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Matter-Antimatter Asymmetry24. Big-Bang nucleosynthesis 3

Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to
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Fig. 2. Dependence of the CMB Doppler peaks on η.

as large as the presently observable universe. There seems to be no plausible way
of separating baryons and antibaryons from each other on such large scales.

It is interesting to note that in a homogeneous, baryon-symmetric universe,
there would still be a few baryons and antibaryons left since annihilations aren’t
perfectly efficient. But the freeze-out abundance is

nB

nγ
=

nB̄

nγ
≈ 10−20 (1.7)

(see ref. [4], p. 159), which is far too small for the BBN or CMB.
In the early days of big bang cosmology, the baryon asymmetry was consid-

ered to be an initial condition, but in the context of inflation this idea is no longer
tenable. Any baryon asymmetry existing before inflation would be diluted to a
negligible value during inflation, due to the production of entropy during reheat-
ing.

It is impressive that A. Sakharov realized the need for dynamically creating
the baryon asymmetry in 1967 [5], more than a decade before inflation was in-
vented. The idea was not initially taken seriously; in fact it was not referenced
again, with respect to the idea of baryogenesis, until 1979 [6]. Now it has 1040
citations (encouragement to those of us who are still waiting for our most interest-
ing papers to be noticed!). It was only with the advent of grand unified theories,

[J. Cline ’06]
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Baryogenesis

Dynamical generation of baryon asymmetry.

Basic ingredients: [Sakharov (JETP Lett. ’67)]

B violation, C & CP violation, departure from thermal equilibrium

Necessary but not sufficient.

Baryogenesis Ingredients [Sakharov ’67]

Ingredients are not enough.

A mechanism for baryogenesis is needed.
No known mechanism works in the Standard Model.

+ 6=

The Standard Model has all the basic ingredients, but
CKM CP violation is too small (by ∼ 10 orders of magnitude).
Observed Higgs boson mass is too large for a strong first-order phase transition.

Requires New Physics!

New sources of CP violation.
A departure from equilibrium (in addition to EWPT) or modify the EWPT itself.
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Testable Baryogenesis

Many ideas, some of which can be realized down to the (sub)TeV scale, e.g.

EW baryogenesis [Kuzmin, Rubakov, Shaposhnikov ’87; Cohen, Kaplan, Nelson ’90; Carena, Quiros, Wagner

’96; Cirigliano, Lee, Tulin ’11; Morrissey, Ramsey-Musolf ’12; ...]

Leptogenesis [Fukugita, Yanagida ’86; Akhmedov, Rubakov, Smirnov ’98; Pilaftsis, Underwood ’03; Ma, Sahu,

Sarkar ’06; Deppisch, Pilaftsis ’10; Fong, Gonzalez-Garcia, Nardi, Peinado ’13; BD, Millington, Pilaftsis, Teresi ’14;

Aristizabal Sierra, Tortola, Valle, Vicente ’14; ...]

Cogenesis [Kaplan ’92; Farrar, Zaharijas ’06; Sahu, Sarkar ’07; Kitano, Murayama, Ratz ’08; Kaplan, Luty, Zurek

’09; Berezhiani ’16; Bernal, Fong, Fonseca ’16; Narendra, Patra, Sahu, Shil ’18; ...]

WIMPy baryogenesis [Cui, Randall, Shuve ’11; Cui, Sundrum ’12; Racker, Rius ’14; Dasgupta, Hati, Patra,

Sarkar ’16; ...]

Can also go below the EW scale, independent of sphalerons, e.g.
Post-sphaleron baryogenesis [Babu, Mohapatra, Nasri ’07; Babu, BD, Mohapatra ’08]

Dexiogenesis [BD, Mohapatra ’15; Davoudiasl, Zhang ’15]

Testable effects: collider signatures, gravitational waves, electric dipole moment,
0νββ, lepton flavor violation, n − n̄ oscillation, ...

This talk: Low-scale leptogenesis
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Connection to Neutrino MassNon-zero neutrino mass 
At least two of 
the neutrinos 
are massive and 
hence they mix 
with each other. 

Seesaw Mechanism: a common link between neutrino mass and baryon asymmetry.

[Fukugita, Yanagida (Phys. Lett. B ’86)]
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Seesaw Mechanism

Add SM-singlet heavy Majorana neutrinos. [Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80);

Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’80]

In flavor basis {νc ,N}, (type-I) seesaw mass matrix

Mν =

(
0 MD

MT
D MN

)
For ||MDM−1

N || � 1, M light
ν ' −MDM−1

N MT
D .

In traditional SO(10) GUT, MN ∼ 1014 GeV for O(1) Dirac Yukawa couplings.
But in a bottom-up approach, allowed to be anywhere (down to eV-scale).
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Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.
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Leptogenesis

[Fukugita, Yanagida (Phys. Lett. B ’86)]

A cosmological consequence of the seesaw mechanism.

Naturally satisfies all Sakharov conditions.

L violation due to the Majorana nature of heavy RH neutrinos.

/L→ /B through sphaleron interactions.

New source of CP violation in the leptonic sector (through complex Dirac Yukawa
couplings and/or PMNS CP phases).

Departure from thermal equilibrium when ΓN . H.

An experimentally testable scenario.
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Popularity of Leptogenesis
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Leptogenesis for Pedestrians

[Buchmüller, Di Bari, Plümacher ’05]

Three basic steps:

1 Generation of L asymmetry by heavy Majorana neutrino decay:

2 Partial washout of the asymmetry due to inverse decay (and scatterings):

3 Conversion of the left-over L asymmetry to B asymmetry at T > Tsph.
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Three basic steps:

1 Generation of L asymmetry by heavy Majorana neutrino decay:

2 Partial washout of the asymmetry due to inverse decay (and scatterings):

3 Conversion of the left-over L asymmetry to B asymmetry at T > Tsph.

10



Leptogenesis for Pedestrians

[Buchmüller, Di Bari, Plümacher ’05]
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Boltzmann Equations

[Buchmüller, Di Bari, Plümacher ’02]

dNN

dz
= −(D + S)(NN − Neq

N ),

dN∆L

dz
= εD(NN − Neq

N )− N∆LW ,

(where z = mN1/T and D,S,W = ΓD,S,W/Hz for decay, scattering and washout rates.)

Final baryon asymmetry:

η∆B = d · ε · κf

d ' 28
51

1
27 ' 0.02 (/L→ /B conversion at Tc + entropy dilution from Tc to

recombination epoch).

κf ≡ κ(zf ) is the final efficiency factor, where

κ(z) =

∫ z

zi

dz′
D

D + S
dNN

dz′
e−
∫ z

z′
dz′′W (z′′)
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CP Asymmetry

• Resonant Leptogenesis

×NαNα

LC
l

Φ†

(a)

×Nα Nβ

Φ

L LC
l

Φ†

(b)

×Nα

L

Nβ

Φ†

LC
l

Φ

(c)

Importance of self-energy effects (when |mN1 − mN2| ≪ mN1,2)
[J. Liu, G. Segré, PRD48 (1993) 4609;

M. Flanz, E. Paschos, U. Sarkar, PLB345 (1995) 248;
L. Covi, E. Roulet, F. Vissani, PLB384 (1996) 169;

...

J. R. Ellis, M. Raidal, T. Yanagida, PLB546 (2002) 228.]

Importance of the heavy-neutrino width effects: ΓNα

[A.P., PRD56 (1997) 5431; A.P. and T. Underwood, NPB692 (2004) 303.]

Warsaw, 22–27 June 2014 Flavour Covariance in Leptogenesis A. Pilaftsis

tree self-energy vertex

εlα =
Γ(Nα → Ll Φ)− Γ(Nα → Lc

l Φc)∑
k

[
Γ(Nα → Lk Φ) + Γ(Nα → Lc

k Φc)
] ≡ |ĥlα|2 − |ĥc

lα|2

(ĥ†ĥ)αα + (ĥc† ĥc)αα

with the one-loop resummed Yukawa couplings [Pilaftsis, Underwood ’03]

ĥlα = ĥlα − i
∑
β,γ

|εαβγ |̂hlβ

×
mα(mαAαβ + mβAβα) − iRαγ [mαAγβ (mαAαγ + mγAγα) + mβAβγ (mαAγα + mγAαγ )]

m2
α − m2

β
+ 2im2

αAββ + 2iIm(Rαγ )[m2
α|Aβγ |2 + mβmγRe(A2

βγ
)]

,

Rαβ =
m2
α

m2
α − m2

β
+ 2im2

αAββ
; Aαβ (̂h) =

1

16π

∑
l

ĥlα ĥ∗lβ .

12



CP Asymmetry

• Resonant Leptogenesis

×NαNα

LC
l

Φ†

(a)

×Nα Nβ

Φ

L LC
l

Φ†

(b)

×Nα

L

Nβ

Φ†

LC
l

Φ

(c)

Importance of self-energy effects (when |mN1 − mN2| ≪ mN1,2)
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Testability of Leptogenesis

Three regions of interest:

High scale: mN � TeV.
Can be falsified with an LNV signal at the LHC.
[Deppisch, Harz, Hirsch (PRL ’14)]

Collider-friendly scale: 100 GeV . mN . few TeV.
Can be tested in collider and/or low-energy (0νββ, LFV) searches.
[Pilaftsis, Underwood (PRD ’05); Deppisch, Pilaftsis (PRD ’11); BD, Millington, Pilaftsis, Teresi (NPB ’14)]

Low-scale: 1 GeV . mN . 5 GeV.
Can be tested at the intensity frontier: SHiP, DUNE or B-factories (LHCb, Belle-II).
[Canetti, Drewes, Garbrecht (PRD ’14); Alekhin et al. (RPP ’15)]
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For more details, see

Dedicated review volume on Leptogenesis (Int. J. Mod. Phys. A ’18)
1 P. S. B. Dev, P. Di Bari, B. Garbrecht, S. Lavignac, P. Millington and D. Teresi,

“Flavor effects in leptogenesis,” arXiv:1711.02861 [hep-ph].
2 M. Drewes et al., “ARS Leptogenesis,” arXiv:1711.02862 [hep-ph].
3 P. S. B. Dev, M. Garny, J. Klaric, P. Millington and D. Teresi, “Resonant

enhancement in leptogenesis,” arXiv:1711.02863 [hep-ph].
4 S. Biondini et al., “Status of rates and rate equations for thermal leptogenesis,”

arXiv:1711.02864 [hep-ph].
5 E. J. Chun et al., “Probing Leptogenesis,” arXiv:1711.02865 [hep-ph].
6 C. Hagedorn, R. N. Mohapatra, E. Molinaro, C. C. Nishi and S. T. Petcov, “CP

Violation in the Lepton Sector and Implications for Leptogenesis,”
arXiv:1711.02866 [hep-ph].
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Vanilla Leptogenesis

Hierarchical heavy neutrino spectrum (mN1 � mN2 < mN3 ).

Both vertex correction and self-energy diagrams are relevant.

For type-I seesaw, the maximal CP asymmetry is given by

εmax
1 =

3
16π

mN1

v2

√
∆m2

atm

Lower bound on mN1 : [Davidson, Ibarra ’02; Buchmüller, Di Bari, Plümacher ’02]

mN1 > 6.4× 108 GeV
(

ηB

6× 10−10

)( 0.05 eV√
∆m2

atm

)
κ−1

f

Experimentally inaccessible!

Also leads to a lower limit on the reheating temperature Trh & 109 GeV.

In supergravity models, need Trh . 106 − 109 GeV to avoid the gravitino problem.
[Khlopov, Linde ’84; Ellis, Kim, Nanopoulos ’84; Cyburt, Ellis, Fields, Olive ’02; Kawasaki, Kohri, Moroi, Yotsuyanagi ’08]

Also in conflict with the Higgs naturalness bound mN . 107 GeV. [Vissani ’97; Clarke, Foot,

Volkas ’15; Bambhaniya, BD, Goswami, Khan, Rodejohann ’16]
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Resonant Leptogenesis

N̂α(p, s)

Φ(q)

Ll(k, r)

ε ε′

Dominant self-energy effects on the CP-asymmetry (ε-type) [Flanz, Paschos, Sarkar ’95;

Covi, Roulet, Vissani ’96].

Resonantly enhanced, even up to order 1, when ∆mN ∼ ΓN/2� mN1,2 .
[Pilaftsis ’97; Pilaftsis, Underwood ’03]

The quasi-degeneracy can be naturally motivated as due to approximate breaking
of some symmetry in the leptonic sector.

Heavy neutrino mass scale can be as low as the EW scale.
[Pilaftsis, Underwood ’05; Deppisch, Pilaftsis ’10; BD, Millington, Pilaftsis, Teresi ’14]

A testable scenario at both Energy and Intensity Frontiers.
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Flavordynamics
Flavordynamics

� 1012 GeV

� 1012 GeV

� 109 GeV

� 109 GeV

Mi

Mi

Figure 1: The ten di�erent three RH neutrino mass patterns requiring 10 di�erent sets of

Boltzmann equations for the calculation of the asymmetry [17].

component, escapes the washout from a lighter RH neutrino species [6]. Second, parts of

the flavour asymmetries (phantom terms) produced in the one or two flavour regimes do

not contribute to the total asymmetry at the production but can contribute to the final

asymmetry [18].

Therefore, it is necessary to extend the density matrix formalism beyond the tradi-

tional N1-dominated scenario [6, 11, 19] and account for heavy neutrino flavours e�ects in

order to calculate the final asymmetry for an arbitrary choice of the RH neutrino masses.

This is the main objective of this paper. At the same time we want to show how Boltz-

mann equations can be recovered from the density matrix equations for the hierarchical

RH neutrino mass patterns shown in Fig. 1 allowing an explicit analytic calculation of the

final asymmetry. In this way we will confirm and extend results that were obtained within

a simple quantum state collapse description. For illustrative purposes, we will proceed in

a modular way, first discussing the specific e�ects in isolation within simplified cases and

then discussing the most general case that includes all e�ects. The paper is organised in

the following way.

In Section 2 we discuss the derivation of the kinetic equations for the N1-dominated

scenario in the absence of heavy neutrino flavours. This is useful both to show the

extension from classical Boltzmann to density matrix equations and to highlight some

3

Flavor effects important at low scale [Abada, Davidson, Ibarra, Josse-Michaux, Losada, Riotto ’06; Nardi,

Nir, Roulet, Racker ’06; De Simone, Riotto ’06; Blanchet, Di Bari, Jones, Marzola ’12; BD, Millington, Pilaftsis, Teresi ’14]

Two sources of flavor effects:
Heavy neutrino Yukawa couplings h –

l [Pilaftsis ’04; Endoh, Morozumi, Xiong ’04]

Charged lepton Yukawa couplings y k
l [Barbieri, Creminelli, Strumia, Tetradis ’00]

Three distinct physical phenomena: mixing, oscillation and decoherence.

Captured consistently in the Boltzmann approach by the fully flavor-covariant
formalism. [BD, Millington, Pilaftsis, Teresi ’14; ’15]

Bhupal Dev (Washington U.) Leptogenesis and Colliders ACFI Workshop 17 / 45
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Master Equation for Transport Phenomena

[BD, Millington, Pilaftsis, Teresi (Nucl. Phys. B ’14)]

In quantum statistical mechanics,

nX (t) ≡ 〈ňX
(̃t ; t̃i )〉t = Tr

{
ρ(̃t ; t̃i ) ňX

(̃t ; t̃i )
}
.

Differentiate w.r.t. the macroscopic time t = t̃ − t̃i :

dnX (t)
dt

= Tr
{
ρ(̃t ; t̃i )

dňX
(̃t ; t̃i )

d t̃

}
+ Tr

{
dρ(̃t ; t̃i )

d t̃
ňX

(̃t ; t̃i )
}
≡ I1 + I2. .

Use the Heisenberg EoM for I1 and Liouville-von Neumann equation for I2.

Markovian master equation for the number density matrix:

d
dt

nX (k, t) ' i〈 [HX
0 , ňX

(k, t)] 〉t −
1
2

∫ +∞

−∞
dt ′ 〈 [Hint(t ′), [Hint(t), ňX

(k, t)]] 〉t .

(Oscillation) (Mixing)

Generalization of the density matrix formalism. [Sigl, Raffelt ’93]
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Collision Rates for Decay and Inverse Decay

nΦ [nL] k
l [γ(LΦ → N)] l β

k α −→ rank-4 tensor

L

Φ

N̂β N̂α

[ĥc̃] β
k

[ĥc̃]lα

↓

N̂β(p, s)

Φ(q)

Lk(k, r)

[ĥc̃] β
k

nΦ(q)[nL
r (k)] k

l N̂α(p, s)

Φ(q)

Ll(k, r)

[ĥc̃]lα
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Collision Rates for 2 ↔ 2 Scattering

nΦ [nL] k
l [γ(LΦ → LΦ)] l n

k m −→ rank-4 tensor

Φ

L

ΦLn Lm

ĥn
β ĥ α

m

[ĥc̃] β
k [ĥc̃]lα

N̂β N̂α

↓

N̂β(p)

Φ(q2)

Ln(k2, r2)

Φ(q1)

Lk(k1, r1)

ĥn
β [ĥc̃] β

k
nΦ(q1)[n

L
r1

(k1)]
k

l

N̂α(p)

Φ(q1)

Ll(k1, r1)

Φ(q2)

Lm(k2, r2)

[ĥc̃]lα ĥ α
m
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Key Result
Field-Theoretic Transport Phenomena
Mixing and Oscillations

0.2 0.5 1
10-8

10-7

10-6

z = mNêT

dh
L

dhL

dhmix
L

dhosc
L

Combination ”÷L = ”÷L
osc + ”÷L

mix yields a factor of 2 enhancement
compared to the isolated contributions for weakly-resonant RL.

δηL
mix '

gN

2
3

2Kz

∑
α6=β

=
(
ĥ†ĥ)2

αβ

(ĥ†ĥ)αα(ĥ†ĥ)ββ

(
M2

N, α −M2
N, β

)
MN Γ̂

(0)
ββ(

M2
N, α −M2

N, β

)2
+
(
MN Γ̂

(0)
ββ

)2 ,

δηL
osc '

gN

2
3

2Kz

∑
α6=β

=
(
ĥ†ĥ)2

αβ

(ĥ†ĥ)αα(ĥ†ĥ)ββ

(
M2

N, α −M2
N, β

)
MN
(

Γ̂
(0)
αα + Γ̂

(0)
ββ

)
(
M2

N, α −M2
N, β

)2
+ M2

N(Γ̂
(0)
αα + Γ̂

(0)
ββ)2 =[(̂h†̂h)αβ ]2

(̂h†̂h)αα (̂h†̂h)ββ

.
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ARS Mechanism

[Akhmedov, Rubakov, Smirnov (Phys. Rev. Lett. ’98); Alekhin et al. (Rep. Prog. Phys. ’16)]

3

L↵ NI

H�

L�NJ

coherent
oscillations

Y�L1
= 0

P
↵

Y�L↵
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Y�L2, Y�L3 = 0
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> 0
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FIG. 1. The basic stages leading to the creation of a total lepton asymmetry from left to right: out-of-equilibrium scattering
of LH leptons begin to populate the sterile neutrino abundance at order O(|F |2); after some time of coherent oscillation, a
small fraction of the sterile neutrinos scatter back into LH leptons to create an asymmetry in individual lepton flavours at
order O(|F |4); finally, at order O(|F |6), a total lepton asymmetry is generated due to a di↵erence in scattering rate into sterile
neutrinos among the di↵erent active flavours.

lowing inflation, there is no abundance of sterile neutri-
nos, and out-of-equilibrium scatterings mediated by the
Yukawa couplings begin to populate the sterile sector, as
shown on the left side of Fig. 1. The sterile neutrinos
are produced in a coherent superposition of mass eigen-

states1 and remain coherent as long as the active-sterile
Yukawa coupling remains out of equilibrium, since in the
minimal model there are no other interactions involving
the sterile neutrinos.

Some time later, a subset of the sterile neutrinos scat-
ter back into LH leptons, mediating L↵ ! L� transi-
tions as shown in the centre of Fig. 1. Since the sterile
neutrinos remain in a coherent superposition in the in-
termediate time between scatterings, the transition rate
L↵ ! L� includes an interference between propagation
mediated by the di↵erent sterile neutrino mass eigen-
states. The di↵erent mass eigenstates have di↵erent
phases resulting from time evolution; for sterile neutri-
nos NI and NJ , the relative phase accumulated during a
small time dt is e�i(!I�!J ) dt, where

!I � !J ⇡ (MN )2I � (MN )2J
2T

⌘ (MN )2IJ

2T
. (3)

In the interaction basis, this CP -even phase results from
an oscillation between di↵erent sterile neutrino flavours,
and explains the moniker of leptogenesis through neu-
trino oscillations.

When combined with the CP -odd phases from the
Yukawa matrix, neutrino oscillations lead to a di↵erence
between the L↵ ! L� rate and its complex conjugate,

�(L↵ ! L�) � �(L†
↵ ! L†

�) /
X

I 6=J

Im


exp

✓
�i

Z t

0

M2
IJ

2T (t0)
dt0

◆�

⇥ Im
⇥
F↵IF ⇤

�IF ⇤
↵JF�J

⇤
. (4)

1 This is true assuming generic parameters with no special align-
ment of the sterile-neutrino interaction and mass eigenstates.

In the absence of e�cient washout interactions, which is
ensured by the out-of-equilibrium condition, this di↵er-
ence in rates creates asymmetries in the individual LH
lepton flavours L↵.

Denoting the individual LH flavour abundances (nor-
malized by the entropy density, s) by YL↵

⌘ nL↵
/s and

the asymmetries by Y�L↵
⌘ YL↵

�YL†
↵
, we note that the

processes at order O(|F |4) discussed thus far only convert
L↵ into L� , conserving total SM lepton number,

Y�Ltot =
X

↵

Y�L↵ = 0 at O(|F |4). (5)

Since sphalerons couple to the total SM lepton number,
it follows that no baryon asymmetry is generated at this
order as well, Y�Btot

= 0. Total lepton asymmetry is,
however, generated at order O(|F |6): the excess in each
individual LH lepton flavour due to the asymmetry from
Eq. (4) leads to a slight increase of the rate of L↵ ! N†

vs. L†
↵ ! N . The result is that active-sterile lepton scat-

terings can convert individual lepton flavour asymmetries
into asymmetries in the sterile neutrinos. But, since the
rates of conversion, �(L↵ ! N†), are generically di↵erent
for each lepton flavour ↵, this leads to a depletion of some
of the individual lepton asymmetries at a faster rate than
others, leading to an overall SM lepton asymmetry and
an overall sterile neutrino asymmetry. Because Ltot �N

tures of few TeV.9 The interactions contained in Lagrangian (4.3.1) allow to generate large lepton

asymmetry at temperatures below T ⇠ 140 GeV. This may happen in distinct 3 regimes

I. at temperatures T ⇠ 50 � 100 GeV, when N2,3 come to thermal equilibrium

II. at temperatures T ⇠ few GeV, when N2,3 go out of thermal equilibrium

III. at temperatures T < M2,3 GeV, when N2,3 start to decay

Let us assume that the Big Bang theory is valid below the temperatures of few TeV and that no

baryon asymmetry existed beforehand. Then lepton number is generated by N2, N3. Baryon number

non-conservation due to sphalerons [321, 397, 415] results in conversion of this lepton number in

the baryon number (baryogenesis). To produce baryon asymmetry, the parameters of N2,3 should

be in the region shown in Fig. 4.17.

While sphalerons are active at temperatures above T > 140 GeV, the lepton asymmetry con-

tinues to be produced below this temperature and can reach quite high values (unrelated to the

baryon asymmetry [696]) — case I above. The question of the subsequent evolution of this lepton

asymmetry and what abundance it has at temperatures of HNL DM generation is under active

investigation [774]. If significant ⌘L survives, this would allow to relate the properties of N2,3 with

(potentially observable) properties of Dark Matter.
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Figure 4.23: Constraints on the N2,3 masses M2,3 ' M and mixing U2 = tr(✓†✓) in the ⌫MSM leading to
su�cient production of lepton asymmetry in the regimes [ii], [iii], to enhance the DM production; left panel
– normal hierarchy, right panel – inverted hierarchy. In the region between the solid blue “BAU” lines, the
observed BAU can be generated. Inside the solid red “DM” line the lepton asymmetry at T = 100 MeV can
be large enough that the resonant enhancement of N1 production is su�cient to explain the observed ⌦DM

. The CP-violating phases were chosen to maximize the asymmetry at T = 100 MeV. The regions below
the solid black “seesaw” line and dashed black “BBN” line are excluded by neutrino oscillation experiments
and BBN, respectively. The areas above the green lines of di↵erent shade are excluded by direct search
experiments, as indicated in the plot. The solid lines are exclusion plots for all choices of ⌫MSM parameters,
for the dashed lines the phases were chosen to maximize the late time asymmetry, consistent with the red
line. From [416].

The regimes [II] and [III] have been investigated in [416]. The results are shown in Figs. 4.22,

4.23. In Fig. 4.22, the new element in comparison with Fig. 4.21 appears – the bottom line

below which HNL DM cannot be produced without additional assumptions. In this regime a large

degeneracy (fine-tuning) between masses M2 and M3 is required |M2�M3| ⌧ matm and in addition

9This is quite a strong hypothesis even in the framework of the conjecture that there is no any new physics beyond
the ⌫MSM up to the very high scale such as the Planck scale or inflationary scale. In particular, it is shown in [773]
that the DM HNL can be produced in su�cient amounts at the reheating of the Universe after Higgs inflation without
addidion of any new particles.
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Accessible in B-decay

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774 ± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .

2

BELLE

past experiments

baryogenesis

LHCb

1000 2000 3000 4000 5000
10!9

10!7

10!5

0.001

M2 !MeV"

U
µ2

Figure 1: The red line shows the maximal mixing |Θµ2|2 we found consistent with baryoge-
nesis, i.e. below the line there exist parameter choices for which the observed BAU can be
generated. The scatter is a result of the Monte Carlo method and not physical. It indicates
that we have not found the global maxima, but the density of valid points decreases rapidly
for larger |Θµ2|2. The gray area represents bounds from the past experiments PS191 [84],
NuTeV [85] (both re-analyzed in [86]), NA3 [87], CHARMII [88] and DELPHI [89] (as given
in [90]). They are stronger than those from violation of lepton universality [91–94], see [2, 90]
for a discussion of other experimental constraints. The blue lines indicate the current bounds
from LHCb [95] (dotted) and BELLE [96] (dashed), which will improve in the future.

coefficient γav, the temperature dependence of the sphaleron rate near Tsph [33] and from
the neglected momentum dependence [18] in (11) do not affect our conclusion.

When comparing our bounds to limits inferred from experimental searches, it should be
kept in mind that experiments usually quote limits that are obtained under the assumption
that there is only n = 1 RH neutrino. For n = 2, leptogenesis with MI in the GeV range
requires that both masses are degenerate with a common mass M = (M1 + M2)/2 and a
splitting |M1 − M2|/M < 10−3 that is too small to be resolved experimentally [14]. Hence,
one can convert the bounds quoted by experiments into constraints U2

µ =
∑

I |ΘµI |2, as
both NI lead to experimental signatures at the same mass M [86]. For n = 3 the relation
between the measured branching ratios and |ΘαI |2 is more complicated; it depends on
several parameters and cannot be displayed easily. In particular, there is no need for
a mass degeneracy, so the individual |ΘµI | will lead to signals at different MI . Since
U2

µ > |Θµ2|2, comparing the theoretical |Θµ2|2 to the bound on U2
µ should therefore be

regarded as a conservative estimate of the experimental perspectives.
FIG. 1 shows that any experiment which improves the known bounds has the potential

to discover the NI responsible for baryogenesis. The most stringent bounds from past
experiments have been summarized in [14, 86, 90, 97]. In region i) these have already deeply

8

[Canetti, Drewes, Garbrecht (PRD ’14)]
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Higgs Decay Leptogenesis

[Hambye, Teresi (Phys. Rev. Lett. ’16)]39

�

l̄

l̄

N

N

�

Fig. 7. Thermal cut in the � ! ¯̀N decay, which gives rise to its purely-thermal L-violating

CP-violation.

treated as approximately conserved. However, as originally argued in [63], and later

confirmed in the Ra↵elt-Sigl formalism in [64], leptogenesis can occur also via L-

violating Higgs decays, i.e. the decays of the Higgs doublet into a RH neutrino and

a SM lepton that do involve a Majorana mass insertion and violate L, analogously

to leptogenesis from N decays. This LNV e↵ect can become important, or even

dominant with respect to the LNC one discussed in detail in the previous sections,

in some regions of the parameter space in the resonant regime |MNi�MNj | n MNi.

In Ref. [63] this phenomenon was studied in the (quantum) Boltzmann equations

formalism, with CP-violating rates accounting for the CP violation in the decays

� $ ¯̀N . This process is depicted in Fig. 7. Naively, one would not expect any CP

violation in this decay: in order to be kinematically accessible, this decay requires

MN + M` < M�; in turn, this implies that the propagators in the loop cannot go

on shell because of energy conservation, so that no (CP-violating) absorptive part

should be present. However, this argument holds true only at zero temperature.

Thermal e↵ects yield CP violation in this decay [67, 68] because the thermal bath

can provide the energy required to put on shell the propagators in the loop of Fig. 7.

Since also the other Sakharov conditions are fulfilled, as long as the RH neutrino in

the final state is out of equilibrium, this process can therefore produce an asymmetry

in the early Universe. While this possibility to generate an asymmetry has been

known for quite some time [30, 32, 51, 67, 68], this phenomenon was typically

considered negligible for the generation of the baryon asymmetry at low scale and

therefore neglected, because the corresponding rates have a M2
N/T 2 suppression

with respect to the LNC ones discussed in Sec. 4.2. Instead, as argued recently

in [63, 64], at the level of the solution to the relevant Boltzmann or density-matrix

equations, the parametric dependence of the LNV contribution is di↵erent from the

LNC one, so that the two phenomena dominate in di↵erent regions of the parameter

space, as we are going to discuss now.

The LNV and LNC mechanisms can be described in the same framework by

means of density-matrix equations similar to the ones discussed in detail in Sec. 4.

The overall structure is similar to those, with the main novelty given by the presence

of L-violating terms, whose rates are suppressed by a factor M2
N/T 2 with respect

to the L-conserving ones. The detailed form for the � $ ¯̀N processes can be found
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Fig. 8. Results for 2 RH neutrinos with (MN1�MN2)/MN1 = 10�10 (with mN = MN1 ' MN2),
the PMNS parameters fixed to their best-fit values (with in addition � = �⇡/2, ↵2 = ⇡/2) and

the Casas-Ibarra angle fixed to z = ⇡/4 + i�. In the left panel, we plot the logarithm base 10 of

the Y�B asymmetry obtained. The observed value, Y�B ' 0.86⇥ 10�10 is denoted by the dashed
line. In the right panel, we plot the ratio of the full LNC + LNV result to the LNC ARS one

only. Exclusion limits and future prospects from various experiments are also shown. For further

details, see [64].

To study the relative importance of the two phenomena beyond the linear weak-

washout regime, one can solve numerically the relevant density matrix equations.

The numerical results for an illustrative choice of parameters are given in Fig. 8,

with |MN1�MN2|/MN1 = 10�10. On the left panel we show the region of successful

leptogenesis, as given by the full density-matrix equations, which take into account

both the LNC and LNV phenomena. On the right panel we show the ratio of the

full result with the one obtained artificially switching o↵ the L-violating e↵ects.

In the light gray region the L-violating e↵ects are small, and the “standard” LNC

ARS phenomenon dominates. Instead, for small values of the imaginary part � of

the Casas-Ibarra angle, i.e. for values of the Yukawa couplings that do not require

large cancellations in the seesaw relation, the two phenomena have comparable size

(with the LNV one typically dominating for small mass splitting as in Fig. 8), as

already discussed above at the level of the weak-washout analytic solutions, which

are valid in this regime.

In addition, for large values of �, the LNV contribution becomes generically dom-

inant, even by many orders of magnitude with respect to the LNC one [64]. The

origin of this is clear: for large � we are in the strong washout regime. In this regime,

the L-conserving washout processes will e↵ectively wash out the LNC part of the

asymmetry, whereas the LNV washout part, which is suppressed by an extra M2
N/T 2

factor, will wash out less the asymmetry in the total lepton number L (and only at

later times due to this factor), resulting in a dominant L-violating part. This dom-

inance occurs generically for Yukawa couplings large enough, even for larger mass
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Testable Models

Need mN . O(TeV).

Naive type-I seesaw requires mixing with light neutrinos to be . 10−5.

Collider signal suppressed in the minimal set-up (SM+RH neutrinos).
Two ways out:

Construct a TeV seesaw model with large mixing (special textures of mD and mN ).
Go beyond the minimal SM seesaw (e.g. U(1)B−L, Left-Right).

Observable low-energy signatures (LFV, 0νββ) possible in any case.

Complementarity between high-energy and high-intensity frontiers.

Leptogenesis brings in additional powerful constraints in each case.

Can be used to test/falsify leptogenesis.
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A Predictive RL Model

Based on residual leptonic flavor Gf = ∆(3n2) or ∆(6n2) (with n even, 3 - n, 4 - n)
and CP symmetries. [Luhn, Nasri, Ramond ’07; Escobar, Luhn ’08; Feruglio, Hagedorn, Zieglar ’12]

CP symmetry is given by the transformation X (s)(r) in the representation r and
depends on the integer parameter s, 0 ≤ s ≤ n − 1. [Hagedorn, Meroni, Molinaro ’14]

Dirac neutrino Yukawa matrix must be invariant under Z2 and CP, i.e. under the
generator Z of Z2 and X (s). [BD, Hagedorn, Molinaro (in prep)]

Z †(3) YD Z (3′) = YD and X?(3) YD X (3′) = Y ?
D .

YD = Ω(s)(3) R13(θL)

 y1 0 0
0 y2 0
0 0 y3

 R13(−θR) Ω(s)(3′)† .

The unitary matrices Ω(s)(r) are determined by the CP transformation X (s)(r).

Form of the RH neutrino mass matrix invariant under flavor and CP symmetries:

MR = MN

 1 0 0
0 0 1
0 1 0
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Correlation between BAU and 0νββ
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Correlation between BAU and 0νββ
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Correlation between BAU and 0νββ
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Decay Length
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Decay Length

0.0 0.5 1.0 1.5 2.0

10-6

0.001

1

1000

θR/π

L
(m

)

LHC displaced

MATHUSLA
IO

N1 (red), N2 (blue), N3 (green).
MN=150 GeV (dashed), 250 GeV (solid).

31



Finding Mass Hierarchy at the LHC
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Finding Mass Hierarchy at the LHC
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Conclusion

Observed baryon asymmetry provides a strong evidence for BSM.
Many interesting ideas for baryogenesis, some of which can be tested in
laboratory experiments.
Leptogenesis provides an attractive link between neutrino mass and observed
baryon asymmetry.
Can be realized at low scale: Resonant Leptogenesis/ARS.
Flavor effects are important.

Predictive models of leptogenesis based on residual flavor and CP symmetries.
Correlation between BAU and 0νββ.
Correlation between BAU and LNV signals (involving displaced vertex) at the LHC.
Can probe neutrino mass hierarchy (complementary to oscillation experiments).
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Fixing Model Parameters

Six real parameters: yi , θL,R , MN .
θL ≈ 0.18(2.96) gives sin2 θ23 ≈ 0.605(0.395), sin2 θ12 ≈ 0.341 and
sin2 θ13 ≈ 0.0219 (within 3σ of current global-fit results).
Light neutrino masses given by the type-I seesaw:

M2
ν =

v2

MN



 y2
1 cos 2θR 0 y1y3 sin 2θR

0 y2
2 0

y1y3 sin 2θR 0 −y2
3 cos 2θR

 (s even), −y2
1 cos 2θR 0 −y1y3 sin 2θR

0 y2
2 0

−y1y3 sin 2θR 0 y2
3 cos 2θR

 (s odd) .

For y1 = 0 (y3 = 0), we get strong normal (inverted) ordering, with mlightest = 0.

NO : y1 = 0, y2 = ±

√
MN

√
∆m2

sol

v
, y3 = ±

√
MN

√
∆m2

atm
| cos 2 θR |

v

IO : y3 = 0, y2 = ±

√
MN

√
|∆m2

atm|
v

, y1 = ±

√
MN

√
(|∆m2

atm|−∆m2
sol)

| cos 2 θR |

v
Only free parameters: MN and θR .
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Low Energy CP Phases and 0νββ

Dirac phase is trivial: δ = 0.

For mlightest = 0, only one Majorana phase α, which depends on the chosen CP
transformation:

sinα = (−1)k+r+s sin 6φs and cosα = (−1)k+r+s+1 cos 6φs with φs =
π s
n
,

where k = 0 (k = 1) for cos 2 θR > 0 (cos 2 θR < 0) and r = 0 (r = 1) for NO (IO).

Restricts the light neutrino contribution to 0νββ:

mββ ≈ 1
3


∣∣∣√∆m2

sol + 2 (−1)s+k+1 sin2 θL e6 i φs
√

∆m2
atm

∣∣∣ (NO).∣∣1 + 2 (−1)s+k e6 i φs cos2 θL

∣∣√∣∣∆m2
atm

∣∣ (IO) .

For n = 26, θL ≈ 0.18 and best-fit values of ∆m2
sol and ∆m2

atm, we get

0.0019 eV . mββ . 0.0040 eV (NO)
0.016 eV . mββ . 0.048 eV (IO).
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High Energy CP Phases and Leptogenesis

At leading order, three degenerate RH neutrinos.

Higher-order corrections can break the residual symmetries, giving rise to a
quasi-degenerate spectrum:

M1 = MN (1 + 2κ) and M2 = M3 = MN (1− κ) .

CP asymmetries in the decays of Ni are given by

εiα ≈
∑
j 6=i

Im
(
Ŷ ?

D,αi ŶD,αj
)

Re
((

Ŷ †DŶD
)

ij

)
Fij

Fij are related to the regulator in RL and are proportional to the mass splitting of Ni .

We find ε3α = 0 and

ε1α ≈
y2 y3

9
(−2 y2

2 + y2
3 (1− cos 2 θR)) sin 3φs sin θR sin θL,α F12 (NO)

ε1α ≈
y1 y2

9
(−2 y2

2 + y2
1 (1 + cos 2 θR)) sin 3φs cos θR cos θL,α F12 (IO)

with θL,α = θL + ρα 4π/3 and ρe = 0, ρµ = 1, ρτ = −1.

ε2α are the negative of ε1α with F12 being replaced by F21.
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Decay Length

For RH Majorana neutrinos, Γα = Mα (Ŷ †D ŶD)αα/(8π). We get

Γ1 ≈ MN

24π

(
2 y2

1 cos2 θR + y2
2 + 2 y2

3 sin2 θR
)
,

Γ2 ≈ MN

24π

(
y2

1 cos2 θR + 2 y2
2 + y2

3 sin2 θR
)
,

Γ3 ≈ MN

8π

(
y2

1 sin2 θR + y2
3 cos2 θR

)
.

For y1 = 0 (NO), Γ3 = 0 for θR = (2j + 1)π/2 with integer j .
For y3 = 0 (IO), Γ3 = 0 for jπ with integer j .
In either case, N3 is an ultra long-lived particle.
Suitable for MATHUSLA (MAssive Timing Hodoscope for Ultra-Stable NeutraL
PArticles) [Coccaro, Curtin, Lubatti, Russell, Shelton ’16; Chou, Curtin, Lubati ’16]

In addition, N1,2 can have displaced vertex signals at the LHC.
MATHUSLA Surface Detector 

Long Lived Particle Searches at LHC

SHiP experiment
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Collider Signal

Need an efficient production mechanism.
In our scenario, yi . 10−6 suppresses the Drell-Yan production

pp → W (∗) → Ni`α ,

and its variants. [Han, Zhang ’06; del Aguila, Aguilar-Saavedra, Pittau ’07; BD, Pilaftsis, Yang ’14; Han, Ruiz, Alva

’14; Deppisch, BD, Pilaftsis ’15; Das, Okada ’15]

Even if one assumes large Yukawa, the LNV signal will be generally suppressed by
the quasi-degeneracy of the RH neutrinos [Kersten, Smirnov ’07; Ibarra, Molinaro, Petcov ’10; BD ’15].
Need to go beyond the minimal type-I seesaw to realize a sizable LNV signal.

We consider a minimal U(1)B−L extension.
Production cross section is no longer Yukawa-suppressed, while the decay is,
giving rise to displaced vertex. [Deppisch, Desai, Valle ’13]

2

within the standard minimal seesaw sector by choosing
specific flavour textures in the mass matrix of the type-I
seesaw, see for example [12–14].

For definiteness here we focus on LFV in the electron-
muon sector induced by the mixing between isodoublet
and isosinglet neutrinos, via the corresponding Yukawa
couplings. As a result, the heavy neutrinos couple to
charged leptons via their small isodoublet components
✓e,µ, which we treat as free parameters. It is convenient
to write these couplings in terms of an overall mixing
strength, ✓ ⌘

p
✓e✓µ and the ratio of mixing strengths,

reµ ⌘ ✓e/✓µ. These parameters are unrestricted by
the smallness of neutrino masses; however they are con-
strained by weak universality precision measurements to
be ✓e,µ . 10�2 [15]. We do not take into account possi-
ble constraints on ✓ from neutrinoless double beta decay
searches. Although highly stringent for a heavy Majo-
rana neutrino, they are avoided in the presence of can-
cellations, such as in the quasi-Dirac neutrino case.

Z0 MODELS

Various physics scenarios beyond the Standard Model
predict di↵erent types of TeV-scale Z 0 gauge bosons as-
sociated with an extra U(1) that could arise, say, from
unified SO(10) or E(6) extensions. An introduction and
extensive list of references can be found in Ref. [16]. Elec-
troweak precision measurements restrict the mass and
couplings of a Z 0 boson. For example, lepton universal-
ity at the Z peak places lower limits on the Z 0 boson
mass of the order O(1) TeV [17] depending on hyper-
charge assignments. From the same data, the mixing
angle between Z 0 and the SM Z is constrained to be
⇣Z < O(10�4). For a discussion of direct limits on Z 0

masses see [15]. Recent limits from searches at the LHC
will be discussed in more detail below.

In the following we work in a simplified U(1)0 scenario
with only a Z 0 and N present beyond the SM. For the
mechanism described here to work, it is crucial that there
are no other particles present through which the heavy
neutrino can decay unsuppressed. For definiteness we
assume two reference model cases: the SO(10) derived
U(1)0 coupling strength with the charge assignments of
the model described in [6], and a leptophobic variant
where the U(1)0 charges of SM leptons are set to zero.
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FIG. 1: Feynman diagram for heavy Majorana neutrino pro-
duction through the Z0 portal at the LHC.

LOW ENERGY LEPTON FLAVOUR VIOLATION

In the scenario considered here, the LFV branching
ratio for the process µ ! e� can be expressed as [18]

Br(µ ! e�) = 3.6 ⇥ 10�3G2
�

✓
m2

N

m2
W

◆
⇥ ✓4, (3)

with G� = �2x3 + 5x2 � x

4(1 � x)3
� 3x3

2(1 � x)4
log(x),

where the loop function G�(x) is of order one with the
limits G� ! 1/8 for mN ! mW and G� ! 1/2 for
mN � mW . This prediction should be compared with
the current experimental limit [1],

BrMEG(µ ! e�) < 5.7 ⇥ 10�13 (90% C.L.), (4)

from the MEG experiment which aims at a final sensitiv-
ity of Br(µ ! e�) ⇡ 10�13. The expression (3) therefore
results in a current upper limit on the mixing parame-
ter ✓ . 0.5 ⇥ 10�2 for mN = 1 TeV. In contrast, the
mixing strength ✓ ⇡ 10�7 expected in the standard high-
scale type-I seesaw mechanism Eq. (1) would lead to an
unobservable LFV rate with Br(µ ! e�) ⇡ 10�31.

If the photonic dipole operator responsible for µ ! e�
and also contributing to µ ! eee and µ� e conversion in
nuclei is dominant, searches for the latter two processes
do not provide competitive bounds on the LFV scenario
at the moment. Depending on the breaking of the ad-
ditional U(1)0 symmetry, non-decoupling e↵ects may ap-
pear which can boost the e↵ective Z 0eµ vertex contribut-
ing to µ ! eee and µ � e conversion in nuclei [19].

HEAVY NEUTRINOS FROM THE Z0 PORTAL

The process under consideration is depicted in Fig-
ure 1. As shown, we will focus on the channel where the
heavy neutrinos decay into SM W bosons which in turn
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