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BARYOGENESIS SCENARIOS

leptogenesis, Affleck-Dine baryogenesis,
pangenesis, mesongenesis, Wimpy
baryogenesis, electroweak baryogenesis, GUT
baryogenesis, darkogenesis, cogenesis,
gravitational baryogenesis, wash-in
leptogenesis, axiogenesis, scotogenesis,
spontaneous baryogenesis, ...
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PLAN

1. Sakharov conditions
2. Leptogenesis
3. Electroweak baryogenesis

Baryogenesis Niklh ef



SAKHAROV CONDITIONS

1. Baryon number violation

2. C- and CP-violation Sakharov 1976

3. Out of equilibrium
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C AND CP VIOLATION

q — € q
/3 = leaves Lsn 1nvariant
qg— e “°q
Nocether: baryon number
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C AND CP VIOLATION B = / d°z é > '
q
a(Z,t) = 1 q(~, 1) a(Z,t) S —iv’q* (1)

¢"(Z,t)q(Z,t) = ¢ (—Z, t)q(—Z, t)

— — C . . *k X
qT(az,t)q(az’,t) — (_ZVQQ)T(_VVQQ ) — qTq — (quq

BLB & BS_-B B odd under C and CP
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OUT OF EQUILIBRIUM

(B(t)) = Te(e™/"B(t)) = Tr(e™/TeH*B(0)e™") = (B(0))

time-independent 1n thermal equil.

B even under r = — frand odd under © = CPT

(B(t)) = Tr(00 e #/TB(0)) = Tr(e  H/TO1B(0)0) = —(B(t))
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SAKHAROV CONDITIONS IN THE STANDARD MODEL

1. Baryon number violation

2. C- and CP-violation Sakharov 1976

3. Out of equilibrium
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BARYON NUMBER VIOLATION IN THE SM t Hooft 1976

path integral measure not invariant under U(1)g and U(1)g

~

Oully = Oudll = g5z (W, W + g B, B ) = 0, K"

3272 v

— 1 —

vacuum pure gauge W (%) = -U(Z)VU (L)’ B =0
at infinity J

S3 — 83  labeled by winding number N
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BARYON NUMBER VIOLATION IN THE SM

E
W
&) i | 0 1 2) 3 NCS AB = AL = TLFANCS
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BARYON NUMBER VIOLATION IN THE SM

E
Esph_A_
W N Egon ~ 4Myy /oy
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C AND CP VIOLATION IN THE SM

weak interactions violate C

CP violation from phase in CKM matrix and QCD 6 angle £ D 0 337%2 W E,,

! !

Jarlskog invariant 1{531; ~ 107 0 < 101V EDM of neutron

too small!
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SAKHAROV CONDITIONS IN THE STANDARD MODEL

sphalerons
B+L broken en B-L conserved

1. Baryon number violation ¢/ Sakharov 1976

2. Cv-and CP-violation X

3. Out of equilibrium X

=D
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New physics beyond SM!




PLAN

1. Sakharov conditions
2. Leptogenesis
3. Electroweak baryogenesis
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LEPTOGENESIS

Vl/\ll Vz/\lz \G/\Is

e  un T

1. Baryon number violation: majorana mass for /V; breaks L

2. C-and CP-violation: new phase in neutrino yukawa couplings

3. Out of equilibrium: production/decay of /V,
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NEUTRINO MASS )y — ( L ) S e — ( it )
(10)

_'0.2 *
wg—i”ﬂw* = VR:(wOR>gV§{:(( ZOwR)>

dirac mass
T
mDﬂLVR—I—h.C.:%(E ﬁ)( U T%D><V£>—I—h(j

majorana mass
— — 0 O V
1 z 1 ( & — L
§mRVRVR -+ h.c. = 5 ( Vi VR ) ( 0 - ) ( c > -+ h.c.

Baryogenesis Niklh ef




NEUTRINO MASS

T 3 — 0 m
LD —ZLYVH VR — %mRV%VR + h.c. N = ( m% mZ )

take diagonal

diagonalize mass matrix

Mp=VIMU = Mp=ME=VIMU=UTMV* = U=V"

o= V)T )
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NEUTRINO MASS

_ N _ 0
LDl Y, Hvp — %mRV%VR + h.c. M = ( g "D )

light neutrinos

n=nL+nr =vy+vi—0(vr+ry)

® ® see saw mechanism

G S G S 1 r _ _ T _
M, = —Mmp,—Mp = Omprb 0 =mp/mp
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SAKHAROV CONDITIONS IN LEPTOGENESIS

1. Baryon number violation: majorana mass for NV, breaks L

2. C-and CP-violation: new phase in neutrino yukawa couplings

3. Out of equilibrium: production/decay of /V,
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BARYON NUMBER VIOLATION

LD —Z_LYV]:I VR — %nguR + h.c.
NV

lepton number

[ — e €] [ — €]

sphalerons
(B—L)f=(B—-L)i=—L,

(B+ L) ~0
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CP VIOLATION vanilla scenario M; <« M, M;

Fukugita and Yanagida 1986

LD —Z_LYV]:I VR — %ngVR + h.c.

phases
Ty -0 L,_r---0 Lg ?
€1 — F(N1—>lH)—F(N1—>l_H ) \ Pt \ \ I
L= F(N1—>ZH)—|—F(N1—>ZH*) 1 \ 1 :5‘ N, 14((1-?_&:\
L ) L
o o La

M = _/\/lo | Ml — COAO -+ ClAl — €1 X Im(CQCT)Im(AoAT)

1
P2 —m?2-+ie

> im0 (p® — m?)
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CP VIOLATION vanilla scenario M; <« M, M;

LD —Z_LYV]:I VR — 1nguR + h.c.

2
phases
7 >k "¢¢ L ---q) LB "I'q)
e — ['(N1—=IH)-I'(N1—=>IH") N, - N N, )
L = (N1 —IH)+T (N1 —1H*) SN ‘N N,
L, b L, \ ]
~ Mlmn
Av?

scales with M,
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OUT OF EQUILIBRIUM DECAY vanilla scenario My < My, M3

from Juraj Klaric

I, >
assumed K = | vy 2L

TIME
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SIMPLE ESTIMATE vanilla scenario M; <« M, M;

/ total lepton number from decays

€cq
€E1 N —1
%b p— —,r;b p— 77 Nl B

S

N\

sphalerons B, = nL, washout

e —3
I’lN?/S ~ 10

Baryogenesis N1 BI\ ef



SIMPLE ESTIMATE vanilla scenario M; <« M, M;

M1 z 109 GeV
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TESTABILITY vanilla scenario M; <« M, M;

-heavy RHN  M; 2> 10Y GeV

- small mixing angle § = D

- 6 (2) phases at high energy, 3 (2) phases at low energies for ngny = 3 (2)
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LOW SCALE LEPTOGENESIS

lower RHN mass - flavor oscillations M, 2 10°GeV

- resonant leptogenesis M; = 10°GeV

- ARS leptogenesis M; ~ 1071 — 10%GeV

larger @  -approximate lepton number symmetry m, = —mpmp mh

relate phases -zeros 1n the yukawa matrix
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ARS LEPTOGENESIS
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F —-_—__E"__ —
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ARS LEPTOGENESIS T ey

I'h">H & TI's < H at TEW %
Lo #0
/ N2
bath —— N, oscillations
N
- \ 1 -— bath <«—> B #0
L 0
- 1 7

sphalerons
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APPROXIMATE LEPTON SYMMETRY

S . Ye 0 0 M
RHNs combine 1n Dirac neutrino Y= y, O mp = ( Voo >

- lepton number conserved
- degenerate RHN mass
- vanishing light neutrino mass
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APPROXIMATE LEPTON SYMMETRY

. . . . ye yé M
RHNSs combine 1in Dirac neutrino Y= v, v, Mp = ( 2 >

small symmetry breaking

- almost lepton number conserved
- almost degenerate RHN mass
- almost vanishing light neutrino
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PLAN

1. Sakharov conditions
2. Leptogenesis
3. Electroweak baryogenesis
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ELECTROWEAK BARYOGENESIS

1. Baryon number violation: sphalerons
2. C- and CP-violation: new CP violation at EW scale

3. Out of equilibrium: 1st order EW phase transition
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EW PHASE TRANSITION
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EW PHASE TRANSITION
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EW PHASE TRANSITION

from Cline '06

1st order 2nd order/cross over
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THERMAL CORRECTIONS

partition function in thermal equil. 7 =trp =tr(e "), p=1/T

F A
— Véﬂ-‘zvz VlﬂZ

compare with generation function Z = / doido (¢ (Z,t)|e” " s (Z,0))

QFT at finite T ~ euclidean QFT on a finite imaginary time' interval.

T=it, 0<7<pB=1/T
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THERMAL CORRECTIONS IN QM

harmonic oscillator for bosons

e—Bw/Z

B —HB| \ _ —Bw(n+3)
;- / dq {dle @f / g Z (nlq)(aln) oc ~——55-

free energy

1
F=-1/fInZ = §w+T1n(1 — e PW)
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THERMAL CORRECTIONS IN QM

harmonic oscillator for fermions

/ dq (qle~78|q) = / dg 3 e P0H (n]g) (gln) o eP/2(1 + &)

n=0,1

free energy

1
F = —500 — Tln(l —+ e_ﬁw)
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THERMAL CORRECTIONS IN QFT

free QFT ~ harmonic oscillator for each k& wi =\ k? + m;(¢)?

—»

VIOOP — Z nz/ (%wz + Tln(l — G_Bwi))

bosons

—»

-y nz/ (%wﬁTln(lJre—ﬁ%))

fermions
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THERMAL CORRECTIONS TO HIGGS POTENTIAL

free QFT ~ harmonic oscillator for each & Wi = \/ k2 + m; ()2

Vr = Z (cgz)m?TQ + cgg)m?T + )

1

1
’ +g,2)7§y752}7 n — {1,3,6,3, 12}

1, 1
D= {h,0,W*, Zt}, m®/¢" = {3\, 0%
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THERMAL CORRECTIONS TO HIGGS POTENTIAL

A

Higgs potential V = ;( A\v® + aT?)¢” ;bT¢3 I 4¢4
at T. degenerate minima at = 0 and ¢p = v,
Ao 2 Agg A3 Ay
V(Tc) — 4¢ (¢ UC) — 4Uc¢ 2U0¢ | 4¢

strong 1st order PT
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EW PHASE TRANSITION

Standard Model

V I>T, .
A New physics (mn = 65 GeV)
T=TC
T<T1c
from Cline '06 -
1st order 2nd order/cross over
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EW PHASE TRANSITION

how much room for new physics?

V my, = 125.3 GeV
/IBSM
_1 < Zhhh <~ v = 246 GeV
measured
— h
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

Cohen, Kaplan and Nelson 1991

2
) Lo y—\/iqb (1+ ¢—> [1tr +h.c.

t 2
P / tr CP violation

4 no sphalerons

sphalerons
() # 0 (p) =0

4
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

) Lo y—\/iqb (1+ ¢—2> [1tr +h.c.

t 2
P / tr CP violation

4 no sphalerons

sphalerons
() # 0 B (p) =0
ny — Ty 75 0

4
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

2
Lo 2Ly (1 + ¢—> [ tr -+ h.c.

1 f A2
- CP violation
no sphalerons sphalerons
(p) # 0 (p) =0
ny'—ng 7 0
* Psph o= Bepn/T ~, o—870/(gT)

Y
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BOLTZMANN EQUATIONS

: dgﬁ
phase space density 2 1) / 2
n(ﬁlf,t) gS (27_‘_)3 f(f, 7t)
Boltzmann eq.
df of  dr ~dp B
it ot T Vg Vel =0l

1 !

force collision term
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SEMI-CLASSICAL FORCE

(Z.’Y . 0 — mPL — m*PR)w — () subst. Qﬁ — e—z’wt ( ég > X X's
g1vVes:
_ . 1 . _ _ . 1 . _
(w + zs@z)g(w —1580,) —m" | Ly =0, |(w— zs@z)m* (w+1s0,) —m| Rs =0

gradient expansion [, = we'/ PG o = /(p+6'/2)2 + |m|?2 — =56’

fOI’CG — P = — a—
=/ p

m = |m|e

antiparticle 0 — — 0
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TESTABILITY OF EW BARYOGENESIS

BSM
ﬂhhh

- triple higgs coupling at LHC —1 3 IR, ST
hh

- electric dipole moment of electron

- gravitational waves
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GRAVITATIONAL WAVES

- bubble collisions
- colliding sound waves
- turbulence

Baryogenesis

Total
LISA sensitivity

10-14
1016 - GRS N S e . NG
1072 104 103 102 101
f (Hz)
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ELECTRIC DIPOLE MOMENT

from Jordy de Vries

magnetic dipole w =d,,,Bsinf

electric dipole w=d.Fsinf
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ELECTRIC DIPOLE MOMENT

from Jordy de Vries

H=-d, (6-B)+d (0-E)

%5 breaks CP
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ELECTRIC DIPOLE MOMENT OF ELECTRON

measured |de|] <4 x 1073 ecm

: Yt
new physics £ > Z=¢
V2 (
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ELECTRIC DIPOLE MOMENT OF ELECTRON

measured |de|] <4 x 1073 ecm

Yt sz
newphysics £5 25 (145 -+ h

V2
Rules out sitmplest @L @P ﬁ
scenarios 4
A 2 10TeV
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RECENT WORK ON EW BARYOGENESIS

- triple higgs coupling at LHC

- electric dipole moment of electron ~ hide CP asymmetry
include flavor effects

- gravitational waves new scenarios

thermal corrections
bubble wall velocity
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PLAN

1. Sakharov conditions
2. Leptogenesis
3. Electroweak baryogenesis
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