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Neutrino masses: seesaw models

 neutrino oscillations        neutrinos have a mass 

require new fields beyond the Standard Model

e.g. heavy

 Seesaw models: neutrino masses from the tree
level exchange of heavy fields

induces a                                interactionL ! λ

M
(LLHH)

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics
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i.e. tree level ways to generate the neutrino masses, i.e. the LLHH dim‐5 interact.

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

Fermionic Triplet 

Seesaw ( or type III)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Right‐handed singlet:
(type‐I seesaw)

Scalar triplet:
(type‐II seesaw)

Fermion triplet:
(type‐III seesaw)
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How to distinguish experimentally the 3 seesaw models??

not possible only from the     masses (i.e. not from neutrino 
                                                                                        oscillation experim.,            ,...)

                        same unique LLHH operator for all 3 models  

we need : ‐ either to be able to produce the heavy states at colliders                                                                         

0ν2β

‐ and/or to distinguish them from CLFV processes                                                                   

‐ and/or make extra assumptions, SUSY, GUT, flavour symmetry, ... 

                        any observed     mass matrix 
                                               could be accounted for in any 

                                    of the 3 seesaw models

This talk: CLFV in seesaw models

ν

ν



Two different sources of CLFV in seesaw models

The L violating source: directly from the neutrino masses

                        for example in type‐II model
                 it comes from 

      whatever they 
come from

mν ∝ Y∆µ∆

The L conserving source: from a L conserving combination of seesaw couplings
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Building blocks for CLFV: dimension 6 operators

• Type‐I: Ld=6 = Y †
N

1
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•Type‐III:

• Type‐II:
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                                                Observable CLFV from seesaw models through L‐conserving
     contribution: not impossible at all!

but 2 conditions nevertheless:

•  Seesaw scale must be low: up to mN,∆,Σ ∼ 100− 1000TeV

•  L‐conserving entries must be much larger than L‐violating entries:

for example in type II model:Y∆Y
†
∆ >> Y∆µ∆/m∆ ↔ Y∆ >> µ∆/m∆

approximate lepton number conservation

in type‐I seesaw model: 

L‐violating 
    combination 

L‐conserving 
combination 

in type‐III seesaw model: 

YNijY
†
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>> YNijY
T
Nik

YΣijY
†
Σik

>> YΣijY
T
Σik



if        is large,         not too high:                       YN MN

Type‐I (and type‐III) seesaw: approximate L?

example with n N  and n N  :1 2 LN1 = +1 , LN2 = −1

large CLFV                       

INVERSE SEESAW texture
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if        is large,         not too high:                       
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Type‐I (and type‐III) seesaw: approximate L?

example with n N  and n N  :1 2

soft L breaking: 

LN1 = +1 , LN2 = −1

    “inverse seesaw” as in
Mohapatra, Valle ’86    

        Gonzalez-Garcia, Valle ‘89 
                   Branco, Grimus, Lavoura ’89

            Kersten, Smirnov ’07
            Abada, Biggio, Bonnet, 

  Gavela, T.H. ‘07

large CLFV with small neutrino masses:                      mν = Y T
N

µ

M2
N

YNv2

L is approximately conserved

µ << MN
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Phenomenology of type‐I seesaw CLFV

crucial property for CLFV in type‐I seesaw: flavour mixing only at 
        the level of neutral states
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Phenomenology of type‐I seesaw CLFV

conversion in atomic nucleiµ → e

3 µ to e conversion rates

3.1 Calculation of the rates

In the type-I seesaw framework, violation of charged lepton number arises at the one loop level.
µ to e conversion is induced by a series of gauge boson mediated diagrams given in Fig. 1.
The various contributions to the process can be divided in those in which the momentum is
transferred by the photon, by the Z boson or via two W bosons. The first two proceed via
penguin diagrams, whereas the latter processes corresponds to a box diagram. Alike to the
quark case, the internal fermions in the loop must have non-degenerate masses and non trivial
mixings, in order to avoid a GIM cancellation.

For a rigorous calculation of the rate it is necessary to separate the local contributions from
the "extended" ones. This stems from the fact that extended contributions, unlike local ones,
are sensitive to atomic electric field effects. The W and Z mediated diagrams are obviously all
local. The γ mediated diagrams contribute to both classes of transitions, extended and local.
The µ → eγ matrix element can be written as

iM =
ieg2W

2(4π)2M2
W

εµλ(q)ue(p
′)
[
Fµe
γ (q2γµ − #qqµ)PL − iσµνq

νGµe
γ (mePL +mµPR)

]
uµ(p) , (3.1)

where q denotes the photon momentum, q = p − p′. The second term in this equation -
mediated by the photon-lepton "dipole" Gµe

γ coupling- is the only one contributing for an
on-shell photon and is non local, whereas the "monopole" term Fµe

γ is "local" (i.e. it only
accounts for off-shell photon exchange and it involves 2 powers of the photon momentum in
the numerator which compensate the long range 1/q2 propagator of the photon between the
lepton and nuclei lines [25]). One can therefore divide the effective Lagrangian relevant for

γ

W− W−

ni

µ e

u, d u, d

(a) Photon Penguin Diagram

Z

W− W−

ni

µ e

u, d u, d

(b) Z Penguin Diagram

Z

ni nj

W−

µ e

u, d u, d

(c) Z Penguin Diagram

ni

u u

µ e

dj

W W

(d) Box Diagram

ni

d d

µ e

uj

W W

(e) Box Diagram

Figure 1. The five classes of diagrams contributing to µ to e conversion in the type-I seesaw model.
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new full calculation: 

see analytic result in Alonso, Dhen, Gavela, TH, JHEP 2013 
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∑
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†
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/m2
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Quasi‐degenerate right‐handed neutrino case

: the natural situation to have observable CLFV rates 

situation of approximately conserving L frameworks

mN1 ∼ mN2 ∼ ... ≡ mN

 Ratio of 2 CLFV processes involving a same flavour transition: all the Yukawa coupling 
  dependence cancels out!

depends only on          ! mN

Chu, Dhen, TH 12’
Alonso, Dhen, Gavela, TH 13’
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Γ(µ → eγ)

Γ(µ → eee)
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Quasi‐degenerate right‐handed neutrino case
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Figure 2. Rµ→e
µ→eγ = Rµ→e/Br(µ → eγ) (left panel) and Rµ→e

µ→eee = Rµ→e/Br(µ → eee) (right panel)
as a function of the right-handed neutrino mass scale mN , for µ → e conversion in various nuclei.

signs, as an outcome of their different charge and weak isospin. The precise value where the
µ → e conversion rate vanishes is nuclei-dependent and given by

m2
N

∣∣∣
0
= M2

W exp




9
8V

(n) +
(
9
8 +

37s2W
12

)
V (p) − s2W

16eD

3
8V

(n) +
(
4s2W
3 − 3

8

)
V (p)



 , (4.8)

which shows that small variations on the nuclear form factors may result in sizeable variations
on the value of m2

N

∣∣∣
0
, which is thus sensitive to the nuclear physics uncertainties. The uncer-

tainty in the ratio V (p)/V (n) translates, for instance for 5-10% variations, into O(TeV) shifts
on the value of the right-handed neutrino mass at which the conversion rate vanishes. With
the form factor values given in Table 1, the rate vanishes for mass values typically in the 2-7
TeV range, respectively 6.4, 4.7, 2.5 and 2.4 TeV for Al, Ti, Au and Pb, as Fig. 2 shows 8.

For degenerate right-handed neutrinos and light nuclei, αZ # 1, Eq. (3.8) is a good
approximation which allows to rephrase the vanishing condition as

Fu

Fd
= −(2A− Z)

(A+ Z)
. (4.9)

Due to the logarithmic behaviour of Fu/Fd, a small variation of (2A− Z)/(A+ Z) results
in a sizeable variation of the value of mN for which Rµ→e vanishes. The atomic ratio on
the right-hand side of Eq. (4.9) takes the value −1.05 for Ti , −1.02 for Al, and −1.15 for
Au and Pb. For illustrative purposes, Fig. 3 shows the value of Fu/Fd as a function of mN ,
together with the value of (2A − Z)/(A + Z) for each nucleus. Furthermore, performing in

8Note that a plot of the same ratio is displayed in Ref. [19], with quite different results, in particular
vanishing rates for much lower mN values, see footnote 6 above.
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Figure 3. |Fu/Fd| (that is, −Fu/Fd) as a function of the right-handed neutrino mass scale mN (solid
line). The dashed lines give the values of (2A − Z)/(A + Z) for the various nuclei. Crossing points
give the values of mN where the µ → e conversion rate Rµ→e vanishes.

this approximation an expansion in inverse powers of xN ≡ m2
N/M2

W , as given in Eqs. (4.4)
and (4.5), allows to rewrite the mass value at which Rµ→e vanishes as

m2
N

∣∣∣
0
= M2

W exp




9
8(A− Z) +

(
9
8 +

31s2W
12

)
Z

3
8(A− Z) +

(
4s2W
3 − 3

8

)
Z



 . (4.10)

Fig. 4 depicts two other ratios for µ → e transitions: RT i
µ→e/R

Al
µ→e and Br(µ → eγ)/Br(µ →

eee) (the latter one from Ref. [22]). Sweeping over increasing mN values, the first ratio first
vanishes when RT i

µ→e does, and later goes to infinity when RAl
µ→e vanishes. The second ra-

0 2000 4000 6000 8000 10000
10
!1

1

10

10
2

mN!GeV"

R!!e e e
!!e "

R!! e
Ti !R!! eAl

Figure 4. RTi
µ→e/R

Al
µ→e (black) and Rµ→eγ

µ→eee = Br(µ → eγ)/Br(µ → eee) (red) as a function of mN .
The horizontal dashed line show the large mN asymptotic value of RTi

µ→e/R
Al
µ→e.
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every                conversion rates 
 vanishes for a specific value of 

µ → e
mN

measurement of ratio(s): determination of the seesaw scale 
                                        (or exclusion of the scenario)

Rµ→e
µ→eγ Rµ→e

µ→eee
Rµ→eγ

µ→eee

Alonso, Dhen, Gavela, TH 13’Chu, Dhen, TH 12’



Upper bounds on Yukawa couplings and future sensitivities
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µ→e < 10−18 (Comet/Prism, ...− future)

Br(µ → eγ) < 5.7 · 10−13 (MEG)

Br(µ → eee) < 10−12 (SINDRUM)

Alonso, Dhen, Gavela, TH 13’

RTi
µ→e < 4.3 · 10−12 (SINDRUM − II)



Seesaw scale future sensitivities (Type‐I)

4.3 Maximum seesaw scales that future experiments could probe

Fig. 5 shows the lower bounds resulting for the Yukawa couplings and mixing parameters, if
the various rates are required to be large enough to be observed in planned experiments. It
also shows the upper bounds which hold today on these quantities from the non-observation
of these processes. This figure illustrates well the impact of future µ → e conversion measure-
ments/bounds, as they will become increasingly dominant in exploring flavour physics in the
µ − e charged lepton sector. Values of the Yukawa couplings as low as 10−1, 10−3 and 10−4

could be probed, for mN = 100 TeV, mN = 1 TeV and mN = 100 GeV, respectively, with
Titanium experiments being the most sensitive. If the Yukawa couplings are required to lie in
the perturbative regime, i.e. that each Yukawa coupling is smaller than ∼

√
4π, the bounds

of Fig. 5 can be rephrased as upper bounds on the mN scale:

mN ! 6000TeV ·
(10−18

RT i
µ→e

) 1
4
, (4.11)

mN ! 1000TeV ·
(10−16

RAl
µ→e

) 1
4
, (4.12)

mN ! 300TeV ·
( 10−14

Br(µ → eγ)

) 1
4
, (4.13)

mN ! 1000TeV ·
( 10−16

Br(µ → eee)

) 1
4
. (4.14)

Imposing instead that the Yukawa couplings should be smaller than unity would lead to
bounds smaller by about a factor of 3. Overall, this exercise shows that future experiments
may in principle probe the type-I seesaw model beyond the ∼ 1000 TeV scale.

5 Low Mass Regime (mN ≤ MW )

This section focuses on the low mass region (mN ≤ MW ), to asset the discovery potential to
singlet fermions expected from future µ → e conversion, µ → eγ and µ → 3e experiments.

5.1 Analytical results

In the low mass regime, expanding in powers of the small parameter xN = m2
N/M2

W & 1,
the leading terms of the different form factors relevant for µ → e conversion in an arbitrary
nucleus -see Eq. (3.3)- are given by

F̃µe
u =

k∑

i=1

UeNiU
∗
µNi

F̃u(xNi) , F̃u(x) =

(
2

3
s2W

4 log (x) + 6

4
+

3 + 6 log (x)

8

)
x , (5.1)

F̃µe
d =

k∑

i=1

UeNiU
∗
µNi

F̃d(xNi) , F̃d(x) =

(
−1

3
s2W

4 log (x) + 6

4
+

3

8

)
x , (5.2)

Gµe
γ =

k∑

i=1

UeNiU
∗
µNi

Gγ(xNi) , Gγ(x) =
x

4
, (5.3)
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assuming perturbative couplings:



Phenomenology of type‐III seesaw CLFV

crucial property for CLFV in type‐III seesaw:      flavour mixing directly at 
        the level of charged states
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+
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e
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....     =
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µ
e

µ → eee :

µ → e conversion :

Z0

µ e

e

e

Z0

µ
e

q

q

     tree level

     tree level

Abada, Biggio, Bonnet, Gavela, TH  07’, 08’
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Phenomenology of type‐III seesaw CLFV

µ → eγ :     still at one loop because no  µ
e

γ

but no log:

     ratios of 2 processes with same flavour transition: totally fixed!

following constraints on the εαβ coefficients:3

|εeµ| =
v2

2
|Y †

Σ

1

M †
Σ

1

MΣ
YΣ|µe ! 1.1 · 10−4 (32)

|εµτ | =
v2

2
|Y †

Σ

1

M †
Σ

1

MΣ
YΣ|τµ ! 1.5 · 10−2 (33)

|εeτ | =
v2

2
|Y †

Σ

1

M †
Σ

1

MΣ
YΣ|τe ! 2.4 · 10−2 . (34)

Comparison of l→ l′γ and l→ 3l′ decays

The bounds of Eqs. (32)-(34) from l → l′γ decays turn out to be on the same
parameters ε as the ones obtained from µ→ 3e or τ → 3l decays, derived in Ref. [10].
This can be understood from the fact that, at order 1/M2

Σ, for example for µ → eγ
and µ → 3e, there is only one way to combine two Yukawa couplings and two inverse
MΣ mass matrices to induce a µ-e transition along a same fermionic line: through the
combination εeµ (i.e. the flavour structure of the µ-to-e fermionic line is the same for
both processes, it corresponds to a µ which mixes with a fermion triplet which mixes
with an electron). This can also be understood from the related fact that the number
of independent parameters contained in the coefficients of the dimension five operators
(proportional to the neutrino mass matrix) and dimension six operators (encoded in
the εαβ [10]) of the low energy theory (obtained in the limit of large fermion triplet
mass) equals the number of independent parameters of the original theory. This implies
that any physical transition studied at order 1/M2

Σ, necessarily has to be proportional
to the dimension six operator coefficients, and there is only one which gives a µ to e
transition: εeµ.

As a result we obtain the following fixed ratios for these branching ratios:

Br(µ→ eγ) = 1.3 · 10−3 · Br(µ→ eee) , (35)

Br(τ → µγ) = 1.3 · 10−3 · Br(τ → µµµ) = 2.1 · 10−3 · Br(τ− → e−e+µ−) , (36)

Br(τ → eγ) = 1.3 · 10−3 · Br(τ → eee) = 2.1 · 10−3 · Br(τ− → µ−µ+e−) . (37)

The ratios are much smaller than unity because l→ 3l′ is induced at tree level through
mixing of the charged leptons with the charged components of the fermion triplets
[10], while l→ l′γ is a one-loop process. The results of Eqs. (35)-(37) hold in the limit
where MΣ " MW,Z,H , as they are based on Eq. (31). Not taking this limit, i.e. using
Eq. (63) of the Appendix, for values of MΣ as low as ∼ 100 GeV, these ratios can vary
around these values by up to one order of magnitude. Numerically it turns out that
the bounds in Eqs. (32)-(34) are thus not as good as the ones coming from µ → eee,
τ → eee and τ → µµµ decays, which give |εeµ| < 1.1 · 10−6, |εµτ | < 2.9 · 10−4, |εeτ | <
5.1 · 10−4 respectively (using the experimental bounds: Br(µ → eee) < 1 · 10−12 [1],

3Note that these bounds show that the approximation we made in the above to work only at first
order in Y 2v2/M2

Σ is justified.
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= 3.1 · 10−4 · Rµ→e
Ti

Br(µ → eγ) < 5.7 · 10−13 : YΣ ! 10−2 · (mΣ/1TeV)

Br(µ → eee) < 10−12 : YΣ ! 2 · 10−3 · (mΣ/1TeV)

Abada, Biggio, Bonnet, Gavela, TH  07’

Γ(µ → eγ) =
∑

Σi

|YΣieY
†
Σiµ

|2

m4
Σi

· c2

RTi
µ→e < 4.3 · 10−12 : YΣ ! 3 · 10−4 · (mΣ/1TeV)



Phenomenology of type‐II seesaw CLFV

crucial property for CLFV in type‐III seesaw:                        flavour mixing directly at the level
                of charged states in processes

                        involving two charged lepton lines
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e

e

e

∆−−
Y∆

Y∆

: at tree levelµ → eee

µ → e conversion : at one loop

µ → eγ : at one loop

                     Leontaris, Tamvakis, Vergados 85’; 
                  Bernabeu, Pich, Santamaria 86’; 

    Bilenky, Petcov 87’; ...

Petcov 82’;  Han, Zhang 06’; 
              del Aguila, Aguilar-Saavedra, Pittau 07’; 

            Dinh, Ibarra, Molinaro, Petcov 12’; ...

Raidal, Santamaria 98’;
Ma, Raidal, Sarkar 01’;

                    Dinh, Ibarra, Molinaro, Petcov 12’; ...



Scalar triplet seesaw Bounds on cd=6

Bounds on type‐II seesaw couplings from CLFV

< 1.0× 10−3

           Abada, Biggio, Bonnet, 
   Gavela, T.H. ‘07

         Partly from: Barger et
                   al ’82; Pal ’83; Bernabeu 

             et al ’84, ‘86; Bilenky, 
            Petcov’87; Gunion et 

               al ’89, ‘06; Swartz ‘89; 
Mohapatra ’92               

RTi
µ→e

: |
∑

l=e,µ,τ

Y∆†
lµ
Y∆el | < 1.0× 10−2 ...; Dinh, Ibarra, Molinaro, Petcov 12’; ...



Summary

•  

•  

Summary

CLFV in seesaw models: not necessarily suppressed as neutrino masses

dim-6 operators for CLFV do conserve L unlike the neutrino mass dim-5 one

observable CLFV rates if seesaw scale low and lepton number is approximately conserved

“natural” in type-II, possible in type-I and III

Each seesaw model leads to a characteristic CLFV phenomenology

         - type-I: ratios of 2 same flavour transition processes depend only on seesaw scale

- type-III: ratios of 2 same flavour transition processes is totally fixed

- type-II:              processes are the most sensitivel → lll

Br(µ → eγ)

Br(µ → eee)
= 1.3 · 10−3



Backup



MFV in type-I model? The simplest realization

There exists a particularly minimal and predictive MFV type-I seesaw model!

INVERSE SEESAW texture
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A model with 2 right-handed neutrinos:   LN1 = +1 , LN2 = −1
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0

hard L breaking

cd=6 = Y †
N

1
M2

N

YN

Y ′
N

v√
2

separation of scales:

cd=5 = −mν

v2

= (Y
′T
N

1
MN

YN + Y T
N

1
MN

Y ′
N )

ΛF ∼MN ΛLN ∼MN/Y ′

Y ′
N

v√
2

B. Gavela, D. Hernandez and P. Hernandez, JHEP 09’



Definition of Minimal Flavour Violation in lepton sector

2) Large flavour violation with small L violation: a hierarchy between L-viol.•
     scale         and flavour-viol.ΛLN

ΛF

•1) The flavour structure of the dim-6 coefficients fixed by the dim-5 one

scale      : ΛLN >> ΛF

a practical definition of MFV for leptons

see also Cirigliano, Grinstein, Isidori, Wise 05’



The simplest MFV type-I model

counting of parameters: 

rephasing             and the 3 N1, N2 Li

MN → 1 real + 1 phase → 1 real ← 1 normalizat.
YN → 3 real + 3 phases → 3 real ← 1 normalizat. + 2 flavour param.
Y ′

N → 3 real + 3 phases → 3 real + 2 phases ← 1 normalizat. + 2 flavour param. + 2 phases

to be compared with the          matrix from 2 N’s:mνij

the full flavour structure of the model can be reconstructed from        ! mνij

the full flavour structure of dim-6 effects can be reconstructed!

mνi → 2 real ν masses ← 1 normalizat. + 1 flavour param.
θij → 3 real mixing angles ← 3 flavour param.

δ ,α1 → 1 CKM + 1 Majorana phase ← 2 phases



Predictions

in terms of the 3 unknown parameters of mνij : θ13, δ, α
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Figure 1: Normal hierarchy. Left: Ratio Beµ/Beτ for different values of the CP
phase δ = 0 (solid) and δ = π/2 (dashed), with the two pairs of curves corresponding
to α = 0 and α = π/4 as denoted. Right: the same for the ratio Beµ/Bµτ .

For the explicit parametrization of the PMNS matrix U , we will use that in eq. (36).
Again, up to terms of O(

√
r, s13) we find

Y T
N "

y√
2




c12eiα + s12e−iα

c12

(
c23e−iα − s23s13ei(α−δ)

)
− s12

(
c23eiα + s23s13e−i(α+δ)

)

−c12

(
s23e−iα + c23s13ei(α−δ)

)
+ s12

(
s23eiα − c23s13e−i(α+δ)

)



 . (44)

From the central values of the atmospheric and solar parameters [21], for the
inverted hierarchy under study it follows that

∣∣∣
εyy′v2

Λ

∣∣∣ ∼ 0.049 eV →
∣∣∣
εyy′

Λ

∣∣∣ ∼ 8.1 × 10−13 TeV−1. (45)

Having reconstructed the full Yukawa vectors, it is now possible to make predic-
tions for other lepton flavour violating processes. It is interesting to estimate the
rate for li → ljγ processes and establish how do they depend on the unique free
real parameter, θ13, and on the neutrino mass hierarchy. We will analyze the ratios

Bji ≡
Γ(li → ljγ)

Γ(li → ljνiν̄j)
∼ |u∗

i uj|2 =
1

y2
|YNi

YNj
|2 . (46)

In Figs. 1 and 2 we show the results for the ratios Beµ/Beτ and Beµ/Bµτ as a
function of θ13, for the normal and inverted hierarchies. The most striking feature
is the strong dependence on the Majorana phase α of one of these ratios for both
hierarchies: Beµ/Beτ in the case of normal hierarchy, and Beµ/Bµτ for inverted
hierarchy. In fact, within the ranges of δ and θ13 studied, the following prediction

13
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Figure 2: Inverted hierarchy. Left: Ratio Beµ/Beτ for different values of the CP
phase δ = 0 (solid) and δ = π/2 (dashed), with the two pairs of curves corresponding
to α = 0 and α = π/4 as denoted. Right: the same for the ratio Beµ/Bµτ .

holds for the normal hierarchy:

Beµ !
9

2
Beτ α = 0,

Beµ !
5

2
Beτ α = π/4,

Beµ ! Beτ α = π/2 . (47)

while Bµτ > Beµ. In contrast, a mild dependence on the δ phase holds for any θ13

value within the allowed range.
A different situation is found for the inverse hierarchy where, i.e. for vanishing

θ13 = 0,

Beµ " Bµτ α = 0 ,

Beµ ! 2Bµτ α = π/4,

Beµ # Bµτ α = π/2 , (48)

while Beµ = Beτ holds. A significant dependence on δ may also develop for θ13 $= 0
for the two ratios considered depending on the value of the Majorana phase α

The α-dependence of the ratios considered has been plotted in Fig. 3 for both
hierarchies, for δ = 0, s13 = 0.2.

Note that the absolute normalization of the branching ratios is unconstrained,
since neutrino masses only fix the combination yy′v2/Λ, while the branching ratios
depend on y2v2/Λ2. Λ not far from the TeV scale is thus a viable possibility, and
these branching ratios could therefore be measurable, provided y′ is small enough
to account for the tiny neutrino masses.
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Figure 3: Left: Ratio Beµ/Beτ for the normal hierarchy (solid) and the inverse
hierarchy (dashed) as a function of α for (δ, s13) = (0, 0.2). Right: the same for the
ratio Beµ/Bµτ .
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Figure 4: Left: |mee|(eV ) for the normal hierarchy as a function of sin θ13 and for
(δ, α) = (0, 0) (solid), (0, π/4) (dotted) and (π/2, 0) (dashed). Right: the same for
the inverse hierarchy.
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tio, Br(µ → eγ)/Br(µ → eee), is monotonous in mN , hence it does not display any mN

degeneracy.
The ensemble of the results above imply that, from the experimental determination of

two µ− e transition processes, and up to discrete degeneracies, it is possible to determine the
scale mN of the generic framework considered. That pair of processes could be any two among
the four processes which will be probed with improved sensitivity in near future: µ → eγ,
µ → eee, RAl

µ→e and RT i
µ→e.

To lift possible degeneracies a third measurement may need to be considered. As an
example, assume that from the MEG and COMET experiments, Rµ−e(Al)

µ→eγ is measured to be
∼ 0.1: the values mN ≈ 2.5 TeV or mN ≈ 16.5 TeV would then be singled out, see Fig. 2. To
lift this degeneracy the observation of a third µ → e transition process would be necessary:
for instance RT i

µ→e at PRISM or µ → eee at µ3e−PSI [55]. Alternatively, the measurement of
two rates might be incompatible with the upper bound or measurement of a third one, which
would rule out the scenario 9. Similarly the measurement of a single rate, together with the
upper bound or measurement of another one, could exclude this scenario for ranges of mN

values (eventually excluding the whole mass range).
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Figure 5. Bounds on |
∑k

i YNiµYN∗
ie
| and |

∑k
i UeNiU

∗
µNi

| for scenarios characterized by one right-
handed neutrino mass scale. The solid lines are obtained from present experimental upper bounds:
from Eq. (1.3) and Br(µ → eγ) < 2.4 · 10−12 [56], Br(µ → eee) < 10−12 [57]. The dashed lines
are obtained from the expected experimental sensitivities: from Eqs. (1.1)-(1.2) and Br(µ → eγ) <
10−14 [58], Br(µ → eee) < 10−16 [55].

9Note also that, analogously, the measurement of τ → lγ decay and of τ → ll′l′ decay would also allow to
determine the mN scale [22]. That determination could be compared with the µ → e results above, to rule
out or further confirm this scenario.
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Figure 7. Bounds on |ΣiUeNiU
∗
µNi

| from LHC Higgs decay data and comparison with flavour violation
searches. The contraints from LHC data are illustrated for a sensitivity of Br(h → νN) < 0.4, and
a future one improved to the % level [80]. For these values, isolated green curves are the absolute
bounds for a generic seesaw model. Bands in orange and red show instead the variation with the
unknown values of the Dirac and Majorana CP phases, for the approximately L conserving scenario
in Ref. [44], for normal (lelft panel) and inverted (right panel) hierarchy. The present (black) and
future (dashed black) MEG sensitivities and the expected one for conversion in Titanium (blue), in
Aluminium (green) and µ → eee (red) are shown for comparison.

Finally, Fig. 8 depicts the ratio of µ → e conversion rate to Br(µ → eγ) and to Br(µ →
eee), in the low mass region of the type-I seesaw scenario considered. These ratios are now
always larger than one, and they do not vanish for any value of the singlet fermion mass, in
contrast with the behaviour in the large mass regime discussed in Sect. 4. With diminishing
mass, the ratio Rµ→e

µ→eee becomes constant, while the ratio Rµ→e
µ→eγ grows logarithmically, see

Eqs. (5.1)-(5.5). The dotted section of the curves indicates the mass region which is out of
observability reach for the planned experiments under discussion.

Note that in Fig. 8 the ratios to µ → eγ and µ → eee for Titanium and Lead fall on
top of each other. Numerically the agreement holds at the % level. This is in fact due to the
conversion ratio Rµe in both nuclei being approximately equal, at the percent level (modulo
possible nuclear physics uncertainties). The ratios entering this quantity vary from atom to
atom solely through the variables V (p)/

√
Γcapt , V (n)/

√
Γcapt , D/

√
Γcapt, see Eq. (3.3), which

differ by about 10% for Lead versus Titanium, and similarly for Gold for instance, see Table 1.
But the combination in which these variables enter in Lead and Titanium, via the form factors
F̃µe
u,d , G

µe
γ in Eq. 3.3, happens to be very close numerically. The coincidence at the % level of

the µ → e conversion ratios Rµe in Titanium and Lead in all the mass range under 50 GeV is
a prediction of the quasi-degenerate right-handed neutrino scenario for very low seesaw scales.

It is worth to remark that the sensitivities and exclusion plots obtained apply not only
to the (quasi-degenerate) type-I seesaw scenario object of this work, but to any BSM renor-
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