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Why neutrinos have masses and  § UV Completion of the
these masses are so tiny? A Weinberg operator

In the SM without extending particle content,
the only way to generate a neutrino mass is
using higher dimensional operators.

Weinberg operator AL—Z

Lo = 2980 HCU4 H +h,
L gL + D.C. type-LIL 1l seesaw, inverse

— )\U_H é ~ 101° GeV 1 seesaw, loop corrections,
A A . R-parity violation,...




Baryon—-antibaryon asymmetr

Most matter is formed by
baryon, not anti-baryon.

Dark Matter 26% ng = np — g
U
_ +0.086 —10
— 6.105_0.081 X 10
Matter 5%
Planck 2015

Dark Energy 69% .
HEEE he SM cannot provide

strong out-of-equilibrium
dynamics and enough
CP violation.
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Baryogenesis via leptogenesi
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Baryogenesis via leptogenesis

- Sakharov conditions for leptogenesis

SM L/B-L violation

C/CP violation

Out of equilibrium dynamics



Leptogenesis via

[Fukugita, Yanagida, 1986]

in the RH neutrino decay

framework of
flavour effect

seesaw resonant decay

RH neutrino oscillation
Akhmedov, Rubakov, Smirnov, 9803255

Weinberg operator

Silvia Pascoli, Jessica Turner, YLZ, arXiv:1609.07969




Leptogenesis via Weinberg operator

Three Sakharov conditions are satisfied as follows:

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

H*H* < ¥, (H*« (H, (H*H* < f, 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.

T < 10* GeV
o ~ (on) o =g o L7 g oo~ 105
~Y O")’L ~N — — ~Y ~J R
W 4 A2 A v < “ Mpl

m If there are no other LNV sources.

We assume that a time-varying Weinberg operator, to give
rise to CP violation.



Motivation for varying Weinberg operator

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, Lmy-Ltau ... n
Non-Abelian SU(3), SO(3), ... A4, S4, As, A(48), ...

Other possible origins

Inflation or condensation in strongly coupled theories?



\ \

Assuming first-order phase transition

True vacuum Bubble w\all False vacuum
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Single-scalar case

f(t - —00) =0
(1) ft— +o)=1
L Aag T Aas = Aag




CP violation from varying Weinberg operator

Example: Canonical quantisation

A Y H Hx.r — E‘ }.7 ) =
or(HaHly = befie) [M(HGHG, — bl )| + [M(HoHg — biclbi)|?

Silvia Pascoli, Jessica Turner, YLZ, in process
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Lepton asymmetry in closed-time-path approach
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ANe= 73

/ d'zd'r (~i)x{\* (2)A(@2) M.

dk d%' diq dlq )
S (2m)* (2m)* (2m)* (2m)*

e iK-(—r) {A;’ ()AS (@) tr[SE (w)s,j-;(x)]—A;(x)A;(m)tr[sg(x)s;;:(x)]}

The final lepton asymmetry is determined by the behaviour of Weinberg operator
during the phase transition and thermal properties of leptons and the Higgs.
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Leptogenesis via Weinberg operator (in CTP approach)

Ty = (yuw +m)/T

3 Im{tr[mYrm3]} T2
(2r)1vg;

Afe=

F(ry,m,)

lepton thermal width

The thermal width
corresponds to
decoherence at
large time duration.

Leptons and the
Higgs are assumed
to be thermal
distributed.

Thermal masses
are neglected.
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Leptogenesis via RH neutrino decays
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Testability Assuming 1st-order Phase transition
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Testability Assuming 1st-order Phase transition

Using underground gravitational wave telescopes

Sensitivity comparison

aLIGO,
KAGRA,
Virgo

test
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Summary

| introduce a novel mechanism of leptogenesis via
Weinberg operator.

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

Phase transition can be the origin of the time-varying
Weinberg operator.

Phase transition temperature is around 1011 GeV.

The phase transition can be tested in the future
underground GW interferometers.
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Motivation for closed-time-path (CTP) approach

QFT at zero temperature or QFT in non-equilibrium
In thermal equilibrium case
Observable Observable
Background
""""""" 1
Vacuum/background is in thermal Background is time-dependent.
equilibrium, time-dependent We have to specify a time.

Im(t)

—00 < ¢. () t,— +00 t. C—I— tf
> >— 5 Re(t) ’L Re(t)
C

($2(t)|O[$2(2))
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CTP approach

- Propagators t t

1 2
Feynman  S;5(z1,22) = (T[la(21)l5(22))) —_— 0
Dyson ST/ (1, 22) = (T[la(x1)ls(x2)]) —————
- S5y, 2) = ~(Ta(a2)la(r)) —— ey

Wightman B o
Sas(w1,22) = (ba(21)ls(22)) B & E—

- Kadanoff-Baym equation

1
i@s<,> L ZH o S<,> L Z<’> o SH _ 5 [E> o S< o Z< o S>}
\ ~PLED, =Gl energy Collision term
asymmetry correction relations

Angy () = —%tr{vo [Sofa(x, x)+S2 (x, x)]}

Afu 0=~ [

t;

CPV source

Ly

dt1(9t1t1“[705]—? (t1, t1) =+ 7055 (tla tl)]

19



Classical formalism vs CTP formalism

- Leptogenesis via RH neutrino decay [n°mov sucnmuter
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= | including CPV source
in CTP formalism

RN

N

- Leptogenesis via RH neutrino oscillation
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Influence of phase transition

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

€.0.,  Ma)=X + A fi1(2) + N2 fa(a)
Tm{tr[\* (1) AM(z2)]} = Im{trA° AV} f1 (1) — fi(22)] + Im{tr[NA T} [fa(21) — fa(w2)]
+Im{tr[)\1*)\2:}[f1 (z1) f2(w2) — f1(22) f2(21)]

Interferences of different scalar VEVs cannot be neglected.

/d4r1m{tr[z\*(ml))\(mg):}M = /d4rTm{tr[)\* (2 +r/2)Mx —1/2)|}M

~ Tm{tr[A*(2)0,) ()]} / drri M.,

Any oc|Im{tr[\* (2) O\ ()]

' IRVl | time-dependent integration

space-dependent integration

L[ CRETREUETE o EHE IR I Silvia Pascoli, Jessica Turner, YLZ, in progress
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Influence of thermal effects

Thermal effects influence the time- d47° TO M d47° TS M
and space-dependent integration.

' 4.7 4 q .7
M= o A ol L0 (A @A IS (2)55(2))- A7 @A ()lS ()57 )]

Resummed propagators of the Higgs and leptons

. —26(q“)ImH”'

<, — q ( 0
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<> —Ze(ko)ImZIu
7k [k"—I-ReE"“*]Z-I-[ImE*“2{1}(+k ) - fF-M”I(‘”)}P kP,

1 1
thermal equilibrium IBqo) = B 1’ A Pk 117

ImII III122

. — ¢ =
thermal width TH 2Mien. 1 K 2Min ¢

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