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Baryon Asymmetry of the Universe (BAU)

Cosmological Puzzle: Why is there more matter than antimatter?

Actual measurement of the asymmetry is the BAU [4][1].

YB =
nB − nB̄

s
≈ nB

s
= (8.72± 0.08)× 10−11 (1)

Measured from CMB and BBN seperately [5][2].

Leptogenesis is an elegant solution to this problem that has its roots
in neutrino physics.
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Type-1 Seesaw Mechanism

Neutrinos in SM do not have mass. Neutrinos in the real world
do....why do they have mass and why is that mass so small?

Add right-handed neutrinos to the SM Lagrangian [6]. Two terms are
allowed.

1 Dirac Mass Term: −Y L̄LH̃NR + h.c.
2 Majorana Mass Term: −MmN̄c

RNR + h.c.

See-Saw Mechanism is the limit Mm >> mD :

mL ≈ (Yv)2

Mm
, mR ≈ Mm (2)

explains the smallness of standard model neutrino masses.

mR

mL
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Leptogenesis

At one loop, we find that the probability of N → HL is greater than
N → H†L̄. Lepton asymmetry is produced by sterile neutrino decays
at one-loop [3]:

The CP violation parameter is defined as

ϵ =
Γ(N → LH)− Γ(N → L̄H†)

Γ(N → LH) + Γ(N → L̄H†)
, ϵmax ∝ MN (3)

This creates a lepton asymmetry. Then a lepton asymmetry is
transferred to a baryon asymmetry by sphaleron processes

YB =
28

79
YB−L . (4)
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Bolztmann Equations

The baryon asymmetry is then calculated by Bolztmann equations,

dYN

dz
= −D(z)(YN − Y eq

N )

dYB−L

dz
= ϵD(z)(YN − Y eq

N )−W (z)YB−L

D and W denote the decay and washout terms and z = M1/T is the time evolution
variable. ϵ and the D determine how much asymmetry can be created. W determines the
efficiency.
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Washout

Inverse decays and scatterings look to reduce the asymmetry.

L

H

N

L̄

H†

Whether they have any effect is determined by the effective neutrino
mass of the right-handed neutrino, m̃i . This parameter is independent
of the mass and is related to the decay rate,

Γi =
M2

i m̃i

8πv2
, m̃i =

(Y †Y )ii
Mi

(5)

The values of the effective neutrino mass are determined by a
complex orthogonal matrix.

m̃i =
∑
k

mk |Rki |2. (6)

where mi are the active neutrino masses.
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Vanilla Lepto Results

We performed parameter scans to illustrate how the effective neutrino
mass m̃ controls the washout strength:

If washout becomes significant, flavour effects become essential.
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Flavoured Boltzmann equations

At temperatures below the flavour thresholds, charged–lepton Yukawa
interactions become fast enough to distinguish individual lepton
flavours.

This means each flavour suffers different washout We ̸= Wµ ̸= Wτ ,
and the asymmetry cannot be treated as a single quantity.

For temperatures T ≲ 109 GeV the the lepton flavours are decohered,
and the evolution must be tracked for each flavour separately.

dY α
B−L

dz
= ϵαD(z)

(
YN − Y eq

N (z)
)
−W1α(z)Y

α
B−L (α = e, µ, τ)

(7)
where,

ϵα =
Γ(N1 → LαH)− Γ(N1 → L̄αH

†)

Γ(N1 → LαH) + Γ(N1 → L̄αH†)
(8)
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Benefits of Flavour effects

Flavour effects as well as being essential for a proper treametent can
lower the scale of leptogenesis.
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Density Matrix Equations

For 1012 GeV ≳ T ≳ 109 GeV, partial flavour decoherence occurs and
density matrix equations are required.

The flavour–density evolution is

dY αβ
B−L

dz
= ϵαβD(YN − Y eq

N )− 1

2
W {P0,YB−L}αβ

− Λτ

1 0 0
0 0 0
0 0 0

 ,

1 0 0
0 0 0
0 0 0

 ,YB−L


αβ

− Λµ

0 0 0
0 1 0
0 0 0

 ,

0 0 0
0 1 0
0 0 0

 ,YB−L


αβ

. (9)

The final baryon asymmetry is YB = 28
79

∑
α(YB−L)αα.

These equations include all flavour effects and remain valid in every
temperature regime.

Angus Spalding (University of Southampton)Three-Flavoured Leptogenesis during Reheating December 18 2025 11 / 20



When to use what

T ≳ 1012 GeV?
Unflavoured

Boltzmann Equations

Washout negligible?
Unflavoured

Boltzmann Equations

T ≲ 109 GeV?
Flavoured

Boltzmann Equations

Density Matrix
Equations

Yes

No

Yes

No

Yes

No

Decision scheme for the theoretical treatment of leptogenesis

depending on temperature and washout strength.
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Leptogenesis during Reheating

After inflation, ϕ decays into SM particles and RH neutrinos.

Inflaton ϕ

Right-Handed
Neutrinos

Neutrino
Masses

Baryon Asymmetry
of the

Universe (BAU)

Standard Model
Particles

Reheating

De
ca
ys

Type-I seesaw

Leptogenesis

Decays

If your universe history begins with inflation and explains neutrino
masses by Type I seesaw. This process MUST have taken place unless
there is a symmetry forbidding ϕNN or MN > Mϕ
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Leptogenesis durng reheating

We would normally solve the Bolztamnn equations...

ρ̇ϕ = −3Hρϕ − Γϕ(ρϕ − ρeqϕ ),

ρ̇N = −3HρN + Γϕ(ρϕ − ρeqϕ )− ΓN(ρN − ρeqN ),

ρ̇R = −4HρR + ΓN(ρN − ρeqN ),

ṅB−L = −3HnB−L − ϵΓN(nN − neqN )−W nB−L,

(10)

There is an abundance of right-handed neutrinos and the mass bound
can be lowered to 107 GeV.

But as we are evolving during reheating we have to have leptogenesis
occurring at temperatures less than 1012 GeV.

So if we have washout that means we need to be more careful and
instead use density matrix formalism.
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Benchmark

As a benchmark we have M1 = 5× 107 GeV, m̃ = 10−5 eV, BrN = 1
and y1 = 10−3.
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Flavoured Leptogenesis during reheating

Now we solve the flavoured Bolztmann equations...

ρ̇ϕ = −3Hρϕ − Γϕ(ρϕ − ρeqϕ ),

ρ̇N = −3HρN + Γϕ(ρϕ − ρeqϕ )− ΓN(ρN − ρeqN ),

ρ̇R = −4HρR + ΓN(ρN − ρeqN ),

ṅαB−L = −3HnαB−L − ϵαΓN(nN − neqN )−W α nB−L,

(11)

There is an abundance of right-handed neutrinos and the mass bound
can be lowered to 107 GeV.

But as we are reheating we have to have leptogenesis occuring at
temperatures less than 1012 GeV.

So if we have washout that means we need to be more careful and
instead use density matrix formalism.
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Three-Flavoured Leptogenesis during Reheating

We therefore need to solve the density matrix equations during
reheating which are.....

ρ̇ϕ = −3Hρϕ − Γϕ(ρϕ − ρeqϕ ),

ρ̇N = −3HρN + Γϕ(ρϕ − ρeqϕ )− ΓN(ρN − ρeqN ),

ρ̇R = −4HρR + ΓN(ρN − ρeqN ),

ṅαβB−L = −3H nαβB−L + ϵαβ ΓN(nN − neqN )

− ΓW
2

{P0, nB−L}αβ − Γτ [Pτ , [Pτ , nB−L]]αβ

− Γµ[Pµ, [Pµ, nB−L]]αβ.

(12)

Results coming soon in early 2026!
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Conclusions

Introduced the Type I seesaw mechanism

Introduced Vanilla leptogenesis.

Clarified when flavour effects become important and why a
density–matrix treatment is required.

Reviewed leptogenesis in the reheating era.

Argued that reheating-era leptogenesis is a natural and plausible
outcome in a Universe with inflation and the type I seesaw.

Outlined the ingredients needed for a fully consistent treatment of
leptogenesis during reheating.

Showed we can guarantee that for non-negligible washout this will
lower the mass bounds for successful leptogenesis.
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