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Particle physics and the matter-antimatter asymmetry

Baryogenesis: The process of creating a matter-antimatter asymmetry in the early
Universe from symmetric initial conditions.

The question of baryogenesis can in principle be answered by particle
physics/quantum �eld theory & cosmology because these can satisfy the Sakharov

conditions:

(1) baryon number B violation
(2) charge C and charge-parity CP violation
(3) deviation from thermodynamic equilibrium
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Estimating the BAU in 1966

Hubble rate: H = 100h
km

s Mpc
= h× 2.13× 10−42GeV

⇒ energy density: % =
3

8π
H2m2

Pl = h2 × 8.1× 10−47GeV4

⇒ baryon number density: nB = %/mp ≈ 8.1× 10−47GeV3

Temperature: T ≈ 2.725K ≈ 2.37× 10−13GeV
⇒ photon number density: nγ ≈ 0.24× T 3

⇒ nB
nγ
≈ 10−8 (assuming h = 0.7)

Estimate a bit too high � misses dark matter, dark energy.



BAU measurements 50 years later � CMB

O(10−5) �uctuations on top of 2.7K radiation (image from ESA Planck).

Snapshot of the Universe at CMB formation, 380,000 y after the Bang.



BAU measurements 50 years later � CMB

...in angular momentum space → baryon acoustic oscillations

� ηB � ηB + 10% � ηB − 10% (〈a`ma∗`′m′〉 = δ``′δmm′C`)
First peak (roughly) corresponds to sound horizon at the time of CMB formation.

ηB =
nB
nγ

= (6.15± 0.15)× 10−10 (consistent with BBN/light elements)



Situation in the Standard Model (SM)

Check Sakharov conditions:

1 B violated due to anomalous B + L violation via sphaleron processes.

['t Hooft (1976); Kuzmin, Rubakov, Shaposhnikov (1985)]

2 CP violation in CKM matrix, C and P violation in weak interactions.

3 Deviation from equilibrium due to expansion of the Universe.

However, conditions for baryogenesis not met quantitatively:

CP rephasing invariant normalised to electroweak scale is tiny:
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T12 ≈ 3× 10−19 for T = 100 GeV.

Deviation from equilibrium H/Γ ∼ (T 2/mPl)/(g
4T ) = g−4T/mPl with g = O(1)

is tiny unless T is very high (mPl = 1.2× 1019 GeV).
Loophole: For mH < 70GeV, �rst order phase transition [Kajantie, Laine, Rummukainen,

Shaposhnikov (1996)]. Ruled out by discovery mH = 125GeV. Still possible beyond the

SM when light bosons couple to the Higgs �eld.

Baryogenesis requires physics beyond the Standard Model.
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Minimal new physics for baryogenesis

Want a new particle that

is a gauge singlet, so it can be out of equilibrium at temperatures way below mPl

couples to the Standard Model fermions at the renormalizable level

The only singlet operator in the SM that involves fermions and is of dimension
smaller than four is LH

−→Our particle is a sterile neutrino: N , generally with Majorana mass M

Yukawa coupling Y ν̄φ0N
〈φ0〉=v=174GeV

===========⇒ Dirac mass mD = Y v (H ≡ φ Higgs �eld)
−→
Mixing mass matrix:

1

2
(ν̄ N̄c)

(
0 mD

mD M

)(
νc

N

)
where M � mD (seesaw) −→

Eigenvalues:
{

1

2

(
M ∓

√
M2 + 4m2

D

)}
≈
{
M,m

2
D/M

}
=
{
M,Y

2
v
2
/M

}
→ m = Y 2v2/M

[P. Minkowski (1977); Gell-Mann, Ramond, Slansky (1979)]



Kinetic & �uid equations

Set of equations describing a non-equilibrium
system of a large number of particles

Should be derivable from �rst principles

classical: Liouville equations (with interaction
potentials)
quantum: Schwinger-Dyson equations in
Closed-Time-Path (CTP) formalism

Truncations/approximations
→ Reduction to irreversible kinetic equations in
the form of Boltzmann equations (or variants
thereof taking e.g. account of �avour coherence,
quantum statistics)
→ Further reduction down to �uid equations (in
terms of number densities and bulk �ows instead
of particle distributions)
→ Allows for analytical/numerical treatment

Liouville/Schwinger-
Dyson equations
(microscopic
kinetic equations)

Boltzmann-like
kinetic equation for
distribution
functions

�uid equations for
number densities/
bulk �ows



Strong and weak washout�Freeze in and freeze out

Yield: number density to entropy ratio Y = n/s

Washout strength: K = ΓN/H|T=MN
−→

{
K & 1: strong washout
K . 1: weak washout

Freeze in of the asymmetry due to quenching of sphalerons at the electroweak phase
transition is a key ingredient to ARS leptogenesis from sterile neutrinos below the
electroweak scale.
[Akhmedov, Rubakov, Smirnov (1998); Shaposhinkov, Asaka (2005)]
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Non-equilibrium and neutrinos
Out-of-equilibrium dynamics

Simplest meaningful network of �uid equations describing leptogenesis:

dnNi
dt

+ 3HnNi =− Γi(nNi − neq
Ni)

dnL
dt

+ 3HnL =εΓi(nNi − neq
Ni)−WnL

Γi =
|Yi|2

8π
Mi

W =
Γi
4

(
M

T

) 3
2

e−
M
T

nNi: number density of Ni; nL: lepton charge density; W : washout rate;
ε = (ΓNi→`H − ΓNi→¯̀H∗)/(ΓNi→`H + ΓNi→¯̀H∗): decay asymmetry; T : temperature

Best compromise between large L violating rate (1st S. condition) and and large
deviation from equilibrium (3rd S. condition):
Γ ∼ H for T ∼M (i.e. at freezeout, when the RHNs become Maxwell suppressed).

Y 2M/(8π) ∼ T 2/mPl∼M2/mPl

m∼Y 2v2

M⇒ m∼8πv2/mPl ∼ 0.1 meV

Light neutrino mass scale points to role of RHNs in baryogenesis

Out-of-equilibrium property of the N independent of the mass scale.

Tendency of being somewhat close to equilibrium, i.e. Γ� H around T ∼M →
strong washout. However, ∃ a lot of parametric freedom.



Solutions for the Freeze-Out Asymmetry
Varying Washout Strength

YNeq[z_] = 2^(-1 / 2) * Pi^(-3 / 2) * z^(3 / 2) * Exp[-z]; ϵ = 1;

S = TableNDSolve[
{YL'[z] == ϵ * D[YNeq[z], z] - Kws / 4 * z^(5 / 2) * Exp[-z] * YL[z], YL[0.1] ⩵ 0},

YL, {z, 0.5, 100}], {Kws, {10, 15, 20, 25, 30}};

Out[4]=
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Analytic Approximation:

ηB ' 0.96× 10−2εκ, [Buchmüller, Di Bari, Plümacher (2004)]

where κ = 2
zB(K)K

, zB(K) = 1 + 1
2

log

(
1 + πK2

1024

[
log 3125πK2

1024

]5)



Solutions for the Freeze-Out Asymmetry
Varying Initial Conditions

YNeq[z_] = 2^(-1 / 2) * Pi^(-3 / 2) * z^(3 / 2) * Exp[-z]; ϵ = 1;

With{Kws = 15},

S = TableNDSolve[
{YL'[z] == ϵ * D[YNeq[z], z] - Kws / 4 * z^(5 / 2) * Exp[-z] * YL[z], YL[0.1] ⩵ IC},

YL, {z, 0.5, 100}], {IC, {-1, -0.5, 0, 0.5, 1}};
;

Out[7]=
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Strong washout → freeze-out
asymmetry approximately
independent from initial
asymmetry

NB The evolution of the asymmetries in the crossover between relativistic and
nonrelativistic regimes for z . 1 needs to be treated in detail but is irrelevant for the
freeze-out asmmetry in the simplest realization of the strong washout regime.



CP violation & quantum interference

Squared amplitude for some CP violating process:∣∣∣a1 · · · am|Aa|eiϕa + b1 · · · bn|Ab|eiϕb

∣∣∣2 ⊃
×-term

(a1 · · · amb∗1 · · · b∗mei(ϕa−ϕb) + c.c.)|AaAb|

ai, bi: coupling constants
arg(a1 · · · amb∗1 · · · b∗m): �weak� phase,
CP odd

Aa,b: amplitudes stripped of coupling
constants
ϕa,b: (�strong�) phases of Aa,b, CP even

Rate for CP conjugate process:∣∣∣a∗1 · · · a∗m|Aa|eiϕa + b∗1 · · · b∗n|Ab|eiϕb

∣∣∣2 ⊃
×-term

(a∗1 · · · a∗mb1 · · · bmei(ϕa−ϕb) + c.c.)|AaAb|

Di�erence: (a1 · · · amb∗1 · · · b∗m − a∗1 · · · a∗mb1 · · · bm)(ei(ϕa−ϕb) − e−i(ϕa−ϕb))|AaAb|

=4Im[ei(ϕa−ϕb)]Im[a∗1 · · · a∗mb1 · · · bn]|AaAb|

Im[eiϕa,b ] comes from coherent superposition of di�erent quantum states. For
calculable problems, these often correspond

to on-shell cuts in a Feynman diagram (typical view on �standard� leptogenesis
with ultraheavy RHNs)

or to �avour mixing and oscillations (typical view on leptogenesis with
GeV-scale RHNs).

There are parametric regimes where both pictures overlap.
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CP violation in leptogenesis

LSM→LSM + 1
2
N̄c
i (i∂/−Mij)Nj −Y ∗ia ¯̀

aφ
†Ni −YiaN̄iφ`a; a = e, µ, τ ; i = 1, 2, . . .

[Tomonura et.al. (1989)]

The creation matter-antimatter asymmetry a quantum e�ect. Each
lepton in the Universe went through a history where it has always
been a lepton as well as one where it intitally was an antilepton.

�Wave function� & �vertex� contributions:

εwf
Ni = 1

8π

∑
j 6=i

MiMj

M2
i −M

2
j

Im[(Y Y †)2ij ]

(Y †Y )ii
(decay asymmetry: ε =

ΓNi→`H − ΓNi→¯̀H∗

ΓNi→`H + ΓNi→¯̀H∗
)

εvertex
Ni = 1

8π

∑
j 6=i

Mj

Mi

[
1−

(
1 +

M2
j

M2
i

)
log

(
1 +

M2
i

M2
j

)]
Im[(Y Y †)2ij ]

(Y †Y )ii

[Fukugita, Yanagida (1986);
Covi, Roulet, Vissani (1996)]

Barring resonant enhancement, M1& 5× 109GeV& 106GeV for successful

leptogenesis [Davidson, Ibarra (2002); Mo�at, Pascoli, Petcov, Schulz, Turner (2018)]



Standard approach to �standard� leptogenesis

Momentum integration n(x, t) =

ˆ
d3p

(2π)3
f(x, t,p) � Boltzmann eqs. → �uid eqs.

∇µ jµX =∂tnX −∇ · jX + 3HnX = CX

CX =
1

2EX

ˆ ∏
i

d3pi
(2π3)2Ei

δ4(pX + pA1 + · · · − pB1 − · · · )

×
{

(1± fX)(1± fA1) · · · fB1 · · · |MB1B2···→XA1A2···|
2

− fXfA1 · · · (1± fB1) · · · |MXA1A2···→B1B2···|
2}

nX : number density
jX : current density
jµ: four-current
∇µ: cov. derivative
H: Hubble rate
CX : collision term
fi: distribution fn.

Heuristic substitution of quantum �eld theoretical reaction rates into the collsion
term C of classical Boltzmann equations: → Not a derivation from �rst principles



Real intermediate state (RIS) problem

Interference of tree & loop amplitudes → CP violation.

(∗)

CP violating contributions (�strong phase�) from discontinuities
→ loop momenta where cut particles are on shell.

Is an extra process or is it already accounted for by

and ?

Including (∗) only → CP asymmetry is already generated in
equilibrium. CPT theorem.
(CPT invariance requires to break T thermodynamically in order to
make CP e�ective)



(Inverse) decays & CP asymmetry

Consider the squared matrix elements, ε being the decay
asymmetry.

Naive multiplication* suggests that an asymmetry is generated
already in equilibrium: Γ¯̀φ∗→`φ ∼ 1 + 2ε, Γ`φ→¯̀φ∗ ∼ 1− 2ε

Ad hoc �x: Subtract real intermediate states (RIS) from
[Kolb, Wolfram (1980)]

Fix of the approach by a posteriori imposing CPT theorem

Better Way Out

Compute the real time (time dependent perturbation theory), non-equilibrium
(statistical physics) evolution of the quantum �eld theory states of interest.
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More limitations of Boltzmann/S-matrix approach

Beyond the RIS problem, there are other problems with S-matrix
approach because asymptotic states do not describe what is going on in
the plasma.
In particular, this becomes important in the relativistic regime Mi � T

[Bödeker et al (2010�); BG, Glowna Schwaller (2013); Herranen, BG, Glowna (2013);
BG, Klose, Tamarit (2019); Laine et.al. (2006�)]

Need real time evolution of the density operator.
[Ra�elt, Sigl (1993); Shaposhnikov, Asaka (2005)]

The Schwinger�Keldysh formalism can be viewed as a mean to achieve
this systematically.



Closed-time-path approach

In-in generating functional (in contrast to �in-out� for S matrix
elements): [Schwinger (1961); Keldysh (1965); Calzetta & Hu (1988)]

Z[J+, J−] =

ˆ
Dφ(τ)Dφ−inDφ

+
in〈φ

−
in|φ(τ)〉〈φ(τ)|φ+

in〉〈φ
−
in|%|φ

+
in〉

=

ˆ
Dφ−Dφ+ei

´
d4x{L(φ+)−L(φ−)+J+φ+−J−φ−}

The Closed Time Path:

Aim: Calculate
〈in|O(t)|in〉

Path-ordered Green functions:
i∆ab(u, v) = − δ2

δJa(u)δJb(v) logZ[J+, J−]
∣∣∣
J±=0

= i〈C[φa(u)φb(v)]〉

e.g. jµ(x) = tr[γµ〈C[ψ−(x1)ψ̄+(x2)]〉]x1=x2=x

Wigner transformation of two-point functions (Green function or self energy)

A(k, x) =
´
d4r eik·rA (x+ r/2, x− r/2) →∼distribution function

x: average coordinate � macroscopic evolution
r → k: relative coordinate � microscopic (quantum)



Path ordered Green functions @ tree level

Four propagators (two of which are linearly independent):
i∆<(u, v) = i∆+−(u, v) = 〈φ(v)φ(u)〉
i∆>(u, v) = i∆−+(u, v) = 〈φ(u)φ(v)〉

}
Wightman functions

i∆T (u, v) = i∆++(u, v) = 〈T [φ(u)φ(v)]〉 Feynman propagator

i∆T̄ (u, v) = i∆−−(u, v) = 〈T̄ [φ(u)φ(v)]〉 Dyson propagator

Perturbation theory can be formulated in terms of tree-level Wigner-space
propagators:

i∆<(p, t) =2πδ(p2 +m2)
[
ϑ(p0)f(p, t) + ϑ(−p0)(1 + f̄(−p, t))

]
i∆>(p, t) =2πδ(p2 +m2)

[
ϑ(p0)(1 + f(p, t)) + ϑ(−p0)f̄(−p, t)

]
i∆T (p, t) =

i

p2 −m2 + iε
+ 2πδ(p2 +m2)

[
ϑ(p0)f(p, t) + ϑ(−p0)f̄(−p, t)

]
i∆T̄ (p, t) =

−i

p2 −m2 − iε
+ 2πδ(p2 +m2)

[
ϑ(p0)f(p, t) + ϑ(−p0)f̄(−p, t)

]
f(p, t), f̄(p, t): Particle and antiparticle distribution functions. Carry �avour
indices (relevant for leptogenesis: sterile & active �avour).



Schwinger�Dyson & Kadano��Baym equations

Feynman rules

Vertices either + or −.
Connect vertices a = ± and b = ± with i∆ab.

Factor −1 for each − vertex.

Schwinger�Dyson equations →
These describe in principle the full
time evolution. However,
truncations, e.g. perturbation
theory, are needed.

The <,>≡ +−,−+ parts of the Schwinger�Dyson equations are the celebrated
Kadano�-Baym equation:

(−∂2 −m2)∆<,> −ΠH �∆<,> −Π<,>∆H =
1

2

(
Π> �∆< −Π< �∆>)︸ ︷︷ ︸

collision term

Remaining linear combination gives pole-mass equation:
(−∂2 −m2)i∆R,A −ΠR,A � i∆R,A = iδ4, R,A: retarded, advanced,
ΠH ,∆H = Re[ΠR,∆R]

First principle derivation of Boltzmann-like kinetic equations

[Keldysh (1965); Calzetta & Hu (1988)]



Leptogenesis in the CTP approach

Schwinger�Dyson equations relevant for leptogenesis:
[Buchmüller, Fredenhagen (2000); De Simone, Riotto (2007); Garny, Hohenegger, Kartatvtsev, Lindner
(2009-); Beneke, BG, Herranen, Schwaller (2010-); Anisimov, Buchmüller, Drewes, Mendizabal (2010-)]

Truncation in terms of tree level propagators that yields leading
asymmetry in non-degenerate regime MiΓi,MjΓj � |M2

i −M2
j |:

Non-minimal truncations → e.g. systematic inclusion of thermal
corrections.



Unitarity restored (without RIS)

CTP approach readily yields
inclusive rates for the creation of the
charge asymmetry

No need to separately remove
unwanted/unphysical contribution a

posteriori

Loop insertions in propagator for N must be summed up unless
(typical |p| ∼ T )

|M2
i −M2

j |/
√
p2 +M2

i � Γi ∼
{
Y 2/(16π)Mi forMi � T
Y 2g2 log g T forMi � T

Use Schwinger�Dyson equations to automatically take care of this
summation
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Regulator for resonant leptogenesis in strong washout

Wave-function contribution:

εwf
Ni = 1

8π

∑
j 6=i

MiMj(M
2
i +M2

j )

(M2
i −M2

j )2+R

Im[(Y Y †)2
ij ]

(Y †Y )ii

In the degenerate limit, this will dominate over the vertex
contribution.
Proposed forms for regulator R (M̄ = (Mi +Mj)/2):

R = M̄4

64π2 (Y Y †)2
jj = M̄2Γ2

j [Pilaftsis (1997); Pilaftsis, Underwood (2003)]

R = M̄4

64π2

(
[Y Y †]ii − [Y Y †]jj

)2
[Anisimov, Broncano, Plümacher (2005)]

R = M̄4

64π2

(
[Y Y †]ii + [Y Y †]jj

)2
[Garny, Hohenegger, Kartavtsev (2011)]

R =
M̄4

64π2

([Y Y †]11 + [Y Y †]22)2

[Y Y †]11[Y Y †]22

(
(Im[Y Y †]12)2 + detY Y †)

Obtained by algebraic solution to oscillation equation, neglecting δf ′N
[BG, Gautier, Klaric (2014); Iso, Shimada (2014); Dev Millington, Pilaftsis, Teresi (2014)]

Which is the correct regulator?

What to do when both, R→ 0 and Mi −Mj → 0?



Leptogenesis from oscillations/resonant limit

Evolution of matrix-valued RHN distributions δfNh (i.e. deviation from equilibrium feq
N )

δf ′Nh + a2(η)

2k0 i[M2, δfNh] + feq′

N =−2
{

Re[Y ∗Y t]
k·Σ̂AN
k0 − ihIm[Y ∗Y t]

k̃·Σ̂AN
k0 , δfNh

}
Σ̂AN : spectral (cut part) self energy, a(η), η : scale factor and conformal time,
′ ≡ d/dη, h: helicity, k̃ = (|k|, |k0|k/|k|)

i[M2, δfNh]ij = i(M2
i −M2

j )δfNhij for diag. M
2 → RHN ��avour� oscillations

O�-diagonal entries of δfNh ij correspond to (�strong phases�)

Note: If δf ′Nh and o� diagonal elements of the collision term can be neglected,
just solve this algebraically → next slide
[BG, Herranen (2010); Iso, Shimada (2014); BG, Gautier, Klaric (2014)]

In any case: Evolution equations well-behaved for ∆M2 → 0; solutions δfNh
enter into resummed RHN propagators



Resonant Leptogenesis in the Strong Washout Regime

Quasistatic Approximation

Neglect derivative term provided the

eigenvalues (that originate from the

mass and the damping terms) in the

kinetic equation for are larger than the

Hubble rate H → obtain linear
system of equations for δfNh. [BG,

Gautier, Klaric (2014); Iso, Shimada (2014)].

Regulator:

R= M̄4

64π2
([Y Y †]11+[Y Y †]22)2

[Y Y †]11[Y Y †]22

×((Im[Y Y †]12)2+detY Y †)
Applies in strong washout regime, i.e. a

large portion of parameter space.

blue: full result; red: result using e�ective decay

asymmetry ε; Yaa = nLaa/s. Here, M̄Γ� ∆M2.
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Resonant leptogenesis and bigger picture

Recipe for resonant leptogenesis in the strong washout & freeze in regime:

If (M2
i −M2

j )2 � R, use standard �wave function correction�

Otherwise, if all eigenvalues in the ODE governing δfN are
much greater than H, include the regulator in the decay
asymmetry

When none of this applies, must solve the ODE for δfN

Do not overcount wave function corrections and contributions from �oscillations�
because theyse are the same thing, i.e. do not include a factor of two
[cf. Dev Millington, Pilaftsis, Teresi (2014)]

Solving the ODEs has been the method of choice for ARS leptogenesis in
�rst place.

The connection between �standard� and ARS leptogenesis has recently
been mapped out [Klari¢, Shaposhnikov, Timiryasov (2020)].

Leptogenesis is viable for the entire mass range of sterile neutrinos , in
particular through the electroweak scale



Conclusions

Leptogenesis is perhaps the simplest realistic
realization of Sakharov's conditions. It is hard to
get by this whether we like it or not.

For Mi � mW , the model is paradigmatic for the
strong washout, freeze out regime�but also hard
to impossible to test.

Progress beyond the S-matrix/Boltzmann
paradigm, using e.g. Schwinger�Keldysh methods

In particular: By now, leptogenesis can be
calculated for all parametric con�gurations
(including resonant leptogenesis and quite a few
more details than mentioned here: �avour &
spectator e�ects, weak washout, electroweak phase
transition)

After 55 years: Baryogenesis remains one of the chief motivations for considering
physics beyond the SM, one of the greatest mysteries of Science.



THANK YOU!THANK YOU!



Flavoured leptogenesis

Neutrino Yukawa couplings: YiaN̄i`aφ

When insensitive to lepton �avour, can `a → Uab`b, Yia → YibU
†
ba such that

Y =

 Y11 0 0
Y21 Y22 0
Y31 Y32 Y33

 N1 decays only produce (U`)1, which is a line-
ar combination of `e, `µ, `τ .

Back to �avour basis � quantum correlati-
ons of charge densities:

 qee qeµ qeτ
qµe qµµ qµτ
qτe qτµ qττ


When H ∼ T2

mPl
. Γτ,µ ∼ h2

τ,µT , i.e. T . 1012GeV (for τ) or T . 109GeV (for

µ), the �avour coherence is destroyed by the SM lepton Yukawa couplings hτ,µ. qee 0 0
0 qµµ 0
0 0 qττ

 The resulting linear combination is only partly
aligned with the one that is produced in the
decays of N1. O(1) suppression of washout.

[Abada, Davidson, Josse-Michaux, Losada, Riotto (2006); Nardi, Nir, Roulet, Racker (2006)]

For initially lepton �avour violating contributions with vanishing
L = Le + Lµ + Lτ : washout of di�erent �avours → lepton number violating
asymmetry at freeze out that receives contribution from the PMNS phase δ �
but from other phases as well. [Pascoli, Petcov, Riotto (2006)]

Even for T & 1012GeV, the asymmetries from the decays of the heavier RHNs
correspond to linear combinations of �avour that are in general misaligned with
the one washed out by the lightest of the RHNs [Di Bari (2005)]. → Richer
phenomenology, less predictivity.



Flavoured leptogenesis
Partial �avour (de)coherence

Kinetic eqs. for number densities & �avour correlations of (anti-)leptons δn±` :
∂δn±

`ab
∂t

= ±Sab︸ ︷︷ ︸
CP -
violating
source

∓i∆ωth
abδn

±
`ab︸ ︷︷ ︸

oscillations
induced by
thermal masses

− [W, δn±` ]ab︸ ︷︷ ︸
washout

− γbl (δn+
`ab + δn−`ab

)︸ ︷︷ ︸
�avour-blind
pair-creation &
annihiliation

−Γfl
ab︸ ︷︷ ︸

�avour-
sensitive
damping

Γfl ∝ h2
τ

[(
1 0
0 0

)
, δn±`

]
− 2h2

τδn
±
R → directly damps o�-diagonal correlations

Γdirect ∼ (h2
aa + h2

bb)T

Γoverdamped ∼ (h2
aa−h

2
bb)2

g4
2

T

where a, b = e, µ, τ

Can interpolate between fully �avoured and
un�avoured regimes.
[Beneke, BG, Herranen, Fidler, Schwaller (2010)]



Spectator e�ects

Rate for SM processes
mediated by Yukawa
coupling h and gauge
coupling g in the relativistic
limit ΓX ∼ Tg2h2 log g,
Hubble rate H ∼ T 2.
→ As the Universe cools,
more and more SM processes
come into equilibrium.

Besides Yukawa mediated
processes, there are also the
chiral anomalies (strong and
weak sphalerons).

Weak Sph

strong Sph
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Temperature bands TX ≤ T ≤ 20TX where TX is the
equilibration temperature ΓX(TX) = H(TX).

Asymmetries are transferred partly to all SM degrees of freedom → suppression
of washout. [Barbieri, Creminelli, Strumia, Tetradis (2000)]

Rephrase kinetic equations in terms of conserved SM charges, ∆a = B/3− La.
dY∆a

dz
= εa

zΓ1
H(z=1)

(YN1 − Y eq
N1)− zW

H(z=1)
(YLa + 1

2
YH)

where YLa = Aab∆b and YH = Ca∆a → another O(1) e�ect.
E.g. for reaction X +Y ↔ Z, impose µX +µY −µZ = 0. → linear maps Aab, Ca.
This procedure holds for fully equilibrated spectator �elds.



Partially equilibrated spectators

Fully equilibrated spectators are not
a realistic assumption in most
regions of parameter space.

At early times, the deviation of the
RHNs from equilibrium is large →
large asymmetries present.

These asymmetries are transferred
to the spectators.

For partially equilibrated spectators,
these asymmetries are also partially
protected from washout.

Moderate enhancement e�ect for
thermal initial conditions of the
RHNs. Vanishing initial conditions
(where the e�ect may be larger) are
yet to be explored.
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Freeze out asymmetry for partially
equilibrated τ -Yukawa coupling hτ
divided by the limit τ →∞. [BG, Schwaller
(2014)]



Partially equilibrated spectators

Vanishing initial conditions

Deviation from equilibrium is
large for T �M1

Asymmetry produced at that
time is hidden in spectators
(here: b-quarks), partially
protected from washout

Requires the calculation of
un�avoured asymmetries in
relativistic regime

[BG, Klose, Tamarit (2019)]
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