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Baryon asymmetry of the Universe

[PLANCK Collaboration 2018] [PDG Review 2021]
baryon density parameter Qyh*
102

6000 [T T T T T T 3 0.27

5000 |- 3

4000 3

3000 4

DIT [k

2000

=N A

b i T ,
00 | 3
° ‘ H w MHH%\ A%M 4000 bt n.‘vwwt‘w 20

| ‘ s m ILBCRCAER) t ﬁ» 30

iy

i n n L L L
2 10 30 500 1000 1500 2000 2500 10-10L

¢ 10 To-s
baryon-to-photon ratio 1 = ny/n,

Li/H

ADIT
°
-

-600

-300 ‘

Cosmological concordance:
CMB and BBN point to baryon asymmetry ng = 2% ~ :—: ~6.1x1071°

iy
= Cannot be explained within the Standard Model, evidence for new physics

= Sakharov (1967): B, C, CP violation, departure from thermal equilibrium



Baryogenesis and electroweak sphalerons

Lepton number L

Baryon number B

SU(5) GUT baryogenesis

[Yoshimura 1978] [Dimopoulos, Susskind 1978] [Toussaint, Treiman, Wilczek, Zee 1979] [Weinberg 1979] [Barr, Segre, Weldon 1979]
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SU(5) GUT baryogenesis
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[Kuzmin, Rubakov, Shaposhnikov 1985]
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Baryogenesis and electroweak sphalerons
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Chemical equilibrium in the electroweak phase
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System of linear equations for 16 SM chemical potentials:

= 12 linearly independent interactions in thermal equilibrium
= 4 global charges: hypercharge Y, flavored B — L charges A, = B/3 — L,

Sphaleron conversion factor: fig = Zi n,Bg,- Yi = % (ﬁAe + ita, + ﬁAT)



Flavor effects in leptogenesis
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Boltzmann equation for leptogenesis via N; right-handed neutrino decays:

2 w Heg + [lo
— (0 + 3H) qa. = exals (myy = i) = > kp
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Flavor effects in leptogenesis
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Boltzmann equation for leptogenesis via N; right-handed neutrino decays:

w Meg T o
— (0 +3H) ga,, =11 (nw, — njl) — Z’Yaﬂ — T
B
Flavor coupling because of spectator processes (102 GeV <« T < 10° GeV):
e + fo 2B7/711 20/711 20/711 i,
pe, +po | =—| 20/ B/ 0/ fia,
He, + o 20/711 20/711 257/711 in,

= Not enough CP violation, unless resonantly enhanced

= Efficient wash-out (detailed balance): ju, + po = pn, =0 — fia, =0



Higher temperatures

Electron Yukawa interaction not in equilibrium at
T > 10° GeV — New chemical equilibrium:

Pee + Bo
He, +po | =
Peor + Mo
6/13 0 0 e
—| 0 4An 44n Aay,
0 4hu 4/ in,

New flavor coupling matrix
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New flavor coupling matrix; new conserved global charge: RH electron number

Wash-in leptogenesis (spectator leptogenesis): [pomcke, Kamada, Mukaida, KS, Yamada 2020]
Suppose jic # 0 because of new dynamics at high energies (“electrogenesis”);
then efficient right-handed-neutrino (RHN) interactions at T ~ M; result in
4

_ _ 4 _ _ _
He IU‘A;L = Eﬂea Ha, = Eﬂe

(eI N&, !

Heo T po =pn, =0 — fia, = —

See also [Campbell, Davidson, Ellis, Olive 1992] [Cline, Kainulainen, Olive 1993, 1994] [Fukugita, Yanagida 2002] [Fong 2016]



Boltzmann equation
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= Nontrivial chemical background results in new source term o ge.
= RHN interactions drive system towards new chemical attractor solution

= Full Boltzmann equation linear in qa, — g5, = g™ + qb",




Boltzmann equation
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= Nontrivial chemical background results in new source term o ge.
= RHN interactions drive system towards new chemical attractor solution

= Full Boltzmann equation linear in qa, — g5, = g™ + qb",

Characteristics of wash-in leptogenesis:
= Hierarchical RHN masses as low as 100 TeV
= RHNs are on-shell (decays, inverse decays)
= [ndependent of RHN CP violation

= Strong wash-out — strong wash-in




Generalization to even higher temperatures
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Generalization to even higher temperatures
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Generalization to even higher temperatures

Temperature regimes, T [GeV]
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Generalization to even higher temperatures

Temperature regimes, T [GeV]
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Toolkit for baryogenesis via wash-in leptogenesis: [Domcke, kamada, Mukaida, KS, Yamada 2020]

= Consistent treatment across ten orders of magnitude in temperature

= Charged-lepton flavor effects: P and P, factors quantify overlap between

initial state in the UV and N; wash-in direction in e—p—7 flavor space
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Opportunities for model building

If you believe in electroweak sphalerons (everyone does): ng = Csphna—1
Baryogenesis via leptogenesis; do not generate B directly, start with B — L

@ Sphalerons e

If you believe in right-handed neutrinos (many people do): 178 = Csph Cwin ¢
Baryogenesis via leptogenesis via chargegenesis; start with arbitrary charge C

. RH neutrinos . Sphalerons ‘

Examples of chargegenesis (that do not generate any B—L charge):
= Good old SU(5) GUT baryogenesis
= Axion inflation coupled to the Standard Model hypercharge gauge field



Gauge-field production

[Gorbar, KS, Sobol, Vilchinskii 2021]

X=pp |

Max. estim. A=107"

Equil. estim. == A = 107"
=A=10"°

Axion inflation coupled to the Standard Model hypercharge gauge field:

£ _0(¢)

Vg~

~ . 0 (¢
¥, e=580, ee)= 2

= Tachyonic instability for states with either positive or negative helicity
= Primordial hypermagnetogenesis, maximally helical hypermagnetic field

= Novel gradient expansion formalism in terms of (E - (Vx)" E), etc.




Fermion production

Hyperelectric field — Schwinger pair production, hyperelectric current:

E

gydy =

7272 aH <° E

41g3 EB - (WB> E
E

[Domcke Mukaida 2018] [Domcke, von Harling, Morgante, Mukaida 2019] [Domcke, Kamada, Mukaida, KS, Yamada (2022)]

10



Fermion production

Hyperelectric field — Schwinger pair production, hyperelectric current:

41g3 EB ( B) E
= —— coth
ely =5 " \"E) E
Bu CP-odd contributions in agreement with the
B, b chiral anomaly of the SM fermion currents J*:
udj
ay VI %
BM GHJI.” = _Eigi\/izﬂ \/NVYH + -

[Domcke Mukaida 2018] [Domcke, von Harling, Morgante, Mukaida 2019] [Domcke, Kamada, Mukaida, KS, Yamada (2022)]

10



Fermion production

Hyperelectric field — Schwinger pair production, hyperelectric current:

41g3 EB B\ E
= —— coth —_— ) =
ey = o2 i © (”E> E

Bu CP-odd contributions in agreement with the

B, b chiral anomaly of the SM fermion currents J*:
udj
ay VI %
BM aqu.” = _Eigi\/izﬂ \/NVYH + -

Global charges at the end of inflation:
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x: dimensionless measure for the amount of CP violation during axion inflation

[Domcke Mukaida 2018] [Domcke, von Harling, Morgante, Mukaida 2019] [Domcke, Kamada, Mukaida, KS, Yamada (2022)]
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Wash-in leptogenesis after axion inflation

T~Ty | Initial conditions after axion inflation
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Wash-in leptogenesis after axion inflation
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Wash-in leptogenesis after axion inflation

TSTpr | Shortly after wash-in leptogenesis
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Wash-in leptogenesis after axion inflation

T~T, | AllSM interactions in equilibriu
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Wash-in leptogenesis after axion inflation

T ~Ta | Electroweak phase transition
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© Axion inflation (chargegenesis) @ Sphaleron wash-out
® Wash-in leptogenesis @ Sphaleron wash-out  © Helicity decay

[Fujita, Kamada 2016] [Kamada, Long 2016] [Jiménez, Kamada, KS, Xu 2017] [Domcke, von Harling, Morgante, Mukaida 2019]
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Take-home messages

Wash-in leptogenesis

1. Separate dynamics of CP violation from dynamics of B— L violation
2. Start out with some asymmetry in 16-dimensional p; vector space

3. RHN interactions play the role of sphaleron-like spectator processes

New paradigm: Baryogenesis via leptogenesis via chargenesis
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Take-home messages

Wash-in leptogenesis

1. Separate dynamics of CP violation from dynamics of B— L violation
2. Start out with some asymmetry in 16-dimensional p; vector space

3. RHN interactions play the role of sphaleron-like spectator processes

New paradigm: Baryogenesis via leptogenesis via chargenesis

Axion inflation

1. Rolling axion field — CP-violating inital conditions for wash-in leptogensis
2. Exciting phenomenology: primordial magnetic fields, GWs, PBHs, etc.
3. Other UV completions: SU(5) GUT baryogenesis, PBH evaporation, etc.

Model building opportunities: More UV completions, other sources of LNV, etc.
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Stay tuned!

Thanks a lot for your attention
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Supplemental material
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Gradient expansion formalism

Infinite set of coupled differential equations
EM L [(n4 4)H + 201 €™ — 21 (¢)$ G 4 260" = [£(7],
G 4 [(n+ 4)H + o] g _ glr+1) | glrt1) I/(d))q'sB(n) _ [g-(n)]b

B(") + (n + 4)H B(") _ 2g(ﬂ+1) _ [B(")]b

for bilinear functions of the electric and magnetic fields involving n gradients

gl — (E-(Vx)"E)
an

g — (B (Vx)"B)
an

(E-(Vx)"B)
an

5 g(n) = =

k]

Alternative approaches

= Construct iterative self-consistent solution for discrete set of momenta

= Lattice simulations

= Linear perturbation theory around longlived background solutions
[Domcke, Guidetti, Welling, Westphal 2002.02952] [Caravano, Komatsu, Lozanov, Weller 2204.12874] [Peloso, Sorbo 2209.08131]
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Good agreement with earlier results

Iterative self-consistent solution in k space Gradient expansion
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f 10713
S 10
10719

— petps
— |(E-B)|

<pes>.<EB> [Mp)

Note: Oscillatory behavior in the axion velocity y TEABRGE G
( N,
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CP violation at the end of axion inflation
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Gauge-field production parameter at the end of inflation, &.,q

Final baryon asymmetry: ng ~ 0.02x — preferred x values around x ~ 10~ "%;
clearly achievable, despite remaining theory and model uncertainties

NB: A=¢e fdﬂ’ parametrizes model-dependent evolution of the conductivity
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Possible threats

©® Magnetic diffusion

= Washes out magnetic fields due to finite conductivity of the SM plasma
= Can be prevented if magnetic field can trigger turbulence evolution

= Require large initial magnetic Reynolds number
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Possible threats

©® Magnetic diffusion

= Washes out magnetic fields due to finite conductivity of the SM plasma
= Can be prevented if magnetic field can trigger turbulence evolution

= Require large initial magnetic Reynolds number
@ Chiral plasma instability

= Consequence of the chiral magnetic effect (chiral anomaly)
= Large chiral chemical potential induces instability in the magnetic field

= Triggers growth of modes with opposite helicity

Rough estimates of relevant temperature scales based on MHD approximation

Better understanding requires dedicated numerical MHD simulations.
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Turbulent regime

Initial conditions: axion inflation, (EB),_, | Reynolds number Re["
108 Temperature Ha G| = 1
10 : N‘” j
0 4
0w 3
104 ;
10" I
10ME i
— 10"
= 4
O, 10 wemeremmren e
& Py £
g 108 =
107 g
U 4
10
w0
10*
QO e ce@e- o
Baryogs via helicity decay
10"
10"} . . X
T (VA (S (S [ (U R T !
Dimensionless helicity density y = ay/ (27) hy /T*

= Assume equipartition of kinetic and magnetic energy densities

= Baryogenesis neither affected by magnetic diffusion nor the CPI
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Viscous regime
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Magnctic diffusion
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= Assume small kinetic Reynolds number, plasma reaches viscous regime

= No baryogenesis from helicity decay because of magnetic diffusion
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Conversion factors

T [GeV] H (0,10°)  (10°,10%)  (10°,10°) (10%,1011-12) (10'1712,101%)  (10%3,10%%)
Three-flavor regime
avin 3 10 8 51 5
B-L 0 10 7 9 8 18
0 18 120 32 153 Jo
185 525 il 1 T
> m 841
3 0 1 972
< u 61 o7 1509 1204
s 0 ™ s 2 352 23
Two-flavor regime
win 225 .«
B-L oL
win
‘B
> 1765 _ 188 o« 88 .
G 589 589 CA,., 589 €A,
< 671 _ B4 oo
s 247 ~ 247 €L
One-flavor regime
win
Cp-L
e
5

Five temperature regimes; one, two, or three wash-in directions in flavor space
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Baryon asymmetry and axion cosmology

Phenomenological consequences

Helical hypermagnetic fields
= Enhanced scalar perturbations, primordial black holes
= Enhanced tensor perturbation, stochastic gravitational waves

= Hierarchical RHN masses as low as 100 TeV
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Baryon asymmetry and axion cosmology

Phenomenological consequences

Helical hypermagnetic fields
= Enhanced scalar perturbations, primordial black holes
= Enhanced tensor perturbation, stochastic gravitational waves

= Hierarchical RHN masses as low as 100 TeV
Next steps

= Better understanding of particle production during axion inflation
= Dedicated numerical MHD simulations using ICs set by axion inflation

= Density matrix formalism for wash-in leptogenesis
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