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Outline of the talk

• Classical kinetic theory with complete perturbative description of particle
interactions

• Holomorphic cutting rules and unitarity constraints at higher perturbative orders
[Phys. Rev. D 103 (2021) L091302]

• Quantum statistics from cylindrical diagrams and CP asymmetries in
quantum kinetic theory [J. Cosmol. Astropart. Phys. 10 (2022) 042]

https://link.aps.org/doi/10.1103/PhysRevD.103.L091302
https://iopscience.iop.org/article/10.1088/1475-7516/2022/10/042


Classical kinetic theory

change in # of particles ↔ average # of interactions the particles participate in

ṅi1 + 3Hni1 = −γ̊fi + γ̊if + . . .
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[Bernstein ’88; Kolb, Turner ’90]

[dp] = d3p
(2π)32Ep

|Tfi |2 = V4(2π)4δ(4)(pf − pi)|M̊fi |2 V4 = V3 × T (2)

https://doi.org/10.1017/CBO9780511564185
https://doi.org/10.1201/9780429492860
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Holomorphic cuts and higher orders

+ + +
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[Coster, Stapp ’70; Bourjaily, Hannesdottir, et al. ’21;
Blažek, Maták ’21; Hannesdottir, Mizera ’22]

1− iT † = (1 + iT)−1 → iT † = iT − (iT)2 + (iT)3 − . . . (6)
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CP violation and unitarity constraints
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CP violation and unitarity constraints

Lowest-order asymmetries
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For ∆γ̊fi → ∆γfi add statistical factors 1± f for particles in |n〉, |f 〉 states.

[Nanopoulos, Weinberg ’79; Hook ’11]

Higher-order asymmetries
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[J. Cosmol. Astropart. Phys. 10 (2022) 042]
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Top-Yukawa corrections in leptogenesis

L ⊃ −1

2
MiN̄iNi − (YαiN̄iPLlαH + Yt t̄PLQH + H.c.) (11)

[Pilaftsis, Underwood ’04; ’05; Abada, et al. ’06; Nardi, Racker, Roulet ’07; Racker ’19;
Giudice, et al. ’04; Salvio, Lodone, Strumia ’11]

∆γ̊NQ→lt ←

lα

H

Nj l̄β

H̄

t

H

Ni

Q

Ni

Q

−

l̄β Nj

H̄

lα

H

t

H

Ni

Q

Ni

Q

(12)

https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://link.aps.org/doi/10.1103/PhysRevD.72.113001
https://doi.org/10.1088/1126-6708/2006/09/010
https://doi.org/10.1088/1126-6708/2007/09/090
https://doi.org/10.1007/JHEP02(2019)042
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://doi.org/10.1007/JHEP08(2011)116


Higgs thermal mass from anomalous thresholds
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Higgs thermal mass from anomalous thresholds
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Quantum statistics in classical kinetic theory
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Quantum statistics in classical kinetic theory

lα

H

Nj l̄β

H̄

t

H

Ni

Q

Ni

Q

+

lα

H

Nj l̄β

H̄

t

Ni

Q

Ni

Q

+ . . . (21)

← i
k2 + iε

+ 2π

∞∑
w=1

f̊ w
H θ(k0)δ(k2) (22)

In thermal equilibrium
∞∑

w=1

f̊ w
H → fH =

1

exp {Ek/T} − 1
(23)

H
H̄

H

l̄β

lα
Ni Nj

Q Qt

[Eur. Phys. J. C 81 (2021) 1050]

https://doi.org/10.1140/epjc/s10052-021-09874-3


Uncircled rate asymmetries
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Unitarity constraints for NLO asymmetries
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Summary

• One cannot consistently include higher-order perturbative corrections to the
interactions with no inclusion of quantum statistics.

• Winding of propagators represents higher occupation numbers in the Fock space.

• Cutting the diagrams with all possible windings of internal lines allows to formulate
unitarity constraints for equlibrium rate asymmetries including thermal corrections.

Thank you!
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General one-particle densities
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General one-particle densities
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= . . . = (36)

=
1

Z

∞∑
k=1

(−1)k
∑
{i}

∑
{n}

(
np − ip

)
f̊ i1
1 f̊ i2

2 . . . (iT)k
iniTni

leading to statistical factors as in equilibrium case. [Eur. Phys. J. C 81 (2021) 1050]
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