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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future
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Baryon-antibaryon asymmetry
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Dark Energy 69%

Dark Matter 26%

Matter 5%

nB � nB

n�
⇡ 6.2⇥ 10�10⌘B ⌘

= 6.105+0.086
�0.081 ⇥ 10�10

Planck 2015

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

The SM cannot provide 
strong out-of-equilibrium 
dynamics and enough  
CP violation. 



EW scale

Big Bang

TeV scale

GeV scale

1012 GeV

sphaleron decouple

Seesaw scale  
(1014 GeV)

109 GeV

106 GeV
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Baryogenesis via leptogenesis

Leptogenesis provides an famous option for explaining this asymmetry. The basic idea is that a 

ΔB

ΔL

leptogenesis  
sphaleron  
processes 

in equilibrium

Buchmuller

Δ(B-L)=0



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

LW =
�↵�

⇤
`↵LHC`�LH + h.c.

Weinberg operator

m⌫ = �
v2H
⇤

⇤

�
⇠ 1015 GeV

ΔL=2

Why neutrinos have masses and  
these masses are so tiny?

Neutrino masses are 
Majorana masses



Low scale seesaw models

UV completions for Weinberg operator
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  inverse seesaw, linear seesaw, multiple seesaw,  
  type-(I+II), seesaw with flavor symmetries, ...

Seesaw mechanism: type-I, II, III

Radiative corrections

SUSY: R-parity violation 

If we consider the UV completion of the Weinberg operator, we have several types of seesaw 

Type-II

�

hHi hHi

⌫ ⌫

⌫ ⌫

hHihHi

N,⌃

Type-I,III

⌫ ⌫

hHihHi

 

�

�

�h�i = 0Zee, Zee-Babu models, … 

N

⌫



Baryogenesis via leptogenesis
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Sakharov conditions for leptogenesis

Out of equilibrium dynamics

SM L/B-L violation

C/CP violation

To generate lepton asymmetry, there are three Sakharov conditions must be 



Leptogenesis in the framework of seesaw
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Leptogenesis via RH neutrino decays
Decay of lightest N RH neutrino N CP violation

N1 N1 N1

8
<

:

9
=

;Im
0

@

1

A�f`↵ /
Nj

Nj

H H H

/ Im{Y ⇤
⌫↵1(Y

†
⌫ Y⌫)1jY⌫↵j}

L↵ L↵

L↵

L� L�

�f`↵ ⌘ f`↵ � f`↵

Leptogenesis via RH neutrino oscillations

CP / Im{exp(�i

Z t

0

�m2
ij

2E
a(t)dt)}⇥ Im{Y↵iY

⇤
�iY

⇤
↵jY�j}

CP / Im{exp(�i

Z t

0

�M2
ij

2E
a(t)dt)}⇥ Im{Y↵iY

⇤
�iY

⇤
↵jY�j}

↵ 6= � i 6= j

P (N↵ ! N�)� P (N↵ ! N�)

CP violation

Akhmedov, Rubakov, Smirnov, 9803255

Fukugita, Yanagida, 1986

P↵�

Production Propagation Annihilation

H

L↵

H

L�

eiPi·xN
i

N↵ N�

quarks, vectors in 
the thermal plasma

quarks, vectors in 
the thermal plasma

Another mechanism is thought RH neutrino oscillations. This mechanism assumes that the right-



The fall of Leptogenesis in the framework of seesaw

all RH neutrinos have masses above 1012 GeV;  

there is no physically imaginary parameter in the Yukawa 
coupling, thus no CP violation; 

the Majorana neutrino masses are generated by a mechanism 
different from type-I seesaw?
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However, these mechanisms do not work if …

However, these mechanisms have defects. They do not work if …



Leptogenesis via Weinberg operator
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Three Sakharov conditions are satisfied as follows: 

SP
The Weinberg operator violates lepton number and leads 
to LNV processes.   

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

We assume that a phase transition triggers a time-varying 
Weinberg operator, giving rise to CP violation. 

JT
�LNV ⇠ h�ni ⇠ 1

4⇡

�2

⇤2
T 3 ⇠ 1

4⇡

m2
⌫

v4H
T 3�W < Hu Hu ⇠ 10

T 2

mpl<
T < 1012 GeV

No washout if there are no other LNV sources. 

Silvia Pascoli, Jessica Turner, YLZ, arXiv:1609.07969



Motivation for varying Weinberg operator

B-L symmetry breaking
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Flavour symmetry breaking

CP symmetry breaking

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

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

Continuous Discrete

Abelian Fraggatt-Nielson, Lmu-Ltau … Zn

Non-Abelian SU(3), SO(3), … A4, S4, A5, Δ(48), …

SM Explicit 
CPV

Geometrical  
CPV

Spontaneous 
CPV

Flavour symmetries



x

1

x

2

vw

Lw

x

3 = z

False vacuumTrue vacuum Bubble wall

Assuming first-order phase transition
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t

�↵�(t)

�↵�

�0
↵�

at a fixed point in the space

�↵�(t) = �0
↵� + �1

↵�f(t)

f(t ! �1) = 0

f(t ! +1) = 1

Single-scalar case

�0
↵� + �1

↵� ⌘ �↵�



Example: time-dependent di-lepton production
CP violation from varying Weinberg operator
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Canonical quantisation

Magnitude Ignoring thermal distribution factors

canonical quantisation

�↵�(t) = |�↵�(t)|ei�↵�(t)



CP violation from varying Weinberg operator
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CP violation of di-lepton production and annihilation

Total lepton asymmetry

8
<

:

9
=

;Im�f`↵ / �⇤
↵�(t1)

⇤

�↵�(t2)

⇤

+ · · ·



Motivation for closed-time-path (CTP) approach
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QFT at zero temperature or 
in thermal  equilibrium

QFT in non-equilibrium 
case

tf
Re(t)

Im(t)
ti�1 ! +1

t

Vacuum/background is in thermal  
equilibrium, time-dependent

Observable

t

Observable

Background

Background is time-dependent. 
We have to specify a time.

h⌦(t)|O|⌦(t)i

h⌦(tf |O|⌦(ti)iIn-out 
formalism

h⌦(ti)|O|⌦(ti)iIn-in 
formalism

tf
Re(t)

Im(t)
ti

C+

C�



Classical formalism vs CTP formalism
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CPV source in 
classical formalism

Self energies  
including CPV source  

in CTP formalism
+

⇥ +

Leptogenesis via RH neutrino decay

Leptogenesis via RH neutrino oscillation

⇥

Im

Im

CPV source in 
classical formalism

Self energy including CPV 
source in CTP formalism

Anisimov, Buchmuller, 
Drewes, Mendizabal, 
1012.5821



Leptogenesis via Weinberg operator (in CTP approach)
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8
<

:

9
=

;Im�f`↵ / �⇤
↵�(t1)

⇤

�↵�(t2)

⇤

CPV source in 
classical formalism

Self energies  
including CPV source  

in CTP formalism

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)
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� ⌘ 1/T

Leptons and the Higgs are 
assumed to be thermal distributed

�f` ⇠ ⌘B �f` ⇠ ⌘B

m0
⌫ = �0 v

2
H

⇤

m⌫ = �
v2H
⇤

Thermal masses are neglected. 
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Leptogenesis via RH neutrino decays

We finally estimate the temperature for phase transition. In order to generate enough baryon 

sphaleron  
processes 

in 
equilibrium

EW scale

Big Bang

TeV scale

GeV scale

1012 GeV

Seesaw scale  
(1014 GeV)

109 GeV

106 GeV

sphaleron  
processes 
decouple

Leptogenesis via Weinberg operator

�f` ⇠ O(102)
m2

⌫

v4H
T 2

T ⇠ O(10)
p
�f`

v2H
m⌫

⇠ (0.1eV)2Im{tr[m0
⌫m

⇤
⌫ ]} ⇠ m2

⌫

�f` ⇠ ⌘B

T ⇠ 1011 GeV



Leptogenesis via ⋯
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RH neutrino decay

flavour effect
resonant decay

RH neutrino oscillation

Weinberg operator

in the  
framework of 
seesaw

Thank you very much!
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Back up



CTP approach

Propagators
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Dispersion 
relations

Kadanoff-Baym equation

t1 t2

Lepton 
asymmetry

Self energy 
correction Collision term

CPV source
SH = ST � 1

2
(S> + S<)

⌃H = ⌃T � 1

2
(⌃> + ⌃<)

�n`↵(x) = �1

2
tr
n

�

0
⇥

S

<
↵↵(x, x) + S

>
↵↵(x, x)

⇤

o

�f`↵(k) = �
Z tf

ti

dt1@t1tr[�0S
<
~k
(t1, t1) + �0S

>
~k
(t1, t1)]

S

T
↵�(x1, x2) = hT [`↵(x1)`�(x2)]i

S

T
↵�(x1, x2) = hT [`↵(x1)`�(x2)]i

S

<
↵�(x1, x2) = �h`�(x2)`↵(x1)i

S

>
↵�(x1, x2) = h`↵(x1)`�(x2)i

i@/S<,> � ⌃H � S<,> � ⌃<,> � SH =
1

2

⇥
⌃> � S< � ⌃< � S>

⇤

x

µ
1 = (t1, ~x1) x

µ
2 = (t2, ~x2)

Based on this, four propagators can be defined. First one, creation and annihilation operators 

Feynman

Dyson

Wightman



Influence of phase transition
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Single-scalar phase transition
�(x) = �

0 + �

1
f(x) f(x) ⌘ h�(x)i

v�

f(x)

t
0

1

time-dependent integration

space-dependent integration

�nI
` = � 12

⇤2
Im{tr[�0�⇤]}

Z
d4r r0 M

�nII
` =

12

vw⇤2
Im{tr[�0�⇤]}

Z
d4r r3 M

m0
⌫ = �0 v

2
H

⇤

m⌫ = �
v2H
⇤

Whatever !

�n` = �nI
` +�nII

`



Influence of phase transition
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Multi-scalar phase transition (in the thick-wall limit)
e.g.,

Silvia Pascoli, Jessica Turner, YLZ, in progress

time-dependent integration

space-dependent integration�n

II
` / Im{tr[�⇤(x)@z�(x)]}

Z
d

4
r r

3 M

�n

I
` / Im{tr[�⇤(x)@t�(x)]}

Z
d

4
r r

0 M

Interferences of different scalar VEVs cannot be neglected. 

Time derivative/spatial gradient

�(x) = �

0 + �

1
f1(x) + �

2
f2(x)

Im{tr[�⇤(x1)�(x2)]} = Im{tr[�0
�

1⇤]}[f1(x1)� f1(x2)] + Im{tr[�0
�

2⇤]}[f2(x1)� f2(x2)]

+Im{tr[�1⇤
�

2]}[f1(x1)f2(x2)� f1(x2)f2(x1)]



Influence of thermal effects
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Resummed propagators of the Higgs and leptons

thermal equilibrium

thermal mass

�n

II
` / Im{tr[�⇤(x)@z�(x)]}

Z
d

4
r r

3 M�n

I
` / Im{tr[�⇤(x)@t�(x)]}

Z
d

4
r r

0 M

thermal width �H =
Im⇧

2mth,H

m2
th,H = Re⇧ mth,` = Re⌃

�` =
Im⌃2

2mth,`

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

�n

II
` / Im{tr[�⇤(x)@z�(x)]}

Z
d

4
r r

3 M= 0

Thermal effects influence the time- 
and space-dependent integration. 

is invariant under parity transformation M )



Influence of thermal effects
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y� = y � i�/2

y = r0

Performing the time-dependent integration

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

Integrating out the time


