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introduction:

baryogenesis

Sakherov 67
Sakherov conditions:

* B violation
e C and CP violation
* departure from thermal equilibrium

wash-in leptogenesis
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in the very early Universe

particles >> anti-particles
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introduction: baryogenesis

GUT baryogenesis unification of forces Yoshimura “78, Dimopoulos, Susskind “78
Qp SL .
X — SM B + L asymmetry \ l /
Cr by,
] 4 —»—cSphaleron»—<— by,
But: non-perturbative sphaleron processes / \
wash out B+L asymmetry «uzmin, Rubakov, Shaposhnikov "85 / ] \
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* Ny need to remain out of equilibrium (- upper bound on y,)

« sufficient CP violation requires M, > 10° GeV Davidson, Ibarra "02,
Buchmiiller, Bari, Plimacher 02
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Leptogenesis neutrino masses Fukugita, Yanagida "86
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Ng y_> b, Lo B - L asymmetry
N

* Ny need to remain out of equilibrium (- upper bound on y,)

« sufficient CP violation requires M, > 10° GeV Davidson, Ibarra "02,
Buchmiiller, Bari, Plimacher 02

This talk: combine these two ideas
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Outline

SM interactions and conserved charges

Wash-in leptogenesis

initial conditions: GUT baryogenesis & axion inflation

(spontaneous baryogenesis)
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SM interactions and conserved charges

VD, Ema, Mukaida, Masaki 20

* exactely conserved charges: B/3—L,,Y - ~FSeimvergop.
(lepton flavour, hypercharge) “““5_““__:___[_;“:_ ____________________ S‘: I\7I_
: - weak sph.
~ strongsph. : :
- in the early Universe, SM interactions T PR T eton
cannot keep up with expansion e -~ s W b
d;__ bottéom ___!_:Hanée;g_l_(zwn

1017 10 1013 10! 10° 107 10° 108

_. additional approximately conserved charges: T [GeV]
T [GeV] Ye Yas Ya Vs Yss Yu  Ye Y- g WS SS gy
(v) (10°,10°) ge v v v v v v v v v vV
(iv) (1067 109) Qe 42B,—By—Bs Qu—d v v v v v v v v
(iii) | (10°,10"'*) | ¢ @2B,—By-Bs Qu-d Gi-s IB,-B, G Y VY
(i) | (10%712,10%%) || ¢  GoB-Bo—Bs Qu-d Qd—s 4B1-B> qu Gu-c Gr Gib 9B v ¥
(i) | (10'3,10%) || ¢¢ @2B,-Bo—-Bs Qu-d dd-s IB1-B> du Gu-e @ Gi-b 9B Gu ¥

# conserved charges + # equilibrated interactions = # particle species = 16
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wash-in leptogenesis

see also
wash-in leptogenesis with M; ~ 10°>° GeV (schematic) : e e
(o N — :
xion inflation  — (1) Y Y A 4 equilibrium solutions
Sphaleron wash-out — (2) Y ¢ depending on (fully)
include L-violating Wash-in leptogenesis— (3) | | equilibrated interactions
RHN interactions ¢ Sphaleron wash-out — @ \ / >

.

ol
r/L

N
X
s

S ) ~ 7 RHN interactions decouple,
asymmetry washed out E / K% sphalerons convert B & L
through SM interactions, & e O i ~ final baryon asymmetry
erasure incomplete due — y Wash-in leptogenesis at T’ E\
to conserved cria_rgeqe/ : . (10%,10%) Gev
D (10171%,10'%) GeV
2— o (109, 1011—12) GeV
g [ e (10°,10%) Gev ) y
N oofo 4) \—o—  waey) L-violating ,wash-out"
( . : processes convert
1o Baryon number B B+L to B-L - ,wash-in“
initial condition with B + L # 0

qe # 0
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B-L asymmetry for strong washout

see also VD, Ema, Mukaida, Masaki 20

if the RHN is fully equilibriated, the B-L asymmetry (or any other charge) is obtained
by solving an algebraic system of equations:®

19 eq 4+ th
. . . 4B dp_1, dp—L
H = E gc with C labelling conserved charges, — ‘today = 37
S S
C#A,
Tp_1 [GeV] Index o e H2B,—Bs—Bs Mu—d Md—s MUB,—B- 2 Hu—c M Hd—b HKB  Hu | HA L

(v) (10°,10°)
(iv) (10%,107)
(iii) | (109,1011712)
(11) (1011—12, 1013)
(i) | (10%,10%)

#) + SM interactions taken to be fully equilibrated or fully decoupled
* only one relevant RHN
* projection operators P, P1 are model dependent and encode the flavour decomposition of primordial asymmetries
with respect to RHN wash-out
« flavour coherence / decoherence taken into accoung
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B-L asymmetry for mild washout

Solve Boltzmann equation for RHN:

. w Mg T
—(0: +3H) qa,, = €1al1 (ny, =03 ) = > g BT¢
B

qXIO? - Z (504;3 0-’5 qu + Z Eaﬁ qzl; gini

N

—w Kl P C
3 /4 Ty /H [¥ = Pogly Mo tHe = —Cappia,
i ) for MB decay flavour flavour
* RHN as dynamical dof, with decays and statistics parameter  strycture (RH)  coupling (LH)
inverse decays (vs Weinberg operator)
* including charged lepton flavour effects reduces to equilibrium solution for I'y > H
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pros and cons of wash-in leptogenesis

depending on distribution
of initial asymmetries

v works for Mr 2 100 TeV (equilibration of electron Yukawa)
CP violation provided by

v no CP violation in RHN sector required initial conditions

v can be straightforwardly applied to various models generating
primordial asymmetries eg GUT baryogenesis

X not a complete model itself, requires non-trivial initial conditions
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Outline

SM interactions and conserved charges

Wash-in leptogenesis

initial conditions: GUT baryogenesis & axion inflation

(spontaneous baryogenesis)
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GUT baryogenesis

see also Fukugita & Yanagida 02
eg SU(5) unification

HC_>Q3Q37tTaQ3£7'7£B B_L:O7 B+L7é0

— wash-in leptogenesis works for Mz > 10! GeV (tau Yukawa equilibration)

projection operators

2 2 2
hit = [hS1" + WY+ [RT)7

direction of N, washout: hyly =hile+hl,+hil., hy Lty =hilc+hie, hﬁT = [hS]* + |h‘1‘|2
Ny — Z(ﬁ
initial asymmetries: e=ceetouptcT, e =cietcp
. . e x * T %2 e T 7|2
projection operators: P = |h§ct + bl +hick|" /Iy, Pr=|hiel" + B /Iy, P
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axion” inflation

slow-roll inflation - Very flat scalar potential

reheating after inflation ~ ——# coupling to the SM

inflaton as Pseudo Goldstone Boson (PNGB, ALP) with shift-symmetric couplings:

[ OF,, FH ] [(%(b)%“v%] Ty

AF Alr

related by chiral anomaly equation:
1 - \v:
0#0,J5 =— FF"

1672
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axion” inflation

- a minimal setup for SM + inflation:

axion with (hyper charge) massless (SM) axion gauge field
scalar potential U(1) gauge field fermions coupling
= V7 70000 = VIO)| = EwF™ + T (0~ 0QA )+ (2 Fu P
\ /
SM chiral anomaly forces us to consider after chiral fermion rotation: ~ shift-
gauge fields and fermions simultaneously (c%cb)%“v% igg‘gﬂﬁg'ﬁ) &
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Jaxion” inflation

- a minimal setup for SM + inflation:

axion with (hyper charge) massless (SM) axion gauge field
scalar potential U(1) gauge field fermions coupling
= V7 70000 = VIO)| = EwF™ + T (0~ 0QA )+ (2 Fu P
\ /
SM chiral anomaly forces us to consider after chiral fermion rotation: ~ shift-
gauge fields and fermions simultaneously (%@&7"7% igg‘gﬂﬁg'ﬁ) &

- axion — hypercharge coupling leads to exponential helical gauge field production
(ignoring fermion backreaction for the moment):

d? 19
—A 249k>2 | A — —
d7-2 i(T7 k) + [k kT] :|:(7_7 k) 07 ‘S

ag
2 f,
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fermion production in axion inflation

VD, Mukaida 18
helical gauge field production

© one gauge field helicity acquires tachyonic mass

- parallel E & B fields, constant & homogeneous on scales << H™ B

(chiral) fermion production Nielsen, Ninomiya 83
- fermion production in constant E,B background (Schwinger)

* asymmetric production consistent with anomaly equation

backreaction on gauge field production
- fermions are accelerated in gauge field background

- induced current inhibits gauge field production
OAY — 9, (:—ﬁﬂﬂ ~9QJ =0

dual production of helical gauge fields and chiral fermions
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wash-in leptogenesis after axion inflation

VD, Mukaida "18; VD, von Harling, Morgante, Mukaida "19

chemical potentials for all SM particles according to their hypercharge:

' Ay -By)m . . .
Hi _ +3¢;(Q) )*a ( 2 ik includes in particular RH electron
T T
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. . Sphaleron wash-out — @
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Lepton number L

* additional contribution from baryogenesis from decaying helical
hypermagneticfields possible,
see VD, von Harling, Morgante, Mukaida 19
™ D (109,10%) GeV
/\_®_ (10°,10°

GeV

J

* here we assume /7 to be small, avoiding anomalous violation
through the chiral plasma instability

Baryon number B
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spontaneous baryogenesis

wash-in leptogenesis spontaneous baryogenesis
initial asymmetries — chemical potentials induced
in conserved charges by rolling axion field

Cohen, Kaplan 87,88

* rolling of axion needs to happen when B,L violating processes are active
(eg Weinberg operator, sphalerons)

* due to SM equilibration processes, | | Q‘?g Q=0Q,+Q,
no direct axion coupling to these %\\ %X Op
processes needed, eg N o 2 4

Oy e
x Bheq ’
v any generic axion couplings Ox '/
: : O ol
v only axion-gluon coupling X 2 final
see also Co, Harigaya 19 e

e formalism inherently invariant o’

under chiral fermion rotations [ th-eq > Q1

thermal equilibrium
VD, Ema, Mukaida, Yamada "20
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initial asymmetries — chemical potentials induced
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* rolling of axion needs to happen when B,L violating processes are active
(eg Weinberg operator, sphalerons)

* due to SM equilibration processes, Q2 0,20, +0,
no direct axion coupling to these & 9 | QB
processes needed, eg o o

Ov ’
- D’ eq '¢
v any generic axion couplings Ox '/
'O
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thermal equilibrium
VD, Ema, Mukaida, Yamada "20
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spontaneous baryogenesis

wash-in leptogenesis spontaneous baryogenesis
initial asymmetries — chemical potentials induced
in conserved charges by rolling axion field

Cohen, Kaplan 87,88

* rolling of axion needs to happen when B,L violating processes are active
(eg Weinberg operator, sphalerons)

- . Q, violationg
* due to SM equilibration processes, | process Q‘?g Q.=0,+0Q,
no direct axion coupling to these R N Op
processes needed, eg N o 2
Ov ’
- b’ eq '¢
v any generic axion couplings Ox '/
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X4
v only axion-gluon coupling axion — Oy coupling Ox ¢ final
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thermal equilibrium
VD, Ema, Mukaida, Yamada "20
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spontaneous baryogenesis

wash-in leptogenesis
initial asymmetries
in conserved charges

spontaneous baryogenesis
chemical potentials induced
by rolling axion field

Cohen, Kaplan 87,88

* rolling of axion needs to happen when B,L violating processes are active

(eg Weinberg operator, sphalerons)

* due to SM equilibration processes,
no direct axion coupling to these
processes needed, eg

v any generic axion couplings

v only axion-gluon coupling
see also Co, Harigaya 19

e formalism inherently invariant
under chiral fermion rotations

VD, Ema, Mukaida, Yamada "20

wash-in leptogenesis

equilibrium with

Q, violationg O, and O, active
process @2 Q:=0Q,+0Q,
" N Ry S QB
N O N7 4
e e \4 b eq "
Ox e
’
Re
axion — O, coupling Ox ¢ final
does not generf% ",
’
¢ |th-eq > @1
thermal equilibrium
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spontaneous baryogenesis

wash-in leptogenesis
initial asymmetries
in conserved charges

spontaneous baryogenesis
chemical potentials induced
by rolling axion field

Cohen, Kaplan 87,88

* rolling of axion needs to happen when B,L violating processes are active

(eg Weinberg operator, sphalerons)

* due to SM equilibration processes,

no direct axion coupling to these
processes needed, eg

v any generic axion couplings

v only axion-gluon coupling
see also Co, Harigaya 19

e formalism inherently invariant
under chiral fermion rotations

VD, Ema, Mukaida, Yamada "20

wash-in leptogenesis

equilibrium with

Q, violationg 0 O, and O, active

A &, Q
~.,'\\0 ~..'>§<0 o« B
- ;. eq .
OX 0'
'l
axion — O, coupling OX once O, freezes out,

" ﬁnal Q. is conserved

does not generate Qg Vs
i L
X4
¢ |th-eq > @
thermal equilibrium
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conclusions

* right-handed neutrinos are a minimal extension of the SM,
elegantly explaining neutrino masses

* they may be responsible for the observed baryon asymmetry
via standard thermal leptogenesis

* they also interfere with other baryogenesis mechanisms in a non-trivial way,
rescuing eg GUT baryogenesis

* we provide an explicit toolkit to apply to a wide range of models and
temperature regimes
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