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Baryon asymmetry

anti-matter

np — nE
n’)f 10
— (6. 12 + 0.04) X 10~
Planck 2018
Parameter(s) Q. h* Qh? 1006, H, 7, In(10'A,)

Basc ACDM ....... 0.02237 + 0.00015 | 0.1200 £ 0.0012  1.04092 + 0.00031  67.36+0.54  0.9649 + 0.0042 3.044 + 0.014
F o 0.02237 £0.00014 | 0.1199 £0.0012  1.04092 £ 0.00031 6740+ 054 09659 +0.0041 3.044 +0.014
dn jdink.......... 0.02240 + 0.00015 | 0.1200 £ 0.0012  1.04092 + 0.00031  67.36 + 0.53  0.9641 + 0.0044 3.047 + 0.015
dn./dlnk,r ........ 0.02243 £0.00015 | 0.1199 £0.0012  1.04093 £ 0.00030 67.44 £ 054 0.9647 £ 0.0044 3.049 = 0.015
dngfd I, dag/dink. | 0.02237 000016 | 0.1202+0.0012  1.04090 + 0.00030 6728 +0.56  0.9625+0.0048 3.049+0.015
N.g 0.02224 £0.00022 | 0.1179 £0.0028 1.04116 £ 0.00043 663 =14  0.9589+0.0084 3.036=0.017 .



Sakharov conditions for baryogenesis

B violation

C/CP violation

Out of equilibrium dynamics
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Baryogenesis via electroweak phase transition

Phase | B bb:.ie all Phase |

Symmetric phase Broken phase

sphaleron
decouple

sphaleron
In equilibrium



Baryogenesis
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Leptogenesis
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e ~ mechanism
GUT baryogenesis
WO Leptggenesi S CP violation
\_/,

- Flavour models
-

Seesaw

mechanism

Neutrino mass &
Radiative < lepton mixing

corrections




Origin of neutrino masses

- Weinberg Operator Lepton number violation

Ao
Lw = TﬁéaLHC%ﬁLH + h.c.
2

. v A
Majorana masses my, = A= .~ 10% GeV

- Seesaw mechanism

(H)yx  x (H)

N

UV singlet fermion UV

- 1



Baryogenesis via leptogenesi

Big Bang

Seesaw scale

(1014 GeV)

1012 GeV ---ff8%---- smemee---
sphaleron _
processes leptogenesis

10° GeV -- ---- in equilibrium .--------.

1086 GeV --

TeV scale --

EW scale --

GeV scale -




Sakharov conditions for leptogenesis

SM L/B-L violation

C/CP violation

Out of equilibrium dynamics



Leptogenesis via

in the via RH neutrino decay

framework of
flavour effect

seesaw resonant decay

via RH neutrino oscillation

via Weinberg operator
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Leptogenesis via RH neutrinos

= Classical thermal leptogenesis (in type-I seesaw)

m Complex Yukawa couplings Decay of lightest N

- Lepton asymmetry Afy, = fo, — f;.

’ H
A
Afy, ximd 25
N1 L,

o Im{Y,,1 (Y Y,)1; Y00} [Fukugita, Yanagida, 1986]

> Flavour effects, Resonant leptogenesis, N, decay

leptogenesis, ---

Pilaftsis, hep-ph/9702393, hep-ph/9707235; Pilaftsis, Underwood, hep-ph/
0309342; Barbieri, Creminelli, Strumia, Tetradis, hep-ph/9911315; Vives, hep-
ph/0512160; Nardi, Nir, Roulet, Racker, hep-ph/0601084; Abada, Davidson,
Josse-Michaux, Losada, Riotto, hep-ph/0601083; Blanchet, Di Bari, hep-ph/
0607330, ......
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Leptogenesis via RH neutrinos

Sterile neutrino oscillation in early Universe

Production f Propagation " Annihilation
Log. Y/
o 0 ] &
0 [
H o
[ P, - [ 'Q H
““t Na 62 xNZ NB. 0..
1 : Pozﬁ : :
guarks, vectors in 0 0 quarks, vectors in
the thermal plasma the thermal plasma

The “generalised” lepton number I = L + L is conserved.

. P AMZ
P(N, — Ng) — P(N, = Nj) Im{exp(—z/ QEJ a(t)dt)}
0
EB X Im{YaYIVAYa) 4]

Akhmedov, Rubakov, Smirnov, hep-ph/9803255

Asaka, and Shaposhnikov, hep-ph/0505013;Drewes, et al, 1606.06690, 1609.09069;
Hernandez, et al, 1606.06719; Drewes et al, 1711.02862, ......
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Leptogenesis via leptonic phase transition

1. Baryogenesis via leptonic CP-violating phase transition

S Pascoli, J Turner, YLZ, arXiv:1609.07969

2. Leptogenesis via Varying Weinberg Operator: the Closed-Time-Path Approach,
J Turner, YLZ, arXiv:1808.00470

3. Leptogenesis via Varying Weinberg Operator: a Semi-Classical Approach
S Pascoli, J Turner, YLZ, arXiv:1808.00475
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Leptogenesis via Weinberg operator

Weinberg operators satisfied two of three Sakharov conditions

The Weinberg operator violates lepton number and leads
to LNV processes in the thermal universe.

H*H* <+, (H*«(H, (H*H*+ ¢, and their CP-
{«¢(HH, H*+ ¢H, 0+ ¢HH conjugate processes

The Weinberg operator is very weak and can directly
provide out of equilibrium dynamics in the early Universe.

. —| 7 <10 GeV e
3 A 5 3 m;T
bW~ Gt e g | & Hu 100

m If there are no other LNV sources.

We assume a cosmological phase transition, which leads
to a spacetime-varying Weinberg operator, to give rise to
CP violation.




Motivation for leptonic phase transitions

A lot of symmetries have been proposed in the lepton sector.
Their breaking may lead to a time-varying Weinberg operator.

B-L symmetry breaking

To generate a CP violation, at least two scalars are needed.

Flavour & CP symmetry breaking

Flavour symmetries Continuous Discrete

Abelian Fraggatt-Nielson, Lmu-Ltau --. n
Non-Abelian SU(3), SO(3), ... A4, S4, As, A(48), ...
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Motivation for leptonic phase transitions

A lot of symmetries have been proposed in the lepton sector.
Their breaking may lead to a time-varying Weinberg operator.

B-L symmetry breaking

To generate a CP violation, at least two scalars are needed.

ry brg

Flavour symmetries Cor nuous Discrete

Non-Abelian m 50(3), .. - A4, S4, As, A(48), ...

Flavour & CP symm aking

Phase Transition
(PT)
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PT-induced spacetime-varying Weinberg operator

Lw = TKQLHCKgLH | A b H CEBLH

Ao = Alp + EAQQ— - Z /\,,,/,—— + -

v
1,7=1 5

Weinberg operator before PT

17
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PT-induced spacetime-varying Weinberg operator

Phase |

Single-scalar case
flt > —0)=0

() f(t—+o0) =1

a3 af af3
>1 18



How to calculate lepton-antilepton asymmetry?

In a semi-classical approximation arXiv:1808.00475

The lepton asymmetry is obtained by the interference of the
interference of two Weinberg operators at different spacetimes.

Anp o | s | Aast)]
¢ X 1M —(—(:)—)— X —)—¢*
Y 4

> In the Closed Time Path (CTP) formalism.

. H,q
The lepton asymmetry is UL
determined to the self g 7\
. 4 ’
energy corrections ! KA
including CPV source in £,k S N \. £k
. < L _ <
CTP formalism NP , 51 o)
g Ror 1)y .’ § 222
AN g / A
arXiv:1609.07969, 1808.00470 ‘o CH A
™ - = -
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https://arxiv.org/abs/1609.07969
https://arxiv.org/abs/1808.00470
https://arxiv.org/abs/1808.00475

EOM of lepton and antilepton

)‘0! Z N IT*X/Y) . IT*®
Lw = TﬂfaLH(jfgLH-i- ABEQLH C@gLH ,
- We treating the Higgs as a background field in the thermal bath.
Pk 1 1 T2

(27)3 2w ePw — 1 T 12’

(H) =0 (H™*H®) = (HT™*H™") = %(H*H) = 2/

. Decoherence effect is included by replacing the incoming and

OU.thiIlg momentums kin — Kin — kin —+ ﬁ ) k(mt — Kuut - k’()ut — ;_L
L: decoherence length to avoid the the interference with infinite distance difference
. EOM of lepton propagating along the z direction is given by

- | (=K M) (2)) _ 1
(—1i0, +w) 1Ly (—]\{[g(z) B .OUt) Jz +2
-1
j: = —5

Yo () —x,-,«c))
Wave functions r) = : ) = .
XK( ) (YZ(T)) \ Xe( ) ( Xj r) \

Majorana-like o A@) [ 2[HOz)]?  —2H(z)H*(x)
Mele) = =g —2H(x)H " (z) 2[H*(z)]"

mass matrix



Lepton—-antilepton transition

In the rest wall frame

+00
Acp(z0) = |Rylz0)* — |Realz0)|* = / dzydzee™ P T2 sin(kows — kin) (21 — 22)]
()

Asymmetry xIm[Mj(zo + 21) M} (20 + 22)]




Motivation for closed-time-path (CTP) approach

= QFT at zero temperature  QFT in non-equilibrium
or in thermal equilibrium case
Observable Observable
- | g - | > ¢
Vacuum/background is in thermal Background is time-dependent.
equilibrium, time-dependent We have to specify a time.

Im(¢)

—00 ¢ 4. frn(?) £ 400 ‘ Cy t
> > Re(t) "’ Re(t)
C

jojem)| TV
fo:Ir::IliJ;m <Q(tf‘0‘ﬂ(t’i)> / forlr:-ail?sm <Q(t@)|0‘ﬂ(t@)>
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CTP approach

-~ Propagators t t

1 2
Feynman  ST,(x1, 1) = (Tla(21)ls(72)]) —e—2 2Oy
Dyson ST (w1, 22) = (Tlta(1)ls(22)]) ——m———e——q—p
R e o L R

Wightman ~ ®
SZ5(w1,32) = (la(@)lp(22)) ~— ——————

- Kadanoff-Baym equation

1
i95<> — M 0 5<7 —<> 058 = [27 0 5° - 270 57
Lepton
asymmetry

Ang () = —%tr{vo (S5, (2, ) + S;a(x,x)]}

ty
—/ dtlﬁtltr[%SE(thh) +705,—?(7517?51)]
t;
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Leptogenesis in CTP approach

Buchmuller, Fredenhagen, hep-ph/0004145; Prokopec, Schmidt, Weinstock,
hep-ph/0312110; hep-ph/0406140; De Simone, Riotto, hep-ph/0703175;
0705.2183; Cirigliano, De Simone, Isidori, Masina, Riotto, 0711.0778;
Anisimov, Buchmuller, Drewes, Mendizabal, 0812.1934; Garny, Hohenegger,
Kartavtsev, Lindner, 0909.1559; Garny, Hohenegger, Kartavtsev, Lindner,
0911.4122; Cirigliano, Lee, Ramsey-Musolf, Tulin, 0912.3523; Anisimov,
Buchmuller, Drewes, Mendizabal, 1001.3856; Garny, Hohenegger, A.
Kartavisev, 1002.0331; Beneke, Garbrecht, Herranen, Schwaller, 1002.1326;
Beneke, Garbrecht, Fidler, Herranen, Schwaller, 1007.4783; Garbrecht,
1011.3122; Anisimov, Buchmuller, Drewes, Mendizabal, 1012.5821: Garbrecht,
Herranen, 1112.5954; Garny, Kartavtsev, Hohenegger, 1112.6428; Drewes, B.
Garbrecht, 1206.5537; Garbrecht, 1210.0553; Frossard, Garny, Hohenegger,
Kartavtsev, Mitrouskas, 1211.2140; Drewes, 1303.6912; Garbrecht, Ramsey-
Musolf, 1307.0524; Hohenegger, A. Kartavtsev, 1309.1385; Iso, Shimada,
Yamanaka, 1312.7680; Iso, Shimada, 1404.4816; Hohenegger, Kartavtsey,
1404.5309; Garbrecht, Gautier and Klaric, 1406.4190; Bhupal Dev, Millington,
Pilaftsis, Teresi, 1410.6434; Drewes, Kang, 1510.05646; Kartavtsev, Millington,
Vogel, 1601.03086; Hambye, Teresi, 1606.00017; Drewes, Garbrecht, Gueter,

Klaric, 1606.06690............
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Classical formalism vs CTP formalism

- Leptogenesis via RH neutrino decay

—~

,1"’ N
Im e x| —L N

N

Y

RN

-l--
\A
~N
A

Anisimov, Buchmuller,
Drewes, Mendizabal,
1012.5821

CPV source in
classical formalism

Self energies
including CPV source
in CTP formalism

- Leptogenesis via RH neutrino oscillation

|
I m | X T

Y
A
A

CPV source in
classical formalism

\
\
\
N N -
/

~N
b

f—
|

A
Y
A

Self energy including CPV
source in CTP formalism

25



CTP approach

Bubble expansion in the rest plasma frame

e
G
.
.
.
‘e
.

No inflow Phase H - No inflow

and outflow —" and outflow
: > :c3

<>
wall width L,

Az, dk e')

_ / d4gjd4rtr [E>(x1,x2)5<($2,x1) — Z<(1‘1,$2)S:>($2,$1)} .

1
x:§(x1—|—x2) r=1x{ — I
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Leptogenesis via Weinberg operator

=~ CPV self energy e
,’, \\"l
l, I' \\\
<> _ ’ R
E (3:1,.273) 3 X A2 Z)\“"/ :1:1))\53(:133) f,/». / ¢ X \‘ ¢k
«—O ot 0—
< >, < 2>, < o Aan(Z1) ‘\ 7 / ° )‘od"cll
X AT (2, 21)A (562,561).5,?,6’ (g, 1), AN K ,'“ A
\ 'l y
\\\I' H’ q, "/
I“n.’..—"

- Lepton asymmetry

A dE dW% dlq dYq e o (< p y : > N P
M = ?'./ (27)% (210)% (2734 (Qﬁq)ﬁK( ){Ac;(x)AL?(x)U[SA?(w)S;?(x)]—Aé} (z)A (z)tr[SE (37)3;?(55)]}

The final lepton asymmetry is determined by the behaviour of Weinberg operator
during the phase transition and thermal properties of leptons and the Higgs.

27



Influence of phase transition

= Single-scalar phase transition

(@)
AMz) =\ + M f(x) flz) = o)
2
0 _ \o'H
m, = A é\
_\YH
m, = A A
. 7'3
/ d'aTm{tr\* (2)Mz)]} = In{tr XX} (0 — )V
I 12 0y * 4.0 : : :
An, = —Flm{tr[)\ N W RS | time-dependent integration
12
Any' Y Im {tr[A°\*] ISV space-dependent integration

28



Influence of phase transition

~ Multi-scalar phase transition (in the thick-wall limit)

€.9., A=) =X+ A fi(2) + X fo(x)
Tm{tr[A*(z1)A(22)]} = Im{tr[A\"AM]}

+Im{tr A A2} f1(21) fa(m2) — fi(z2) f2(21))]

Interferences of different scalar VEVs cannot be neglected.

/rl‘irlm{tr[/\*(ml))\(mg):}M — /d4'rTm{tr[/\* (z+1/2)Xx —r/2)|}M

~ Tm{tr[\*(2)9,) ()]} / drri M.

Any oc|Im{tr[\* (2)0:\(x)] ' (R time-dependent integration

space-dependent integration

Angt oc|Im{tr[\* (2)0. ()]

Time derivative/spatial gradient

f1(w1) = fi(z2)] + Im{trA°N**]} fa (1) — fo(2)]

29



Influence of thermal effects

Thermal effects influence the time- d47“ ro M d4r TS M
and space-dependent integration.

[ A% dW% dYq A ke [acr o a< p : S L AAS >N o>
M = z./ (27)% (210)% (2734 (25)4‘3}{( "{-’lq‘(x)Atp(:v)tr[Sg(a:)S,?(x)]—A{]’ (z)A (z)tr[Sy (37)5;?(33)]}

- Resummed propagators of the Higgs and leptons

. —2z(g")ImII%
<, > q ( 0
A0 = T RelAP ¢ [ImH}]‘?JZ{U(Jrq )+ I (@)}
< —2e(k0)1m2f2 , 0
%" = 1 RozFI? 4 Lz i 72 (PR = froi () }PokPr

1 1
thermal equilibrium IB,q°| = O 1 IRkl = g 1

ImII B Im>?

thermal width TH OMen.m v 2MMith. ¢ /

By assuming thermal equilibrium in the rest frame of plasma,
the space-dependent integration is zero.

30



Influence of thermal effects

~ Performing the time-dependent integration

From 4D momentum space to 3D momentum space + 1D time

cos(way)
Dot 2w sinh(wq3/2)

o 7] S, 0 cos(wiyT) + i7 - ksin(wyy™)
S50t = [ e uger _ p yT) < el g
UL 2m § L 2 cosh(wy 3/2) ‘ | Y Y 25/2

v d_ql] 6—’)'H’,¢;|y| . y — ,',,O

—".-0 - c—

AS 7 (b, 1) = ]

Integrating out the time wq = /M + a2 wk = (/mfy, +k? and k = k/uwx

' d’k d’q d°q’
dlryM =2 : ] _ [ dyuyM .
/ ryM (zfr)%zvr)d(zw)sf dainl

+00 +60 [ — 2(vp 4 -
/ dyyM = 2 / dyy M (va re)
. Jo

o0

Y

_ o / oo dy Im{cos(wqy ™) cos(wyy™)[cos(wiy ™) cos(wiy™) | ﬁ-l::’sin(wky‘)sin(wk.'y“)]}e_py
0

8wqwy' Sinh(wqB8/2) sinh(wy 8/2) cosh(wy3/2) cosh(wy 5/2)

Z yngng L sinh (88,5, /2)[1 m2k - K]
B2wqug (22, . + 1'2)? sinh(wq 3/2) sinh(wg 3/2) cosh(w3/2) cosh(we 3/2)

n2.mi3 a==x1
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Influence of thermal effects

Asymmetry between lepton and antilepton momentum distribution

— 2,=0.05
E 20 S — 0.10 -
= T ‘k'out| T |k1n| 1 i 0.20
& cut — — 3 - x5, =0.
- 2T 2
8 m— . — (.50
= 15 v 7
— 2,=0.75
1or Leptons and the Higgs are assumed |
N to be thermal distributed. Thermal
5 \\ masses are ignored. -
O B | | | | | | | | ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
lepton/antilepton momentum
L1 = ‘k‘/(QT) P P

normalised by temperature
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Leptogenesis via Weinberg operator (in CTP approach)

Asymmetry between lepton and antilepton number density

RN
\
25 | . d°k 3Im{tr[mim}|}T° ]
\\ A'ng — 3Lk — 6.4 F(ir'yaxcuL)
. (27r) drPu
R
\ +00 o
\
20 |- N F(Zy, Tcut) = / ridz1 F (21, T, Teut)
N 0
Py LN
E Yo
= . - = Zewt = 0.50
= 5t T~ |
Y o
N
DS
s ~
T arXiv:1808.00470
10 S o - _
~ ~ -
~ ~
5 F S~
0.0 0.1 0.2 0.3 0.4 0.5
Damping rate normalised
x, =T/(2T) PIng

by temperature


https://arxiv.org/abs/1808.00470

Lepton models vs neutrino experiments

= In the single-scalar case

3Im{tr[mim*]}71°
¢ — / 6’04 F(x'Y)xcut)
H

Effective nu mass before PT Effective nu mass after PT
Depend on lepton model Measured by nu experiment

As, S4, U(1), SO(3)? nu oscillation exp: DUNE, T2HK, ...

determined by

. 0v2[3 exp: Gerda, EXO-200, KamLAND-Zen
order of flavons getting vevs



Temperature for phase transition

Big Bang

Seesaw scale

(1014 GeV)
1012 GeV ---f{---- rmmmmmemsemsmssssscscssssssssosomooes
sphaleron process  leptogenesis viaPT T ~ 10" GeV
10° GeV -- ---- in equilibrium
106 GeV --f=fot----
TeV scale -- NN IR e . - S SRy ———
EW scale -- """ sphaleron decouple " ; 2
Im{tr[mim*]} ~ m? ~ (0.1eV)
GeV scale-{==f-cb--cccmmmmmcmea e 2
nB~ O(10°)—£T7
Vi 2
T ~ 0(10) 5 2L
my
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Case study: CSD(n) models (preliminary)

» CSD(n) models with 2 RH neutrinos King, 0506297

Ja (0., )N,H + 22(0- &) Ny H + M,NEN, + MyNEN, + h.c.
Uq Uy

¢ and 9, , are triplets, and N, and H are singlets in the flavour space.

After RH neutrinos decouple and scalars get VEVs,

A@) = g, ()87 (2) + 2 g, ()07 ()

2
vz o

> Neutrino mass matrix in CSD(n) models

0 1 = |Yal™ "
G, (t— +oo)=[1]vy DPp(t = +o0) = n |v, neZ ’201%]
1 n—2

A

36



Case study: CSD(n) models (preliminary)

CSD(n:3) parameter space constrained by NuFit 3.0

845 923 u 913 [ Am§1 O Am§1

1.0

0.5f

10361820 25 24 26 28 30 32 34 -1.0=——51025 0050 0075 0.100 0.125 0150 0.175
m5 [meV] Mp/Ma

P. Ballett, S. King, S. Pascoli, N. Prouse, T.C. Wang, 1612.01999
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Case study: CSD(n) models (preliminary)

Predicted sensitivity of JUNO&DUNE&T2HK
to exclude CSD(3) in No

P. Ballett,

S. King,
S. Pascoli, - | L
028 009 030 0.31 0.32 033 034  0.020 0.0217 0022 0023 040 045 050 0.55 080
N. Prouse, sin?8,; sin8,; sinBs,
T.C. Wang, 1:25@ | ' ' [ty i ' ' T
1612.01999 |
45;
5 5
Q
_135) // :
-180 2 74 76 78 80 250 255 2. 73 74 76 718 80

AmZ, [10-2eV?] AmZ, [10%eV?] AmZ, [10-5eV2]
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Case study: CSD(n) models (preliminary)

= CSD(n) for leptogenesis

Assuming ¢, gets a VEV before ¢, , we consider leptogenesis from the phase
transition of ¢,

(00 0)
M=m, 011

\0 11/

(0 00) [ 1 n (n—2))
M, =mq [011[+me | n n?  n(n-—2)
\011) \(n—.‘Z) n(n — 2) (n—2)2/

Im{tr[M, M}]} = —mgmysinn x 4(n — 1)°

= CSD(n=3) for leptogenesis

Im{tr[MJM}]} = —16mgmpsinn ~ —0.1 eV?



Summary

| give a brief review of leptogenesis.

| introduce a novel mechanism of leptogenesis via phase
transition.

No explicit new particles are required, but just a spacetime-
varying Weinberg operator.

The spacetime-varying coefficient of the Weinberg operator is
triggered by a phase transition.

In order to generate enough baryon-antibaryon asymmetry, the
temperature for phase transition should be around 1011 GeV.

%WWW/



