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Matter-Antimatter Asymmetry

η∆B ≡ nB − nB̄

nγ
=
(
6.105+0.086

−0.081

)
× 10−10 [Planck (2015)]



Baryogenesis

Dynamical generation of baryon asymmetry.

Basic Sakharov conditions: [Sakharov ’67]

B violation: There must exist X(B = 0)→ Y1(B = 0) + Y2(B 6= 0).

C and CP violation.
Otherwise, Γ(X → Y1 + Y2) = Γ(X̄ → Ȳ1 + Ȳ2) =⇒ No net effect!

Out-of-equilibrium dynamics.
Otherwise, Γ(X → Y1 + Y2) = Γ(Y1 + Y2 → X) =⇒ No net effect!

Successful baryogenesis requires physics beyond the SM.
New sources of CP violation.
A departure from equilibrium (in addition to EWPT) or modify the EWPT itself.



Leptogenesis

[Fukugita, Yanagida ’86]

A cosmological consequence of the seesaw mechanism.

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

New source of CP violation through their complex Yukawa couplings (irrespective
of the PMNS CP phases).

Departure from equilibrium when ΓN . H.

/L→ /B through sphaleron interactions. [Kuzmin, Rubakov, Shaposhnikov ’85]



For Pedestrians

[Buchmüller, Di Bari, Plümacher ’05]
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.



Boltzmann Equations

[Buchmüller, Di Bari, Plümacher ’02]

dNN

dz
= −(D + S)(NN − Neq

N ),

dNB−L

dz
= εD(NN − Neq

N )− NB−LW,

(where z = mN1/T and D, S,W = ΓD,S,W/Hz.)
FInal baryon asymmetry:

η∆B = d · ε · κf

d ' 10−2 is the dilution factor.
κf ≡ κ(zf ) is the final efficiency factor, where

κ(z) =

∫ z

zi

dz′
D

D + S
dnN1

dz′
e−

∫ z
z′ dz′′W(z′′)

Strength of (inverse-decay) washout governed by

K =
ΓD(z→∞)

H(z = 1)
≡ m̃1

m∗



CP Asymmetry

• Resonant Leptogenesis
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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.]
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tree self-energy vertex

εlα =
Γ(Nα → LlΦ)− Γ(Nα → Lc

l Φ
c)∑

k

[
Γ(Nα → LkΦ) + Γ(Nα → Lc

kΦ
c)
] =

|ĥlα|2 − |ĥc
lα|2

(ĥ†ĥ)αα + (ĥc† ĥc)αα
.

In the two heavy-neutrino limit, self-energy term reduces to [Pilaftsis, Underwood ’04]

εlα ≈
Im
[
(h∗lαhlβ)(h†h)αβ

]
(h†h)αα(h†h)ββ

(
m2

Nα − m2
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)
mNαΓ

(0)
Nβ(

m2
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)2
+
(
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(0)
Nβ

)2

︸ ︷︷ ︸
regulator

.

There exist other expressions for the regulator [Buchmüller, Plümacher ’98; Anisimov,
Broncano, Plümacher ’06; Garny, Kartavtsev, Hohenegger ’11; Iso, Shimada, Yamanaka ’13](

m2
Nα − m2

Nβ
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|ĥlα|2 − |ĥc
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A Simple Example

−LY = YlLlΦ̃N1 + Y ′l LlΦ̃N2 +
1
2

(
MN1NC

2 + µ1N1NC
1 + µ2eiθN2NC

2

)
+ H.c. .

MνN =

 0 v√
2
Y v√

2
Y ′

v√
2
YT µ1 M

v√
2
Y ′T M µ2eiθ

 .

ĥl1 ' i√
2

e−i(φ−λ)/2
[(

1 +
µ2

2 − µ2
1

4Mµ

)
eiφYl − Y ′l

]
,

ĥl2 ' 1√
2

e−i(φ+λ)/2
[(

1− µ2
2 − µ2

1

4Mµ

)
eiφYl + Y ′l

]
,

where µeiφ = µ1 + µ2eiθ and λ = sin θ(µ1µ2/µM). [Blanchet, Hambye, Josse-Michaux ’09]



Regulator in the L-conserving limit
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leads to the correct L-conserving limit. [BD, Millington, Pilaftsis, Teresi ’14]
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does not lead to the correct L-conserving limit. [BD, Millington, Pilaftsis, Teresi ’14]



Vanilla Leptogenesis

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

Vertex correction diagram important.

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
(

η∆B

6× 10−10

)(
0.05 eV√

∆m2
atm

)
κ−1

f

Experimentally inaccessible mass range!

Higgs naturalness implies mN . 107 GeV. [Vissani ’97; Clarke, Foot, Volkas ’15]

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

In many supergravity scenarios, 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]
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mN1 > 6.4× 108 GeV
(

η∆B

6× 10−10

)(
0.05 eV√

∆m2
atm

)
κ−1

f

Experimentally inaccessible mass range!

Higgs naturalness implies mN . 107 GeV. [Vissani ’97; Clarke, Foot, Volkas ’15]

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

In many supergravity scenarios, 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]



Resonant Leptogenesis

N̂α(p, s)

Φ(q)

Ll(k, r)

ε ε′

Heavy Majorana neutrino self-energy effects on the leptonic CP-asymmetry
(ε-type) become dominant [Flanz, Paschos, Sarkar ’95; Covi, Roulet, Vissani ’96].

Resonantly enhanced, even up to order 1, when ∆mN ∼ ΓN � 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 ’04; Pilaftsis, Underwood ’05]

A potentially testable scenario of leptogenesis, with implications at both Energy
and Intensity Frontiers. [Deppisch, Pilaftsis ’10; BD, Millington, Pilaftsis, Teresi ’14]



Flavor-diagonal Resonant Leptogenesis

nγHN

z
dηN
α

dz
=
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1− ηN

α
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Figure 2: Feynman diagrams for 2 ! 1 inverse heavy-neutrino decay, in the presence of
a statistical background. The flavour indices are shown explicitly, while other indices are
suppressed.

The corresponding rank-2 collision rates within the anti-commutators in (4.7) and (4.8) are
obtained from the corresponding rank-4 tensors by contracting the heavy-neutrino flavour
indices, e.g.

[�(L�! N)] m
l ⌘ [�(L�! N)] m ↵

l ↵ . (4.14)

In Appendix C, we present an alternative derivation of these collision rates by considering
a flavour-covariant generalization of the optical theorem in the presence of a statistical
background. Therein, the necessity of the rank-4 flavour structure of these collision rates
is further justified. This is illustrated in Figure 2 for the in-medium production of heavy
neutrinos in a spatially-homogeneous statistical background of lepton and Higgs doublets.
The production rates in the thermal plasma can be better understood from the unitarity cut
of the partial one-loop heavy-neutrino self-energy graph, as shown in Figure 3. Imposing
kinetic equilibrium as given by (4.6), we obtain tree-level thermally-averaged heavy-neutrino
production rates for the processes Lec�ec ! N and L� ! N [cf. (C.51) and (C.52)], which
are exactly the same as those obtained in (4.10) and (4.11), respectively.

Analogous to the charged-lepton case, we obtain the flavour-covariant rate equations for
the total number densities of heavy neutrinos from the general transport equations (3.89)
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Figure : Decay and Inverse Decay.
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Figure 4: Feynman diagrams for �L = 0 scattering [(a), (b)] and �L = 2 scattering [(c),
(d)], in the presence of a statistical background. The flavour indices are shown explicitly,
while other indices are suppressed.
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Figure : ∆L = 0 and ∆L = 2 scatterings.



Analytic Solution

independently of the initial conditions (see Fig. 1). In this
regime, the BE (4.33) becomes

d!Ll

dz
¼ z2K1ðzÞ

!
"l $

2

3
zKl!Ll

"
; (4.35)

with "l ¼
P3

#¼1 "#l and Kl ¼
P3

#¼1 K#B#l. We may
include the numerically significant RIS-subtracted
collision terms proportional to !Ll

in (4.27), by rescaling
Kl ! $lKl % Keff

l , where

$l %

P
k¼e;%;&

ð'Ll!
LC
k
!y þ 'Ll!

Lk!
Þ þ 'Ll!

LC
l
!y $ 'Ll!

Ll!
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#l
"h)
l( $ "h)Cy
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l( Þ2
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)
!
1$ 2i

mN#
$mN(

#N#
þ #N(

"$1
: (4.36)

In determining the scaling factor $l, we have assumed that
!Ll

* !Lk!l
in (4.18), which is a valid approximation

within a given R‘L scenario under study. Note that if
only the diagonal # ¼ ( terms representing the RIS con-
tributions are considered in the sum, $l reaches its maxi-
mum value, i.e. $l ¼ 1þOð"2

l Þ. We also have checked
that in the Ll-conserving limit of the theory, the parameter
$l vanishes, as it should.

As is illustrated in Fig. 1, the solution !Ll
to (4.35)

exhibits different behavior in the three kinematic regimes,
characterized by the specific values of the parameter
z ¼ mN=T:

zl2 + 2ðKeff
l Þ$1=3; zl3 + 1:25 lnð25Keff

l Þ: (4.37)

For z values in the range zl2 < z < zl3, the solution !Ll
may

well be approximated by

!Ll
ðzÞ ¼ 3

2

"l

Keff
l z

: (4.38)

For z > zl3, the lepton-number density !Ll
freezes out and

approaches the constant value !Ll
¼ ð3"lÞ=ð2Keff

l zl3Þ.2
The general behavior of !Ll

in the different regimes is
displayed in Fig. 1.
In this paper we only consider R‘L scenarios, for which

the washout is strong enough, such that the critical tempera-
ture zc ¼ mN=Tc where the baryon asymmetry !B decou-
ples from the lepton asymmetries!Ll

is situated in the linear
dropoff or constant regime. Specifically, we require that

zc > 2K$1=3
# ; zc > 2ðKeff

l Þ$1=3; (4.39)

for all heavy-neutrino species N# ¼ N1;2;3 and lepton fla-
vors l ¼ e, %, &. As a consequence, the baryon asymmetry
!B becomes relatively independent of the initial values of
!Ll

and !N#
. In this case, taking into account all factors in

(4.29), (4.30), and (4.38), the resulting BAU is estimated
to be

!B ¼ $ 28

51

1

27

3

2

X

l¼e;%;&

"l

Keff
l minðzc; zl3Þ

+ $3 , 10$2
X

l¼e;%;&

"l

Keff
l min½mN=Tc; 1:25 lnð25Keff

l Þ( :

(4.40)

We note that the formula (4.40) provides a fairly good
estimate of the BAU !B to less than 20%, in the applicable
regime of approximations given by (4.39) forKeff

l * 5 for a
right-handed neutrino mass scale of the order of the electro-
weak scale. Hence, to account for the observed BAU !obs

B
given in (4.31), lepton asymmetries "l * 10$7 are required.
In the next section, we present numerical estimates of the
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FIG. 1 (color online). Numerical solutions to BEs (4.32) and
(4.35) for "!N1

¼ !N1
=!eq

N $ 1 and !L&
, respectively, in a R&L

model with mN ¼ 220 GeV, K1 ¼ 106, Keff
& ¼ 102, "& ¼ 10$6

and zc ¼ mN=Tc ¼ 1:6.

2The onset of the freeze-out is defined as the position zl3 where
the relative slope of (4.35) drops below 1, i.e. when j!0

Ll
=!Ll

j ¼
2=3ðzl3Þ3K1ðzl3ÞKeff

l ¼ 1. The solution to this equation can be
analytically expressed in terms of the Lambert W function, to
which zl3 in (4.37) proves to be an excellent interpolating
approximation over the wide range of values Keff

l + 2$ 1010.
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Flavordynamics of RL
Flavor effects important for the time-evolution of lepton asymmetry in RL models.
[Abada, Davidson, Ibarra, Josse-Michaux, Losada, Riotto ’06; Nardi, Nir, Roulet, Racker ’06;
Blanchet, Di Bari ’06; De Simone, Riotto ’06; Blanchet, Di Bari, Jones, Marzola ’12]
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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

Two sources of flavor effects:
Heavy neutrino Yukawa couplings h αl [Pilaftsis ’04; Endoh, Morozumi, Xiong ’04]
Charged lepton Yukawa couplings y k

l [Barbieri, Creminelli, Strumia, Tetradis ’00]
Lead to three distinct physical phenomena: mixing, oscillation and decoherence.
In Boltzmann approach, captured by the ’density matrix’ formalism. [Sigl, Raffelt ’93]
Fully flavor-covariant formalism to consistently include all flavor effects in a single
framework. [BD, Millington, Pilaftsis, Teresi ’14]
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Flavor Transformations

−LN = h αl Ll
Φ̃ NR,α +

1
2

NC
R,α [MN ]αβ NR,β + H.c. .

Under U(NL) ⊗ U(NN),

Ll → L′l = V m
l Lm , Ll ≡ (Ll)

† → L′l = V l
m Lm ,

NR,α → N′R,α = U β
α NR,β , N α

R ≡ (NR,α)† → N′ αR = Uα
β N β

R .

h αl → h′ αl = V m
l Uα

β h β
m , [MN ]αβ → [M′N ]αβ = Uα

γ Uβ
δ [MN ]γδ .

Number densities:

[nL
s1s2 (p, t)] m

l ≡
1
V3
〈bm(p, s2, t̃) bl(p, s1, t̃)〉t ,

[n̄L
s1s2 (p, t)] m

l ≡
1
V3
〈d†l (p, s1, t̃) d†,m(p, s2, t̃)〉t ,

[nN
r1r2 (k, t)] β

α ≡ 1
V3
〈aβ(k, r2, t̃) aα(k, r1, t̃)〉t ,

[n̄N
r1r2 (k, t)] β

α ≡ 1
V3
〈Gαγ aγ(k, r1, t̃) Gβδ aδ(k, r2, t̃)〉t ,

Total number density:

nN(t) ≡
∑

r=−,+

∫
k

nN
rr(k, t) , nL(t) ≡ Tr

iso

∑
s=−,+

∫
p

nL
ss(p, t) .
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Master Equation for Transport Phenomena

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 .



Flavor Covariant Transport Equations for RL

Explicitly, for charged-lepton and heavy-neutrino matrix number densities,

d
dt

[nL
s1s2 (p, t)] m

l = − i
[
EL(p), nL

s1s2 (p, t)
] m

l
+ [CL

s1s2 (p, t)] m
l

d
dt

[nN
r1r2 (k, t)] β

α = − i
[
EN(k), nN

r1r2 (k, t)
] β

α
+ [CN

r1r2 (k, t)] β
α + Gαλ [C

N
r2r1 (k, t)] λ

µ Gµβ

Collision terms are of the form

[CL
s1s2 (p, t)] m

l ⊃ −
1
2

[Fs1s r1r2 (p, q, k, t)] n β
l α [Γs s2r2r1 (p, q, k)] m α

n β ,

where F are statistical tensors, and Γ are the rank-4 absorptive rate tensors
describing heavy neutrino decays and inverse decays.



Collision Rates for Decay and Inverse Decay

nΦ [nL] k
l [γ(LΦ → N)] l β

k α

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



Collision Rates for 2 ↔ 2 Scattering

nΦ [nL] k
l [γ(LΦ → LΦ)] l n

k m

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



Final Rate Equations

HN nγ

z
d[ηN ] β

α

dz
= − i

nγ

2

[
EN , δη

N
] β

α
+
[
R̃e(γN

LΦ)
] β

α
− 1

2 ηN
eq

{
ηN , R̃e(γN

LΦ)
} β

α

HN nγ

z
d[δηN ] β

α

dz
= − 2 i nγ

[
EN , η

N
] β

α
+ 2 i

[
Ĩm(δγN

LΦ)
] β

α
− i

ηN
eq

{
ηN , Ĩm(δγN

LΦ)
} β

α

− 1
2 ηN

eq

{
δηN , R̃e(γN

LΦ)
} β

α

HN nγ

z
d[δηL] m

l

dz
= − [δγN

LΦ]
m

l +
[ηN ] α

β

ηN
eq

[δγN
LΦ]

m β

l α +
[δηN ] α

β

2 ηN
eq

[γN
LΦ]

m β

l α

− 1
3

{
δηL, γLΦ

L̃cΦc̃ + γLΦ
LΦ

} m

l
− 2

3
[δηL]

n
k

(
[γLΦ

L̃cΦc̃ ]
k m

n l − [γLΦ
LΦ ]

k m
n l

)
− 2

3

{
δηL, γdec

} m

l
+ [δγback

dec ] m
l



Final Rate Equations: Mixing
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Final Rate Equations: Oscillation
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Final Rate Equations: Charged Lepton Decoherence
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Key Result
Field-Theoretic Transport Phenomena
Mixing and Oscillations

0.2 0.5 1
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dh
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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
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.



A Minimal Model of RL

Resonant `-genesis (RL`). [Pilaftsis (PRL ’04); Deppisch, Pilaftsis ’10]

Minimal model: O(N)-symmetric heavy neutrino sector at a high scale µX .

Small mass splitting at low scale from RG effects.

MN = mN1 + ∆MRG
N , with ∆MRG

N = − mN

8π2 ln
(
µX

mN

)
Re
[
h†(µX)h(µX)

]
.

An example of RLτ with U(1)Le+Lµ × U(1)Lτ flavor symmetry:

h =

 0 ae−iπ/4 aeiπ/4

0 be−iπ/4 beiπ/4

0 0 0

 + δh ,

δh =

 εe 0 0
εµ 0 0
ετ κ1e−i(π/4−γ1) κ2ei(π/4−γ2)

 ,



A Next-to-minimal RL` Model

[BD, Millington, Pilaftsis, Teresi ’15]

Asymmetry vanishes at O(h4) in minimal RL`.
Add an additional flavor-breaking ∆MN :

MN = mN1 + ∆MN + ∆MRG
N , with ∆MN =

∆M1 0 0
0 ∆M2/2 0
0 0 −∆M2/2

 ,

h =

 0 a e−iπ/4 a eiπ/4

0 b e−iπ/4 b eiπ/4

0 c e−iπ/4 c eiπ/4

 +

 εe 0 0
εµ 0 0
ετ 0 0

 .

Light neutrino mass constraint:

Mν ' −
v2

2
hM−1

N hT ' v2

2mN


∆mN
mN

a2 − ε2
e

∆mN
mN

ab− εeεµ −εeετ
∆mN
mN

ab− εeεµ
∆mN
mN

b2 − ε2
µ −εµετ

−εeετ −εµετ −ε2
τ

,
where

∆mN ≡ 2 [∆MN ]23 + i
(
[∆MN ]33 − [∆MN ]22

)
= − i ∆M2 .



Benchmark Points

Parameters BP1 BP2 BP3
mN 120 GeV 400 GeV 5 TeV
c 2× 10−6 2× 10−7 2× 10−6

∆M1/mN − 5× 10−6 − 3× 10−5 − 4× 10−5

∆M2/mN (−1.59− 0.47 i)× 10−8 (−1.21 + 0.10 i)× 10−9 (−1.46 + 0.11 i)× 10−8

a (5.54− 7.41 i)× 10−4 (4.93− 2.32 i)× 10−3 (4.67− 4.33 i)× 10−3

b (0.89− 1.19 i)× 10−3 (8.04− 3.79 i)× 10−3 (7.53− 6.97 i)× 10−3

εe 3.31 i× 10−8 5.73 i× 10−8 2.14 i× 10−7

εµ 2.33 i× 10−7 4.30 i× 10−7 1.50 i× 10−6

ετ 3.50 i× 10−7 6.39 i× 10−7 2.26 i× 10−6

Observables BP1 BP2 BP3 Current Limit
BR(µ→ eγ) 4.5× 10−15 1.9× 10−13 2.3× 10−17 < 4.2× 10−13

BR(τ → µγ) 1.2× 10−17 1.6× 10−18 8.1× 10−22 < 4.4× 10−8

BR(τ → eγ) 4.6× 10−18 5.9× 10−19 3.1× 10−22 < 3.3× 10−8

BR(µ→ 3e) 1.5× 10−16 9.3× 10−15 4.9× 10−18 < 1.0× 10−12

RTi
µ→e 2.4× 10−14 2.9× 10−13 2.3× 10−20 < 6.1× 10−13

RAu
µ→e 3.1× 10−14 3.2× 10−13 5.0× 10−18 < 7.0× 10−13

RPb
µ→e 2.3× 10−14 2.2× 10−13 4.3× 10−18 < 4.6× 10−11

|Ω|eµ 5.8× 10−6 1.8× 10−5 1.6× 10−7 < 7.0× 10−5



Falsifying (High-scale) Leptogenesis at the LHC
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Falsifying (Low-scale) Leptogenesis?

One example: Left-Right Symmetric Model. [Pati, Salam ’74; Mohapatra, Pati ’75;
Senjanović, Mohapatra 75]
Common lore: MWR > 18 TeV for leptogenesis. [Frere, Hambye, Vertongen ’09]
Mainly due to additional ∆L = 1 washout effects induced by WR.

True only with generic YN . 10−11/2.

Somewhat weaker in a class of
low-scale LRSM with larger YN .
[BD, Lee, Mohapatra ’13]

A lower limit of MWR & 10 TeV.

A Discovery of MWR at the LHC rules
out leptogenesis in LRSM.
[BD, Lee, Mohapatra ’14, ’15;
Dhuria, Hati, Rangarajan, Sarkar ’15]
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Figure 4: Contour plots of |⌘�L(zc)| = 2.47⇥ 10�8 for h = 10�3.8 (dashed lines) and h = 10�3.5

(solid lines) with "Ytot = 1 (red lines) and "Ytot = 3 (blue lines). The green dot corresponds to the
example fit value presented in Section 3.

5. Summary
In this proceedings, we address two issues related to seesaw models for neutrino masses. The
first one deals with whether the TeV scale can be naturally in the TeV range without fine-tuning
of parameters. We present a natural TeV scale left-right model which achieves this goal and
therefore provides a counterexample to the common lore that either the seesaw scale must be
superheavy or the active-sterile neutrino mixing must be tiny in a UV-complete seesaw model.
The second issue addresses the important question: Whether in such low scale models, one can
have successful leptogenesis, and if so, what constraints are implied by this on the mass of the
RH gauge boson. In an explicit TeV-scale LR model, with an explicit fermion mass fit, we find
the lower bound to be 13.1 TeV and for generic models in this class of L-R seesaw with enhanced
neutrino Yukawa couplings compared to the canonical seesaw case and with maximal possible
CP asymmetry for each flavor, this bounds becomes 9.9 TeV.
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Conclusion and Outlook

Leptogenesis provides an attractive link between neutrino mass and baryon
asymmetry.

Resonant Leptogenesis provides a way to test this idea in laboratory experiments.

Flavor effects play a crucial role in the calculation of lepton asymmetry.

We discussed a flavor-covariant formalism to consistently capture all flavor effects.

Approximate analytic solutions are available for a quick phenomenological
analysis.

Possible future directions/unsettled issues:
A better understanding of the interplay between mixing and oscillation effects.
Model building: Motivating the quasi-degeneracy from flavor symmetry.
Dependence of lepton asymmetry on Dirac and Majorana CP phases.
Possible correlations of the lepton asymmetry with low-energy observables, such as
LFV, EDM and 0νββ to enhance its testability.
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