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Lecture II Goals 

•  Explain how standard thermal leptogenesis works and 
its connection with the see saw mechanism for neutrino 
masses 

•  Illustrate the implementation of the Sakharov criteria 

•  Introduce the concept of sphalerons (anomalous 
symmetry breaking) 

•  Discuss how BSM searches at colliders may preclude 
standard thermal leptogenesis & provide clues about 
alternatives 

•  Invite questions ! 
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Lecture II Outline 

I.  Leptogenesis & the Seesaw Mechanism 

II.  Leptogenesis Overview 

III.  Leptogenesis & Colliders 
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I. Leptogenesis & the See Saw Mechanism 
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Neutrino Masses & Baryon Asymmetry 

Partners 

Partners 

Higgs Mechanism 

Electroweak baryogenesis: 
Baryon asymmetry & mf from 
EW symmetry breaking 

Something else ? 

Leptogenesis: Baryon 
asymmetry & mν  from 
lepton number violation 

This lecture 
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Standard thermal lepto 

Electroweak, resonant lepto, 
WIMPY baryo, ARS lepto… 

Post-sphaleron, cold… 
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Seesaw Mechanism 
 

•  Is the neutrino its own antiparticle ? 

•  Why is there more matter than antimatter ?  

•  Why are neutrino masses so small? 
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Seesaw Mechanism 
 

•  Is the neutrino its own antiparticle ? 

•  Why is there more matter than antimatter ?  

•  Why are neutrino masses so small? 

New heavy neutrino-like particle = 
its own anti-particle 

“See saw mechanism” “Leptogenesis” 

Heavy neutrino decays in early 
universe generate baryon asym 

 ν  =  ν
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Are Neutrinos = Antineutrinos ? 
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•  Lepton number violating 

•  Neutrino = antineutrino 

LC L : creates or destroys 2 
leptons or anti-leptons 
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+ (L$ R) + h.c. (27)
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D
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3

Seesaw scale: 

m1 = mD ⇥
✓
mD

MN

◆
(1)

Hmag = �~µ · ~B = � ge

2m

~S · ~B (2)

g = 2 + 2a �! a =
g � 2

2
(3)

a` =
↵
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(4)

⌃ ⌘ ⇠
2

(5)

(6)

⇠ = exp [i�/f ] (7)

(8)

⇠ ! L⇠U
†
= U⇠R

†
(9)

U = U(L, R, ⇠) (10)

N ! UN (11)

⇠
†Ô⇠ ! U

h
⇠
†Ô⇠ +�

i
U

†
(12)

Aµ = �@µ�

f
+ · · · (13)

✏ =
md �mu

md +mu

(14)

~Ek = �~rk V (~rk) (15)

1

Take m1 ~ 10-3 eV 

•  For mD ~ mt  ! MN ~ 1016 GeV 

•  For mD ~ mτ  ! MN ~ 1012 GeV 
 
•  For mD ~ 0.1 me ! MN ~ 103 GeV 

Standard thermal leptogenesis 
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II. Leptogenesis Overview 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to 
particles and antiparticles 

•   Rates can be slightly different (CP 
violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to 
particles and antiparticles 

•   Rates can be slightly different (CP 
violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Simple estimation 

2 4 6 8 10

0.2

0.4

0.6

0.8
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ΓN  <  H(T=MN )~ 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Simple estimation 

Lmass =
�
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m⇤ = 8⇡ ⇤ (1.66g⇤)
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8

~  few x 10-3 eV 

m⇤ = 8⇡ ⇤ (1.66g⇤)
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ΓN  <  H(T=MN )~ 



Neutrinos and the Origin of Matter 

22 

m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to 
particles and antiparticles 

•   Rates can be slightly different (CP 
violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to 
particles and antiparticles 

•   Rates can be slightly different (CP 
violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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CPV Asymmetry m1 = mD ⇥
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1
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CPV Asymmetry: Quantum Interference 

Tree-level CPV One-loop “absoprtive part” X 

Buchmuller, Peccei, Yanagida ‘05 

CPV phases 
but not same 
as φPMNS 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Washout processes 

NR 

H * H  

 l  l 
_ 

ΔL = 2

Converts leptons into anti-leptons 
L - L 

_ 
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3

Decay Scattering Annihilation 
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Lepton number 
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3

Basic equations: decays & inverse decays 

CPV Decay 
Asymmetry: source Wash out: Inverse decays, ΔL = 1, 2 

processes…  
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 Putting pieces together: B-L asymmetry 

Buchmuller, Peccei, Yanagida ‘05 

Heavy neutrinos: ~ vanishing 
abundance today 

NB-L Fixed for T just below M1 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to 
particles and antiparticles 

•   Rates can be slightly different (CP 
violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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Aλ 

Sphaleron 
Configuration 
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Aλ 

Sphaleron 
Configuration Δ (B+L) / NFAnomaly 
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Aλ 

Sphaleron 
Configuration Δ (B+L) / NFAnomaly 

EW sphalerons convert B-L asymmetry to YB 
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Convert YB-L to YB  : 
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St’d Model 
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•   k TROOM  ~ 1/40 eV 
•  TROOM ~ 300 K 

•  T  >  4 x 1019 K 

•   t  <  6 x 10-21 s 

~ 

~ 
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III. Leptogenesis & Colliders 
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Leptogenesis & Colliders 

•  Discovery of TeV-scale LNV could rule 
out high scale leptogenesis 

•  Discovery of heavy neutral leptons (HNL) 
could point to low scale leptogenesis  
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Boltzmann: NR & B-L 
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Basic equations: decays & inverse decays 

CPV Decay 
Asymmetry: source Wash out: Inverse decays, ΔL = 1, 2 

processes…  
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What if TeV scale LNV 
interactions exist ? 

Fast ΔL = 2 int: erase L Deppisch et 
al ‘14, ‘15 



Boltzmann: NR & B-L 
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3

Basic equations: decays & inverse decays 

CPV Decay 
Asymmetry: source Wash out: Inverse decays, ΔL = 1, 2 

processes…  

TeV scale LNV can 
wipe out YB-L  
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TeV Scale LNV: Models 

•  Discovery of TeV-scale LNV could rule 
out high scale leptogenesis 

•  Discovery of heavy neutral leptons (HNL) 
could point to low scale leptogenesis  
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FIG. 2: Integrating out S
+

and F
0

to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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TeV Scale LNV: Experimental Probes  
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Leptogenesis & Colliders 

•  Discovery of TeV-scale LNV could rule 
out high scale leptogenesis 

•  Discovery of heavy neutral leptons (HNL) 
could point to low scale leptogenesis  
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Low Scale “ARS” Leptogenesis 

Akhmedov, Rubakov, Smirnov ‘98 

Leptogenesis from heavy neutrino oscillations 

•  Right handed NA , NB , NC  oscillate 

•  Oscillations have a CPV component 

•  Each heavy flavor has non-zero L 
but LTOT = 0  
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Low Scale “ARS” Leptogenesis 

Akhmedov, Rubakov, Smirnov ‘98 
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Low Scale “ARS” Leptogenesis 

Akhmedov, Rubakov, Smirnov ‘98 
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RH Sterile Neutrinos: Many Signatures 

E. Cazzato 

Small mixing ! Long life 



Long Lived Heavy Neutral Leptons  
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Lessons from τµ :  Y ! X * ! SM  

 Muon decay:  

•  MX ~ 80 GeV, MY ~ 0.1 GeV & gX
4 ~ 0.004 !  cτ  ~ 660 m  *

* Additional ½ for half-life 

 Phase space (192 π3 ~ 6000)  
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Long Lived Heavy Neutral Leptons 
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Lessons from τµ :  Y ! X * ! SM  

 Phase space (192 π3 ~ 6000)  

 BSM Examples:  

•  MX ~ 100 GeV, MY ~ 10 GeV , gX
4 ~ 10-7 !  cτ  ~ 1 cm  NR decay 
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Displaced Lepton Jets 
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ATLAS JHEP11 (2014) 88 

H. Russell, CERN LLP 
workshop, April 17 



Solutions w/ LLP’s: νSM 
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P. Mermod 

Mixing UαN 

•  Displaced LJ + µ
•  3 resolved prompt leptons 

E. Izzaguire & B. Shuve 

Excluded 
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 “ARS” Leptogenesis & Future Colliders 

M. Drewes 
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RH Sterile Neutrinos: FCC & CEPC 

E. Cazzato 
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Lecture II Key Ideas 

•  Seesaw mechanism to explain small mν 

•  Standard thermal leptogenesis: connecting seesaw 
mechanism to YB 

•  Anomalous symmetry breaking via EW sphalerons 

•  Low-scale leptogenesis alternatives: ARS leptogenesis 
(oscillations) 

•  Collider implications: observing TeV scale LNV & HNL’s 
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Cherns Simons Number 
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TeV Scale LNV ?   
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.
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General Classification: Helo et al, PRD 88.011901, 88.073011 
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General Classification: Helo et al, PRD 88.011901, 88.073011 
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Low Scale “ARS” Leptogenesis 

Akhmedov, Rubakov, Smirnov ‘98 

1.  3 Singlet RH neutrinos: NA , NB , NC 

2.  LTOT = LSM + LA + LB + LC 

3.  Nk oscillations + CPV ! LA = 0, LB = 0, LC = 0 but 
LTOT =0 

4.  Yukawa interactions: Lk , H + lk  in equilibrium 
above TEW for k=B,C but not for k=A 

5.  Lepton number for   lB,C  converted to nB by EW 
sphalerons  

6.   Conditions 4 ! MNk  can be ~ O( GeV ) 

/ / / 
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ATLAS JHEP11 (2014) 88 

H. Russell, CERN LLP 
workshop, April 17 
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RH Sterile Neutrinos 

O. Fischer, ACFI ‘17 Workshop 


