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Outline

® Neutrino Masses and Mixing
® High-Scale Thermal Leptogenesis

® A New Mechanism of Leptogenesis via CPV
time-varying Weinberg operator

® The Closed Time Path Formalism

® Results




Measuring the Baryon Asymmetry

transition to
matter
dominated era

~0.76 eV
MeV - 80
g 25 -\ v decoupling 0.1s

2 200; MeV Nalenlizlisieny 10 ps

~ 100 GeV SWEEUSTISGN 0.1 ns
post-inflation

inflationary stage

Dark Energy Cosmic Microwave
mins - 104 years 68% Background

Matter np —ng
- 5% iz

Ny

S

keV EEN sl RUIUEE Big-Bang Nucleosynthesis | @

10 © —

BBN PDG, 2012

baryon—-tao-photon ratio 7,

nesn = (6.08 + 0.06) x 10 -10 Nome = (6.23 + 0.17) x 10 -10

Remarkable agreement between ncme and nesn




Baryon Asymmetry Generation

§Sakharov Conditions (1967)

éBaryon Number Violation
OC and CP Violation

éDeparture from thermal
_equilibrium




Baryon Asymmetry Generation

Sakharov Conditions (1967)

OiBaryon Number Violation Present in SM at T > 130 GeV

: _ Present in SM from weak
?C and CP Violation interaction, CKM phase.

CPV too small

Present in SM (Hubble
® Departure from thermal expansion) but deviation too

_equilibrium small




A quick aside on neutrinos



Neutrino Masses and Mixing

normal hierarchy (NH) inverted hierarchy (IH)

Umi U = M giag

atmospheric reactor e
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T2K, NOVA,
MINOS, Daya Bay,
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- Double
240.3°S B23< 51.5° 8.09°< B13< 8.98° Chios 31.42°< B1o< 36.05°

. nu-fit January 2018




Current Developments

- - =T L il
3.2 Naormal Hierarchy 90% C.L. —]
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Neutrino Masses and Mixing

If neutrinos are Majorana there are two additional phases:

1 0 0 C13 0 Slge_i(S C12 s12 0 1 O 0
BRI oo 50, 0 1 0 e S e 0
0 —S23 ca3 —s513€% 0 C13 0 Q=i 0 0 et =3t

(A,2) — (A, Z+2)+2e (AL=2)| =

The half life of rare decay is proportional to effective Majorana mass:

|m€e| - |m1 COS2 012 COS2 013 + M> Siﬂ2 01o COS2 913ei! 2L + Mg Siﬂ2 lee’i(! 31! 2")|

| R Wide range of future experiments:
0.1 § positive signal would mean L-violation.
1072
. o e e NDB[_) can probe neutrino mass

=o seenkeno, | Ordering, absolute mass scale and CPV
L . phases (in principle).

m[(eV)



Leptogenesis: Motivation

| SU(2) invariant mass term for neutrinos

lepton
number
violating

type-1 SS type-Il SS type-lll SS

SI ky

Mohapatra, Senjan VL

l . .
agg, Wetterich, Lazarides,
afi. Mohapatra,
i i Ma, Roy, Senjanovic,
( checter, Valle - Hambye

fermionic scalar fermionic
singlet triplet ¢ A triplet




Basic Mechanism

| N decays out of equilibrium when T~My B

» |CP V|olat|on| | weak sphalerons | @
R

anti- anti-
leptons baryons

Decay asymmetry from interference between tree
Govi, Roulet, Vissani and loop level diagrams




Basic Mechanism

inverse Deca S IL=2 S-matrix
g - calculated at T=0

Kinetic Equations for Lepton Asymmetry Evolution

= {H,"} —>L:dyg—> — +3H" =
| t

ANy,

dz
dNp_r,

dz

£ _Dl(NNl R

= €1 D1(Npy, —




Neutrino Parameters

6 real
parameters

Complex,
orthogonal
matrix

Neutrino

OSCI|_|atl0n sum of neutrino masses
| Experiments and neutrino oscillation

3 mixing angles
3 phases

3 parameters

Ne is a function of up to 18 parameters




Flavour Effects
[ [T)! 10 “hfT Temperature

T.! 4" 10° GeV T, ~ 2 x 10° GeV T ~5x 10 Gl

\€1>= Z Clawa%

a:e7/’l'77-

= > ol

aA=€,L, T

(10°GeV<T< 5! 10" GeV)

I ! | ! +
- v -
4 ~ X 4 A 3
4 ~ 4 5
4 S 4 ~
4 ~ 4 A 3
4 ~ 4 \~
JRe . . .

1 4

Flavour effects can lower scale by several orders of magnitude




Akhmedov,Rubakov,Smirnov

Leptogenesis via
oscillations

Flavour effects can lower scale

Minimal Leptogenesis| ~ j1.cca1e

Fukugida, Yanagida

: ~105 GeV I

~102 GeV

~107 GeV ~1014 GeV

All above scenarios: type-1 SS
Leptogenesis via Oscillations

Pilaftsis, Underwood

Resonant Leptogenesis

High-Scale Minimal Leptogenesis

® small neutrino masses + BAU @®

® minimal: 2RHN

® Embedded in GUT theory

® |f you can live with some FT, scale
can be lowered.

® Not fully testable. Leptonic CPV +
NDBD would be suggestive.

® Falsifiable ( arXiv:1312.4447 See
Julia Harz’s talk)

® High reheat T a

® Worsens hierarchy problem

® N too heavy to produce at collider

® More parameters than
measurable

® small neutrino masses + BAU @

® minimal: 2RHN

® oscillation data, violation lepton
universality, LFV, LNV in meson

decay, collider..
®

® Most minimal scenarios also FT ®
(Shuve and Yavin)

® More parameters than
measurable



http://arxiv.org/abs/arXiv:1312.4447

Akhmedov,Rubakov,Smirnov

Flavour effects can lower scale

Leptogenesis via
oscillations Minimal Leptogenesis GUT-scale

Fukugida, Yanagida

. ~102 GeV ~10° GeV ~107 GeV ~1014 GeV

Pilaftsis, Underwood
Resonant Leptogenesis All above scenarios: type-1 SS
High-Scale Minimal LeptogeneS|s Leptogenesis via Oscillations

Neutrino mass generation scale
below
CP violation scale

® High reheat T @ B ® Most minimal scenarios also FT @®
® Worsens hierarchy problem (Shuve and Yavin)
e N too heavy to produce at collider il ® More parameters than
® More parameters than measurable
measurable




Baryogenesis via Leptogenesis
from CP Violating Phase Transition

Silvia Pascoli, Jessica Turner, Ye-Ling Zhou, arXiv:1609.07969



Interlude

® | eptogenesis with P.T have been looked at elsewhere:

® arXiv:1703.04902: B-L symmetry breaking, needs 2 scalars, ask
Andrew or Andrea for details!

® arXiv:1704.01979: See Carlos Tamarit’s talk

® Electroweak Baryogenesis with spacetime varying Yukawa
coupling arXiv:1604.04526: See lason Baldes’s talk

® They also explore cosmological dynamics of flavour
symmetries



http://arxiv.org/abs/arXiv:1703.04902
http://arxiv.org/abs/arXiv:1704.01979
http://arxiv.org/abs/arXiv:1604.04526

%Assume vV masses come from dim-5 op
that violates L by 2 units

: gaLHCKBLH —I— h.C. Silvia Pascoli Ye-Ling Zhou

A time-dependent and complex|
: No need to specify UV-completion

v

A associated to SM-singlet scalar ®

assume 1st order PT
* gives straightforward VWPPGNNKPI
geometric

The finite temperature scalar —— Q\A/
potential of ® can undergo P.T.
E * symmetric phase <v>=0 @

Bubbles of leptonically CPV broken

phase nucleate

* broken phase
<v>z0

Around bubble walls, A, time-dependent.
Interference of Weinberg op at different
times creates lepton asymmetry.

Bubble profile is spacetime dependent




Profile of | T s = A )‘35@
Bubble =

- \ expansion A0 initial value of A before
flavon PT

Assume thin-bubble wall+
fast bubble expansion

Time-dependent coupling ansatz

A — Uyt
g)\(t):)\o%—?l{l—ktanh(z = >}

Ly
gLepton Asymmetry generated by interference of Aaa(t:) £Aaa(t
Weinberg operator at different times <R
é H iH
e 2o b 76 &
Anl ! I m "N . —
: Nap(t1)/A\ : Aap(to)/\

:H :H




Thanks to Ye-Ling Zhou for figure

Profile of4 [(dea(x))

Bubble expansion

II '1 )
l'\ (f)nf 1'; '|>

)\0'3 = )\3;} T
{ 'vq) > 7 . mg
| - AC initial value of A before
| U flavon PT
<

¥ CPV time-dependent
Weinberg operator

Time-dependent coupling ansatz

éLepton Asymmetry generated by interference of Aap(t1) #Aap(to)
Weinberg operator at different times
; ‘H :H
5 7 s . [
Anl ! I m "k 0 = n T
5 #$('[1)/ Y0 ;s (t2)/%




Sakharov’s Conditions

éOWeinberg operator triggers LNV in Early Universe

H*H* < ¢, H*< /M, MHH* /¢, (< /MHH, H*oWH, 0+ (¢HH

0 Weinberg operator is out of thermal equilibrium below 1013 GeV

3 A\ 3 m? T~
Tw~= T° ~ v T , H ~ /Ogx——
W GE R o I,

® Matrix coefficient of Weinberg contains CPV phases



Comparison with Thermal Leptogenesis

® In thermal leptogenesis, typically (strong washout) the
. lepton asymmetry is over produced

I+ T, '
Dﬁ:_gz NG )

® At each instant in time, almost all the lepton asymmetry is
- washout out by inverse processes

—=I1D

1T° +T
5 P =T;;6" = N;)

Wz’ —

® In CPPT, the lepton asymmetry produced is small and the

washout Is even smaller as its doubly suppressed:
: 4
|
washout ! -



Motivation For Dynamical Couplings

quark mixing

Breaking of underlying
Flavour Model

Urpym =

Continuous Discrete

U(l) SO(3) SU(3) Zn A4 A(27) A(48)
Frogatt & Berger & Alonso, Gavela, Grimus, Ma & : :
Nielsen Grossman Isidori, Maiani Joshipura, Rajasekaran, Wiedglios e LiNd e g
Lavoura, Altarelli &
Tanimoto, Feruglio
Shou

Varzielas, King
& Ross

* Flavour model literature is large, above citations cannot cover everyone.



Classical

Motivation for CTP Formalism

el

= {H,"}

Liouville Equation

Many systems in cosmology use

l BBGKY

ik

semi-classical Boltzmann
equations

R |

| BEs assume dilute gas:

Quantum: from S-matrix C2 does not “remember” C1
typically calculated at T=0

}

Early Universe is hot dense plasma: dilute
gas may not always a good assumption

'

S-matrix calculation in T=0 assumes asymptotically
free states (LSZ-reduction). Not necessarily good approximation
high T, finite density, out of equilibrium environment.

Also when back ground is time-varying c.f. EWBG



cmeoenes, 1 NE CTP Formalism

Millington, Schwaller

generating functional T=0 | T=0, in-out formalism

Z[J] — <§bvaCin ’¢V3Cout> — /ngei' d*x(L+J! (X))

(TSN = ~ 5z 82

generating functional T#0 T#0, in-in formalism

E - / DY D@D (L1 £ t6ld) (@ lplgt)

Initial Conditions

/ng* Dt ULI# I Lot L LI 1 i ¢')

AImt

" & Re t
_.: >
() <
ti-ie C
52

A (2,y) = — 57 g 21 1] = (16" (@) W)




Gren’s Functions fie= (t1, f) Gre (t27 5)

EY) = T () =TT OO )
AP () =iAY (xy) =TT OOt )T
B Doy =0t oy) = 1 Lol ()
A7 (2,y) = iAT (2,y) = ($(y)())

Heaviside function distribution function

\b Y
— W 276 (p” — m?)[0(po) f(P) + 0(—po) f(—D))]

p? — m? + i€

(

iAT(x, ME=

(/

p? —m? — e
IAS(z,y) = 2m0(p” — m?)|

i () = 218(p% — m2)[B(po) (1 + F(5)) + 0(=po)F (=)




Schwinger-Dyson Equation a,b CTP indices

Kadanoff Baym equations are the <> parts of SD

1
iS5y " —X O S)T —X9T 08, = [T 057 -2 057

lepton self-energy dispersion .
. . collision term
asymmetry correction relation ¢

CPV source

Sgﬁ(x,y) = (T[la(x)ls5(y)]), S* =5"— % (S~ +5%), H =31 — % (= +32%)




Lepton Asymmetry in Lepto-Bubbles

Similar calculation as in “Quantum

Lepton Asymmetry from KB equation Leptogenesis” 1012.5821

(Buchmuller etal)

B ST o9 3 esf=12 \Z> O8N a8
) ) . CPV-
Dispersion Collision PoSymes
Relation
LE — —/ dt1/ dtztI’ 1,’[2)84 (to,t1) — Zg(tl,tg)sl—?(tz,tl)}

Term
Lepton Self-Energy

i Lepton Self-energy
| Asymmetry correction

Assume Higgs and lepton

are thermally distributed

Rl s 4 :
I ol 7&5/15 dtlft dtaIm{ X}, (t1) Ags(t2)
~6 i i

&)
/ Ma575(t17t27k‘7k/7Q7q,)
9,9’

Finite T Matrix Element



SIm{tr [mym;j} }T 0 ,

F (21,2, " ! Oa
g U (Y s

T 7 v

: ! ! X1+ X| f X2+ X]|
F (Xl, X ) = XodX5 dX3 dX3 1!
: 0 X1" x| X2" X[ e e =4

X$+ x21 x5 x5+ x%! x5
4l X 1XoX?2

X1 = kB2, xo=Kk'Bl2, x3=08/2, x4=0pl2, " g X"‘?/"3"4X! sinh X«

A~/

9 ) .
X=pBl2 Xy, = X1+ maXo + 03Xz + n4X4 X2 . . + Xxf " coshxicoshx; sinhxzsinhxy

2 3 4

n n
2 3 4

damping rate :

Higgs and C.L | =(!'p + 1"

damping rate
corresponds to
decoherence at

large time We neglect thermal
duration f RN ,
. ~ : I mass of lepton and

Higgs




v mass matrix BEFORE PT v mass matrix AFTER PT
dependent upon flavour model §dependent upon low-energy observables
: Assuming (m\° )2 ~ my2 ~ (0.1 eV)2

2 L —10
T ~ 10 LEU—H using & = 0-19 > 10

| M — T ~ 10" GeV
e Long paper coming out soon (1806(/7).XXXX) we discuss more
' generic bubble properties, inclusion of thermal masses etc.
¢ Twin short paper which uses a semi-classical equations of motion
to calculate the lepton asymmetry (1806(/7).XXXX).
* Investigate mechanism in terms of exact models, including flavour
models and U(1) models (initial motivation)
¢ Combine with thermal leptogenesis (lower scale?)
¢ Combine with lower scale mechanisms i.e leptogenesis via
oscillations? lower scale
e Calculate a GW spectrum (if scale may be lowered)




Summary

CPPT differs from other kinds of leptogenesis as the scale of neutrino
mass generation is above the scale of CP-violation.

There is no need to specify the completion of the Weinberg operator.

%Although we cannot use the Cl-parametrisation, the mechanism could
- be tested in a number of ways (needs to be looked at further):

Baryon
Asymmetry

low energy v
observables




Thank You for Listening



Backup Slide: Out of Equilibrium

%Out of Equilibrium Condition is fulfilled by varying weakly interacting
‘Weinberg operator.

A 2 1 m2T3 T2
 ein o (LH) ! - H! O(10
e . ( ) A U?{ ( ) M Pianck

Below 1012 GeV Weinberg op is of out equilibrium.

In general, steady Weinberg operator cannot produce BAU. However,
- due to phase transition Weinberg operator can vary with time thereby
. producing a lepton asymmetry.



Backup Slide: Spatial Dependence

Our Weinberg coupling is SPACEtime dependent (not just time

. dependent). If you are reading this you would have noticed, so well
~ done!

Assuming thin-wall and fast-bubble expansion the spatial

- dependence is zero

12

time-dependent asymmetry ng = —-—=Im{tr[A\°A*]} / d*rr9 M
per unit volume e

L2 :
space-dependent = e — Im{tr[A"\*]} @
asymmetry

Matrix element even function of r3 so spatially-dependence part disappears

when you integrate. Indeed this comes about as we approximate the lepton
and Higgs to have equilibrium distributions.

This would NOT be the case with more generic bubble properties and
would merit further investigation.



