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X7 Particle density evolution in the expanding universe

At classical level, number density n;,of any particle species included in {i} is affected by {i} <> {f}
reactions,
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Reaction rates
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< classical phase-space densities fz (Maxwell-Boltzmann densities in equilibrium),

« zero-temperature Feynman rules entering the calculation of M fi-

<> P asymmetries at zero-temperature

The S-matrix unitarity ST = 9~1 or 1 —iTT = (1+1T)~ 1, for the squared amplitude leads to
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Divide by Vi = (27)%6™(0) to obtain (27)*%W(p f = pi)| M fz‘|2- In CPT symmetric theory, the C'P
asymmetry A|T Z.\Q = ]sz.\z — ]Tif\z can be expressed as ||
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From Eq. (4) the C'PT and unitarity relations
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are manifest at any perturbative order [1].

> Thermal eflfects at the lowest order

As an example we consider N; — [H decay within the seesaw type-I model. Right-handed neutrinos V;,
standard model lepton [ and Higgs doublets H interact via Yukawa interactions

1 _ _
L5 —5M;N;N; - (ymNZ-PLlaH + Hc) (6)
To the lowest O(Y?) order,
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that can be represented by the cut of the forward diagram Fig. [1al Diagram in Fig. [1blleads to spurious
contribution, equivalent to &Ni _,;g times the total number of Higgs particles in the universe. Clearly,
such contributions have to be omitted. Diagram in Fig. [1¢ corresponds to
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with the same |[M|? as in Eq. (7). To sum up the contributions such as in Fig. [Ld avoiding those

analogous to Fig. [Ib, we shall draw the forward diagrams on a cylindrical surface [5]. In thermal
—E/T

equilibrium f g =e and the summation leads to
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Figure 1. Planar and cylindrical diagrams contributing to the IN; — [H zero-temperature reaction rate and its thermal
corrections.

Similarly, with alternating signs due to the crossing of fermionic legs, the Fermi-Dirac distributions for
N; and [ are obtained. Thus, we introduce

W= [ F A0 Ol (10)

X% Thermal corrections to the lepton number source term
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Figure 2:  Lepton number violating contributions to the C'P asymmetry in N; — [H decay (Figs. [2a] and 2b)) and the
s-channel part of the real-intermediate-state-subtracted [H — [ H scattering (Fig. 2¢). The latter can be obtained by a cyclic
permutation of the diagrams in Fig. [2al using the approach of Refs. ,@].

In leptogenesis, the matter asymmetry is generated from the N; — [H decays and [H — [H scatter-
ings (real-intermediate-state-subtracted scatterings). The zero-temperature asymmetry of the squared
amplitude for the /V; decay, before the momentum integration is performed, equals
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At finite temperature, the on-shell parts of the propagators are modified, affecting the reaction rates
asymmetries. If, for example, the first term in

H H H H H
SN T e et
b e 4 e (12)
N; N;j N N;j N \ , / N;
I I I

occurs as a subdiagram, depending on the overall kinematics, the positive frequency on-shell part of the
H propagator may contribute or not. If it does, all the other terms do as well. Thus, the H line can be
replaced by
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corresponding to the usual form of the positive frequency part of a thermal propagator. The negative
frequencies contribute through the diagrams with opened H legs flipped to the opposite side.

Therefore, to take the thermal corrections to the reaction rate asymmetries into account, we should
consider all the windings of the propagators involved, leading to
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Using the detailed balance conditions, such as
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and unitarity relations from Eq. (B]) for asymmetries in Eq. ([14]), we obtain for the lepton number
evolution
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where n; = n; —n;. Remarkably, the result is in agreement with non-equilibrium QFT calculations [7-9].
The source term vanishes in equilibrium, when 0 f», = fn — R% = 0.
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<7 Conclusions

< A diagrammatic concept connecting the classical Boltzmann equation and quantum kinetic
theory has been introduced.

< Statistical factors due to on-shell intermediate states have been formally represented by
the cuts of forward diagrams with multiple spectator lines.

< Results are in agreement with the direct closed-time-path derivation of non-equilibrium
quantum field theory [7-9].

< Unitarity and C'PT relations between the reaction rate asymmetries can be derived in our
approach to kinetic theory in the same way as in 7' = 0 calculations.

References

1] T. Blazek and P. Matak, CP Asymmetries and Higher-Order Unitarity Relations, Phys. Rev. D
103 (2021) | [2102.05914].

2] E.W. Kolb and S. Wolfram, Baryon Number Generation in the Early Universe, Nucl. Phys. B
172 (1980) 224.

3] A. Hook, Unitarity constraints on asymmetric freeze-in, Phys. Rev. D 84 (2011) 055003.

4] 1. Baldes, N.F. Bell, K. Petraki and R.R. Volkas, Particle-antiparticle asymmetries from
annihilations, Phys. Rev. Lett. 113 (2014) 181601.

5] T. Blazek and P. Matak, Cutting Rules on Cylinder: Bottom-up Approach to Quantum Kinetic
Theory, 2104 .06395.

6] E. Roulet, L. Covi and F. Vissani, On the CP asymmetries in Majorana neutrino decays, Phys.
Lett. B 424 (1998) 101 |hep-ph/9712468].

7] M. Garny, A. Hohenegger, A. Kartavtsev and M. Lindner, Systematic approach to leptogenesis in
nonequilibrium QF'T: Vertexr contribution to the CP-violating parameter, Phys. Rev. D 80
(2009) 125027 [0909. 1559].

8] M. Garny, A. Hohenegger, A. Kartavtsev and M. Lindner, Systematic approach to leptogenesis in
nonequilibrium QFT: Self-energy contribution to the CP-violating parameter, Phys. Rev. D 81
(2010) 085027 [0911.4122].

9] B. Garbrecht, Leptogenesis: The Other Cuts, Nucl. Phys. B 847 (2011) 350 [1011.3122].

BTEX TikZposter


https://arxiv.org/abs/2102.05914
https://arxiv.org/abs/2104.06395
mailto:peter.matak@fmph.uniba.sk
https://arxiv.org/abs/2102.05914
https://arxiv.org/abs/2104.06395
mailto:peter.matak@fmph.uniba.sk
https://doi.org/10.1103/physrevd.103.l091302
https://doi.org/10.1103/physrevd.103.l091302
https://arxiv.org/abs/2102.05914
https://doi.org/10.1016/0550-3213(80)90167-4
https://doi.org/10.1016/0550-3213(80)90167-4
https://doi.org/10.1103/PhysRevD.84.055003
https://doi.org/10.1103/PhysRevLett.113.181601
https://arxiv.org/abs/2104.06395
https://doi.org/10.1016/S0370-2693(98)00135-X
https://doi.org/10.1016/S0370-2693(98)00135-X
https://arxiv.org/abs/hep-ph/9712468
https://doi.org/10.1103/PhysRevD.80.125027
https://doi.org/10.1103/PhysRevD.80.125027
https://arxiv.org/abs/0909.1559
https://doi.org/10.1103/PhysRevD.81.085027
https://doi.org/10.1103/PhysRevD.81.085027
https://arxiv.org/abs/0911.4122
https://doi.org/10.1016/j.nuclphysb.2011.01.033
https://arxiv.org/abs/1011.3122

