜙 is moving
2.  Gauge bosons decay when 𝜙 is large
3.  L-R Mixing at the decay is Maximal

i.e. 𝜈𝐿 ∼
1

2
(𝜓+ − 𝜓−)



𝑉 𝜙 =
1

2
𝑀2𝜙2, Inflaton Potential

𝑀 =
𝜆𝑀𝑝

3𝜉
,     Inflaton Mass

𝑚𝑊
2 =

𝑔2
2𝑀𝑝

2 1 − 𝑒−𝛼 𝜙

4𝜉
,mZ

2 =
mW
2

cos𝜃𝑊
Mass of the Gauge bosons

Other quantities (E-frame)

“Estimation” of the abundance is a simple task



1.Calculate 𝑛𝑊 and 𝑛𝑍 (conventional Preheating)
2.Find the branching ratio of 𝑍0,𝑊± → 𝜈𝐿 from PDG
3.If the Mixing is Maximal at  𝑍0,𝑊± → 𝜈𝐿, 

1/2 of 𝜈𝐿 is translated into 𝜈𝑅

All these quantities are time-dependent 
and non-local (= integration of the past)

Exact calculation is very difficult

Fortunately this model is “nearly” local 
since until (just before) reheating gauge bosons 
decay rapidly preventing parametric resonance 

Procedure

Simple and intuitive estimation is possible



Estimation

Simplifications (based on previous works)
1. Main product of preheating is 𝑍0,𝑊±

since no resonance for fermions 
2. Estimate quantities just before reheating

(most 𝜈𝐿 are generated here) 
3. 𝑍0,𝑊± decays partially (𝜖𝑑 ∼ 0.1)
4. Branching ratio (𝜖𝑏𝑟 ∼ 0.1)

𝑛𝜈𝐿 ∼ 𝜖𝑑𝜖𝑏𝑟( 𝑛𝑊±+𝑛𝑍0)

5. The mixing is maximal 
𝑛𝜓+

∼ 𝑛𝐿

This gives the abundance of the singlet fermions
107 × 𝜖𝑑 𝜖𝑏𝑟 ∼ 105 times larger than the usual 

no integration

no resonance if 𝜖𝑑 = 1
resonance starts 
just before reheating



Dark Matter Constraint is very severe

If 𝜈𝑅 is DM, usual result leads to

𝑀𝜈𝑅 < 3MeV
0.25

𝜆

1

4

Because of the enhancement 107 × 𝜖𝑑 𝜖𝑏𝑟,
our result leads to

𝑀𝜈𝑅 < 0.1 eV
0.25

𝜆

1
4

𝜖𝑑𝜖𝑏𝑟



Conclusions and More

Neutrino oscillation during preheating 
leads to significant enhancement of 𝜈𝑅

If 𝜈𝑅 is essential for “beyond SM” scenarios,
Higgs inflation could be distinguishable
because of the significant 𝜈𝑅-abundance
(especially when 𝜈𝑅 is stable)

We did not mention Leptogenesis with decaying 𝜈𝑅
We found a small improvement (not significant)


