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We study a type I seesaw scenario where the right-handed (RH) neutrinos, responsible for the light

neutrino mass generation, lie at the electroweak scale. Under certain conditions, the strength of the

charged current (CC) and neutral current (NC) weak interactions of the standard model particles with the

heavy RH neutrinos can be large enough to allow the production of the latter at the LHC, opening also the

possibility of observing other low energy signatures of the new physics in the electroweak precision

observables as well as in searches for rare leptonic decays or neutrinoless double beta decay. In this

scenario the flavor structure of the indicated CC and NC couplings of the heavy RH neutrinos is

essentially determined by the low energy neutrino parameters, leading to fairly strong correlations among

the new phenomena. In particular, we show that the present bound on the � ! eþ � decay rate makes

very difficult the observation of the heavy RH neutrinos at the LHC or the observation of deviations from

the standard model predictions in the electroweak precision data. We also show that all present

experimental constraints on this scenario still allow (i) for an enhancement of the rate of neutrinoless

double beta decay, which thus can be in the range of sensitivity of the GERDA experiment even when the

light Majorana neutrinos possess a normal hierarchical mass spectrum, and (ii) for the predicted

� ! eþ � decay rate to be within the sensitivity range of the MEG experiment.

DOI: 10.1103/PhysRevD.84.013005 PACS numbers: 14.60.Pq

I. INTRODUCTION

One of the best motivated extensions of the standard
model consists of introducing extra fermions that are sin-
glets under the standard model gauge group, which we will
call for definiteness right-handed (RH) neutrinos. With this
particle content, the Lagrangian contains a Yukawa cou-
pling of the RH neutrinos with the left-handed leptonic
doublets and the Higgs doublet, which leads to a Dirac
neutrino mass when the electroweak symmetry is sponta-
neously broken. Besides, it contains a Majorana mass term
for the RH neutrinos, which is a priori unrelated to the
electroweak symmetry breaking scale. The most popular
scenario in this model consists of assuming that the RH
neutrino Majorana mass scale is much larger than the
electroweak symmetry breaking scale, thus naturally lead-
ing to tiny Majorana neutrino masses through the re-
nowned seesaw mechanism [1]. Furthermore, any other
low energy effect of the RH neutrinos decouples at least
with their mass squared, resulting in a tiny rate for the rare
leptonic decays [2], a tiny leptonic electric dipole moment
[3], and a tiny deviation of the electroweak observables
from the standard model predictions [4–6], in excellent
agreement with presently existing experimental data.

It should be borne in mind, however, that the mass of the
RH neutrinos is a free parameter which can take any value
between zero and the Planck scale. An interesting possi-
bility arises when the RH neutrinos have masses in the
range Oð100–1000Þ GeV. If this is the case, the new

particles could be produced and detected at the Large
Hadron Collider (LHC), if their couplings to the standard
model particles are sizable [7,8]. This situation, at first
sight bizarre in view of the tininess of the neutrino masses,
can be realized in some well-motivated scenarios, namely,
when lepton number is approximately conserved (see, e.g.,
[9–11]). More importantly, the contributions from the new
particles to the low energy phenomena are no longer sup-
pressed, opening the possibility of finding additional low
energy signatures of the new physics with experiments at
the intensity frontier. Furthermore, the existence of RH
neutrinos with masses in the range of ð100–1000Þ GeV
with lepton number violating interactions can dramatically
enhance the rate of neutrinoless double beta decay [12,13],
inducing rates that could possibly be observable at GERDA
[14], even when the light neutrinos present a normal hier-
archical mass spectrum.
In this paper we analyze the constraints from various

experiments on the scenario where the RH neutrinos are
accessible to collider searches, as well as the interrelation
between the different constraints. More specifically, we
will derive the constraints that follow from the present
bounds on the rate of the process � ! eþ �, with a
special emphasis on the relation to the neutrino mixing
and oscillation parameters. We will also discuss the pros-
pects to observe neutrinoless double beta decay in the next
round of experiments, in view of all present experimental
constraints. In Sec. II we discuss the formalism and define
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the parameter space of the theory. In Secs. III and IV we
discuss the constraints on the parameter space which arise
from radiative charged lepton decays and the implications
for collider searches and electroweak precision observ-
ables. In the subsequent section we perform a detailed
analysis of the possible enhancement of the neutrinoless
double beta decay rate due to the exchange of the heavy
(RH) Majorana neutrinos. In Sec. VI we combine the
constraints on the parameter space that we obtained in
Secs. III, IV, and V. Finally, we report our conclusions.

II. PRELIMINARY REMARKS

We denote the light and heavy Majorana neutrinos with
definite masses as �i and Nk, respectively.

1 The charged
and neutral current weak interactions involving the light
Majorana neutrinos have the form

L �
CC ¼ � gffiffiffi

2
p �‘���‘LW

� þ H:c:

¼ � gffiffiffi
2

p �‘��ðð1þ �ÞUÞ‘i�iLW
� þ H:c:; (2.1)

L�
NC ¼ � g

2cw
��‘L���‘LZ

�

¼ � g

2cw
��iL��ðUyð1þ �þ �yÞUÞij�jLZ

�; (2.2)

where ð1þ �ÞU ¼ UPMNS is the Pontecorvo, Maki,
Nakagawa, Sakata (PMNS) neutrino mixing matrix
[16–18], U is a 3� 3 unitary matrix which diagonalizes
the Majorana mass matrix of the left-handed (LH) flavor
neutrinos �‘L (generated by the seesaw mechanism), and
the matrix � characterizes the deviations from unitarity of
the PMNS matrix. The elements of UPMNS are determined
in experiments studying the oscillations of the flavor
neutrinos and antineutrinos, �‘ and ��‘, ‘ ¼ e, �, �, at
relatively low energies. In these experiments the initial
states of the flavor neutrinos, produced in some weak
process, are coherent superpositions of the states of the
light massive Majorana neutrino �i only. The states of the
heavy Majorana neutrino Nj are not present in the super-

positions representing the initial flavor neutrino states and
this leads to deviations from unitarity of the PMNS matrix.

The charged current (CC) and the neutral current (NC)
weak interaction couplings of the heavy Majorana neutri-
nos Nj to the W� and Z0 bosons read

L N
CC ¼ � g

2
ffiffiffi
2

p �‘��ðRVÞ‘kð1� �5ÞNkW
� þ H:c:; (2.3)

L N
NC ¼ � g

4cw
��‘L��ðRVÞ‘kð1� �5ÞNkZ

� þ H:c: (2.4)

Here V is the unitary matrix which diagonalizes the
Majorana mass matrix of the heavy RH neutrinos and the

matrix R is determined by (see [15]) R� ffi MDM
�1
N , MD

and MN being the neutrino Dirac and the RH neutrino
Majorana mass matrices, respectively, jMDj � jMNj.
The matrix � which parametrizes the deviations from
unitarity of the neutrino mixing matrix, can be expressed
in terms of the matrix R,

� � � 1

2
RRy ¼ � 1

2
ðRVÞðRVÞy ¼ �y: (2.5)

It is possible to constrain the elements of the Hermitian
matrix � by using the existing neutrino oscillation data and
data on electroweak (EW) processes [5,6] (e.g., on W�
decays, invisible Z decays, universality tests of EW inter-
actions). For Mk * 100 GeV these constraints read [5,6]

j�j<
2:0� 10�3 0:6� 10�4 1:6� 10�3

0:6� 10�4 0:8� 10�3 1:0� 10�3

1:6� 10�3 1:0� 10�3 2:6� 10�3

0
B@

1
CA: (2.6)

The elements of the matrix RVand the massesMk of the
heavy Majorana neutrinos Nk should satisfy the approxi-
mate constraint on the elements of the Majorana mass
matrix of the LH flavor neutrinos [19], jðm�Þ‘0‘j & 1 eV,
‘, ‘0 ¼ e,�, �. In the case of the type I seesaw mechanism
under discussion this impliesX
k

jðRVÞ�‘0kMkðRVÞyk‘j & 1 eV; ‘0; ‘ ¼ e;�; �: (2.7)

This relation can be satisfied in several situations. The most
trivial way to satisfy it is by imposing that jðRVÞ‘kj � 1
for all ‘ and k, which renders the observation of all RH
neutrinos impossible at the LHC or in any low energy
phenomena. However, this relation can also be fulfilled if
one element of the matrix RV is sizable. This requires the
existence of at least another large matrix element, in order
to cancel the large contribution of the former one in
Eq. (2.7). Whereas the possibility of cancellations between
three different terms cannot be precluded, in the simplest
case only two terms will cancel. Then, the large contribu-
tion to Eq. (2.7) from one of the RH neutrinos, say N1 with
mass M1, is canceled by a negative contribution from
another RH neutrino, say N2 with mass M2, provided

ðRVÞ‘2 ¼ �iðRVÞ‘1
ffiffiffiffiffiffiffi
M1

M2

s
; (2.8)

which is naturally fulfilled if the RH neutrinos N1 and N2

form a pseudo-Dirac pair [20,21], e.g., if there exists an
approximately conserved lepton charge (see, e.g., [15]). In
this scenario, in order not to spoil the cancellation between
these two terms, the contribution from the third neutrino to
Eq. (2.7) should be negligible. Therefore in what follows
wewill work for simplicity in the 3� 2 seesaw scenario, in
which the indicated CC and NC weak interaction couplings
of N3 are set to zero and N3 is decoupled. In this case the
standard model is effectively extended by the addition
of two RH neutrino fields only. In this class of models1We use the same notations as in [15].
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(see, e.g., [22–24]) one of the three light (Majorana) neu-
trinos is massless and hence the neutrino mass spectrum is
hierarchical. Two possible types of hierarchical spectrum
are allowed by the current neutrino data (see, e.g., [25]):

(i) normal hierarchical (NH), m1 ¼ 0, m2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
, and

m3 ¼
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
, where �m2� � m2

2 �m2
1 > 0 and �m2

A �
m2

3 �m2
1; and (ii) inverted hierarchical (IH), m3 ¼ 0,

m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj
q

, and m1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj � �m2�
q

ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj
q

,

where �m2� � m2
2 �m2

1 > 0 and �m2
A ¼ m2

3 �m2
2 < 0.

In both cases we have: �m2�=j�m2
Aj ffi 0:03 � 1.

The two heavy neutrino fields satisfy the Majorana
condition: C �NT

k ¼ Nk, k ¼ 1; 2. If the Majorana mass

matrix MN of the RH neutrinos is not CP invariant, one
can always make the eigenvalues of MN real and positive,
M1;2 > 0. For MN respecting the CP symmetry, the two

real eigenvalues ofMN can have the same or opposite signs
(see, e.g., [26]). Taking, e.g., M2 > 0, without loss of
generality, M1 can be positive or negative: M1 > 0 and
M1 < 0. One can show, however, that we get the same
results for the observables of interest to this study in the
two cases. Therefore in what follows we shall work with
M1;2 > 0.

We assume that the heavy RH neutrinosN1;2 havemasses

in the rangeM1;2 ¼ Oð100–1000Þ GeV, which makes pos-

sible, in principle, their production, e.g., at LHC. In order to
be produced with observable rates at LHC, the CC and NC
couplings of N1 and N2 in Eqs. (2.3) and (2.4) have to be
sufficiently large. Under this condition the existing experi-
mental upper bounds on the neutrinoless double beta
(ð��Þ0�) decay rate put stringent constraints on the mass
spectrum of the RH neutrinos. It can be shown [15], in
particular, that in the type I seesaw scenario of interest the
two heavy (RH) Majorana neutrinos N1;2 must be almost

degenerate in mass: M2 ffi M1. If we assume that M2 >
M1 > 0 andM2 � ð1þ zÞM1, z > 0, in order to satisfy the
experimental limit on the ð��Þ0�-decay rate, one should
have z & 10�3 (10�2) forM1 	 102ð103Þ GeV [15].

The charged current and the neutral current weak inter-
action couplings of the heavy Majorana neutrinos Nj,

ðRVÞ‘k, are furthermore constrained by the requirement
of reproducing the correct low energy neutrino oscillation
parameters after the decoupling of the heavy degrees of
freedom. Remarkably, under the condition that jðRVÞ‘kj
are sufficiently large to produce observable effects of the
RH neutrinos at low energies, these couplings take a very
simple form [15].

Indeed, the Dirac mass matrix MD in the case under
study can be written as [27]

MD ¼ iU�
PMNS

ffiffiffiffi
m̂

p
O

ffiffiffiffiffi
M̂

p
Vy; (2.9)

where m̂ � diagðm1; m2; m3Þ and O is a complex orthogo-
nal matrix. In the scheme with two heavy RH Majorana
neutrinos the matrix O has the form [23]

O�
0 0

cos	̂ �sin	̂

�sin	̂ �cos	̂

0
BB@

1
CCA; forNHmass spectrum, (2.10)

O�
cos	̂ �sin	̂

�sin	̂ �cos	̂

0 0

0
BB@

1
CCA; forIHmass spectrum, (2.11)

where 	̂ ¼ !� i
. The RH neutrino mixing matrix enter-
ing into the CC and NC weak interaction Lagrangians (2.3)
and (2.4) can be expressed as [15]

RV ¼ �iUPMNS

ffiffiffiffi
m̂

p
O�

ffiffiffiffiffiffiffiffiffiffi
M̂�1

p
: (2.12)

The O-matrix in the case of, e.g., NH spectrum can be
decomposed as follows:

O¼ei	̂

2

0 0

1 
i

i �1

0
BB@

1
CCAþe�i	̂

2

0 0

1 �i

�i �1

0
BB@

1
CCA¼OþþO�: (2.13)

One can get a similar expression for the IH spectrum. The
Dirac neutrinomassmatrix can be decomposed accordingly
as MD ¼ MDþ þMD�, in a self-explanatory notation.
Taking for definiteness 
 > 0, it follows that MDþ (MD�)
grows (decreases) exponentially with 
.2 Therefore, for
sufficiently large 
 it is possible to compensate the huge
suppression in Eq. (2.9) from the tiny observed neutrino
masses and the relatively light RH neutrino masses.3

We are interested in heavy Majorana neutrino couplings
to charged leptons and gauge bosons, which are large
enough to produce observable low energy signatures. In
the limit of ‘‘large’’ 
, the matrix O in Eq. (2.13) can be
very well approximated by

O 	 ei!e


2

0 0
1 
i
i �1

0
@

1
A: (2.14)

2Obviously, if 
 < 0, MD� (MDþ) will grow (decrease) ex-
ponentially with 
. It is possible to show that for sufficiently
large values of j
j of interest, the results for the different
observables considered in our study do not depend on the choice
of the sign of 
.

3Note, however, that MD� cannot be neglected in the calcu-
lation of the Majorana mass matrix of the LH flavor neutrinos
even though it is exponentially suppressed compared to MDþ:
the naive approximation MD ’ MDþ leads to m� ¼ 0, due to
OþOTþ ¼ 0 (see [15] for details). Therefore, reproducing the
correct light neutrino masses and mixing requires a large amount
of fine-tuning, unless the RH neutrinos form a pseudo-Dirac pair.
Demanding ðMDÞij �Oð1 GeVÞ and random RH neutrino
masses of Oð100 GeVÞ, for instance, requires a tuning of one
part in 109 in order to produce a neutrino mass mi �
Oð10�2 eVÞ.
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For NH spectrum and large 
, the matrix RV takes the form

RV 	 � e�i!e


2

ffiffiffiffiffiffiffiffiffiffi
m3

jM1j
s ðUe3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
Ue2Þ �iðUe3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
Ue2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
ðU�3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U�2Þ �iðU�3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U�2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
ðU�3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U�2Þ �iðU�3 þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U�2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p

0
BB@

1
CCA: (2.15)

In a different context similar expressions for the corre-
sponding neutrino Yukawa couplings were derived in
[28] in a scheme in which a successful leptogenesis can
take place at T � 107 GeV, and in [11] where a TeV scale
seesaw model with approximately conserved lepton charge
was proposed. In the case of IH light neutrino mass spec-
trum, the matrix RV is obtained by replacing m2;3 ! m1;2

and U�2;�3 ! U�1;�2 (� ¼ e, �, �) in Eq. (2.15). For both
types of neutrino mass spectrum, the elements of the two
columns of RV in the limit of large 
 are related by the
condition

ðRVÞ�2 ¼ �iðRVÞ�1=
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
for � ¼ e;�; �; (2.16)

thus recovering Eq. (2.8).
If MN is CP conserving and M1 < 0, M2 > 0, the

expressions for ðRVÞ�1 in Eq. (2.15) have an additional

factor �i and instead of Eq. (2.16) we have: ðRVÞ�2 ¼

ðRVÞ�1=

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

p
. This relation and the relation given in

Eq. (2.16) lead to the same expressions for the observables
discussed further in the present study.

The overall size of the couplings Eq. (2.15) depends
crucially on the value of the parameter 
, which has no
direct physical interpretation. It proves convenient to ex-
press 
 in terms of the largest eigenvalue y of the matrix of
neutrino Yukawa couplings using the relation

y2v2 � maxfeigðMDM
y
DÞg ¼ maxfeigð ffiffiffiffi

m̂
p

OM̂Oy ffiffiffiffi
m

p Þg
¼ 1

4
e2
M1ðm2 þm3Þð2þ zÞ; (2.17)

with v ¼ 174 GeV. In terms of y and for z � 1, the heavy
Majorana neutrino couplings become

jðRVÞ�1j2¼1

2

y2v2

M2
1

m3

m2þm3

jU�3þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

q
U�2j2; NH;

(2.18)

jðRVÞ�1j2 ¼ 1

2

y2v2

M2
1

m2

m1 þm2

jU�2 þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m1=m2

q
U�1j2

ffi 1

4

y2v2

M2
1

jU�2 þ iU�1j2; IH; (2.19)

where we have used the fact that for the IH spectrum one
has m1 ffi m2.

From Eqs. (2.18) or (2.19), using the unitarity of the
matrix U, one can express the neutrino Yukawa eigenvalue

y in (2.17) in terms of heavy neutrino to charged leptons
coupling constants,

y2v2 ¼ 2M2
1ðjðRVÞe1j2 þ jðRVÞ�1j2 þ jðRVÞ�1j2Þ: (2.20)

An upper limit on the neutrino Yukawa coupling y can be
derived by assuming the validity of perturbative unitarity.
Indeed, the requirement of perturbative unitarity can be
easily fulfilled if the seesaw parameter space satisfies the
condition

�Ni

Mi

<
1

2
; (2.21)

where �Ni
is the total decay rate of the heavy Majorana

neutrino Ni, which in the limit MNi
� v is given by the

following expression:

�Ni
¼ g2

16�M2
W

M3
i

X
‘

jðRVÞ‘ij2: (2.22)

Therefore, taking into account Eqs. (2.20) and (2.22) and
the condition (2.21), we get the following upper limit on
the parameter y from perturbative unitarity:

y < 4: (2.23)

III. THE � ! eþ � DECAY

The � ! eþ � decay branching ratio in the scenario
under discussion is given by [29,30]

Bð�!eþ�Þ¼ �ð�!eþ�Þ
�ð�!eþ��þ ��eÞ¼

3�em

32�
jTj2; (3.1)

where �em is the fine structure constant and

T ¼ X3
j¼1

½ð1þ �ÞU��j½ð1þ �ÞUejG
�m2

j

M2
W

�

þ X2
k¼1

ðRVÞ��kðRVÞekG
�
M2

k

M2
W

�
: (3.2)

The loop integration function GðxÞ has the form

GðxÞ ¼ 10� 43xþ 78x2 � 49x3 þ 4x4 þ 18x3 logðxÞ
3ðx� 1Þ4 :

(3.3)

It is easy to verify that GðxÞ is a monotonic function which
takes values in the interval ½4=3; 10=3, withGðxÞ ffi 10

3 � x
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for x � 1. From the definition of the matrix �, Eq. (2.5),
one can write the amplitude T as follows:

Tffi½ðRVÞ��1ðRVÞe1þðRVÞ��2ðRVÞe2½GðXÞ�Gð0Þ; (3.4)

where X � ðM1=MWÞ2 and we have assumed that the
difference between M1 and M2 is negligibly small and
used M1 ffi M2. Using Eqs. (3.4) and (2.16) we get

jTj ffi 2þ z

1þ z
jðRVÞ��1ðRVÞe1jjGðXÞ �Gð0Þj: (3.5)

Finally, using the expressions of jðRVÞ�1j2 and jðRVÞe1j2 in
terms of neutrino parameters, Eqs. (2.18) and (2.19), we
obtain the � ! eþ � decay branching ratio for the NH
and IH spectra

NH: Bð� ! eþ �Þ

ffi 3�em

32�

�
y2v2

M2
1

m3

m2 þm3

�
2
��������U�3 þ i

ffiffiffiffiffiffi
m2

m3

s
U�2

��������
2

�
��������Ue3 þ i

ffiffiffiffiffiffi
m2

m3

s
Ue2

��������
2½GðXÞ �Gð0Þ2; (3.6)

IH: Bð� ! eþ �Þ

ffi 3�em

32�

�
y2v2

M2
1

1

2

�
2jU�2 þ iU�1j2jUe2 þ iUe1j2

� ½GðXÞ �Gð0Þ2: (3.7)

Employing the standard parametrization of the neutrino
mixing matrix [25] it is not difficult to obtain expressions

for the factors jU‘3 þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U‘2j2 and jU‘2 þ iU‘1j2,

‘ ¼ e, �, in terms of the neutrino mixing parameters
and the solar and atmospheric neutrino mass squared
differences,

��������Ue3 þ i

ffiffiffiffiffiffi
m2

m3

s
Ue2

��������
2

¼ s213 þ
�
�m2�
�m2

A

�
1=2

c213s
2
12

� 2

�
�m2�
�m2

A

�
1=4

c13s13s12 sin

�
�þ �21 � �31

2

�
; (3.8)

��������U�3 þ i

ffiffiffiffiffiffi
m2

m3

s
U�2

��������
2 ¼ c213s

2
23 þ

�
�m2�
�m2

A

�
1=2ðc212c223 þ s212s

2
23s

2
13 � 2c12c23s12s23s13 cos�Þ

þ 2

�
�m2�
�m2

A

�
1=4

c13s23

�
c12c23 sin

�
�31 � �21

2

�
� s12s23s13 sin

�
�31 � �21

2
� �

��
; (3.9)

jUe2 þ iUe1j2 ¼ c213

�
1þ 2c12s12 sin

�
�21

2

��
; (3.10)

jU�2þ iU�1j2

¼ c223þ s213s
2
23� 2c12s12ðc223� s213s

2
23Þ sin

�21

2

þ 2c23s13s23

�
s212 sin

�
�21

2
þ�

�
� c212 sin

�
�21

2
��

��
;

(3.11)

where cij � cos	ij, sij � sin	ij, 	12, 	23, and 	13 are,
respectively, the solar neutrino, atmospheric neutrino,
and the CHOOZ angles, � is the Dirac CP violating phase,
and �21 and �31 are the two Majorana CP violating phases
[31].

We show in Fig. 1 the branching ratio of � ! eþ �
as a function of the RH neutrino mass M1, for three
different values of the neutrino Yukawa coupling eigen-
value: y ¼ 0:001ð0:01Þ½0:1, blue � (green þ) [red �].
The figure was obtained by performing a scan of the values
of the neutrino mixing angles 	12, 	23, and 	13 and the
solar and atmospheric neutrino mass squared differences
�m2� and �m2

A within the corresponding 3 bounds

(see Table I).4 The Majorana phases �21 and (�31 � �21)
are varied in the interval5 ½0; 4� [33] and the Dirac phase
� is varied in the interval ½0; 2�. Shown are also the
current experimental upper limit on the � ! eþ � decay
branching ratio [34], Bð� ! eþ �Þ< 1:2� 10�11, as
well as the prospective limit of the MEG experiment [35],
Bð� ! eþ �Þ< 10�13.
It is apparent from Fig. 1 that the data on the process

� ! eþ � set very stringent constraints on the TeV scale
seesaw mechanism. A neutrino Yukawa coupling y ¼ 0:1
generates a rate for the � ! eþ � decay, which is ruled
out by theMEGA experiment, unless the RH neutrino mass
is M1 * 300 GeV. Furthermore, if the MEG experiment
reaches the sensitivity of 10�13 without finding a signal, for
the same Yukawa coupling y ¼ 0:1 the RH neutrino mass

4In all scatter plots included in our paper the neutrino observ-
ables are scanned assuming a Gaussian distribution with the
corresponding mean value and standard deviation reported in
Table I. All the other (unmeasurable) seesaw parameters are
selected with a flat distribution.

5We note that the phases �21 and �31 enter into the expression
for the neutrino mixing matrix in the form expði�21=2Þ and
expði�31=2Þ, respectively.
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should be larger than 1 TeV. More generally, for M1 ¼
100 GeV (M1 ¼ 1 TeV) and z � 1 we get the following
upper limit on the product jðRVÞ��1ðRVÞe1j of the heavy

Majorana neutrino couplings to the muon (electron) and
the W� boson and to the Z0 boson from the current upper
limit [34] on Bð� ! eþ �Þ:

jðRVÞ��1ðRVÞe1j< 1:8� 10�4ð0:6� 10�4Þ; (3.12)

where we have used Eqs. (3.1) and (3.5). This can be recast
as an upper bound on the neutrino Yukawa coupling y.
Taking, e.g. the best fit values of the solar and atmospheric
oscillation parameters, we get

y & 0:036ð0:21Þ for NH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0;

(3.13)

y & 0:031ð0:18Þ for IH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0;

(3.14)

y & 0:094ð0:54Þ for NH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0:2;

(3.15)

y & 0:16ð0:90Þ for IH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0:2:

(3.16)

The upper limit on the neutrino Yukawa coupling derived
for 	13 ¼ 0 is reached for �21 � �31 ’ � (�21 ’ 3�) in
the case of NH (IH) light neutrino mass spectrum.
For sin	13 ¼ 0:2, the upper limit on y is obtained for
�21 � �31 ’ � (�21 ’ �) and � ’ 0 (� ’ 0), if the neu-
trino masses have normal (inverted) hierarchy.
A possible way to circumvent these stringent upper

bounds consists in assuming a very fine cancellation
between the different terms in one of the Eqs. (3.8), (3.9),

(3.10), and (3.11) for the factors jU‘3 þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
U‘2j2 and

jU‘2 þ iU‘1j2, ‘ ¼ e, �, in the expressions (3.6) and (3.7)
for Bð� ! eþ �Þ. Such a cancellation is possible in the
case of NH spectrum (see also [28]). Indeed, we have

TABLE I. Best fit values with 1 errors and 3 intervals for the three flavor neutrino
oscillation parameters (see [32] and references therein).

Parameter Best fit �1 3 interval

NH IH NH IH

�m2
21ð10�5 eV2Þ 7:59þ0:20

�0:18 [7.09, 8.19]

j�m2
31jð10�3 eV2Þ 2:45þ0:09

�0:09 2:34þ0:10
�0:09 [2.18, 2.73] [2.08, 2.64]

sin2	12 0:312þ0:017
�0:015 [0.27, 0.36]

sin2	23 0:51� 0:06 0:52� 0:06 [0.39, 0.64]

sin2	13 0:010þ0:009
�0:006 0:013þ0:009

�0:007 � 0:035 � 0:039

FIG. 1 (color online). The dependence of Bð� ! eþ �Þ on M1 in the case of NH (left panel) and IH (right panel) light neutrino
mass spectrum, for (i) y ¼ 0:001 (blue �), (ii) y ¼ 0:01 (greenþ), and (iii) y ¼ 0:1 (red�). The horizontal dashed line corresponds to
the MEGA bound [34], Bð� ! eþ �Þ � 1:2� 10�11. The horizontal dot-dashed line corresponds to Bð� ! eþ �Þ ¼ 10�13, which
is the prospective sensitivity of the MEG experiment [35].
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jUe3 þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m3

p
Ue2j ¼ 0 if

sin

�
�þ �21 � �31

2

�
¼ 1; and

tan	13 ¼
�
�m2�
�m2

A

�
1=4

sin	12:

(3.17)

In this case Bð� ! eþ �Þ ¼ 0 and thus the upper bound
on the Yukawa coupling y is no longer valid. Assuming the
neutrino parameters have values within the corresponding
present 3 ranges reported in Table I, we find that the
values of 	13 implied by the condition in Eq. (3.17) satisfy
tan	13 * 0:21 or sin2	13 * 0:043. These values are out-
side the 3 interval of the experimentally allowed values
of sin2	13 (see Table I).

We consider next the case in which the neutrino mass
spectrum is with inverted hierarchy. The first thing to
notice is that the factor jUe2 þ iUe1j2 can be rather small
for sinð�21=2Þ ¼ �1 since 2c12s12 ffi 0:93, where we have
used the best fit value of sin2	12 ¼ 0:312. In this case we
have jUe2 þ iUe1j2 ffi 0:069ð0:066Þ for sin2	13 ¼ 0ð0:04Þ.
Second, we show that, as in the case of normal hierarchical
spectrum, it is possible to have a strong suppression of the
factor jU�2 þ iU�1j2 if the CHOOZ mixing angle is close

to the corresponding 3 experimental upper bound. To be
more quantitative, we take sin2	12 ¼ 1=3 and sin2	23 ¼
1=2. Then, expression (3.11) takes the form

jU�2 þ iU�1j2 ¼ 1

6

�
2ð ffiffiffi

2
p ð�1þ s213Þ � s13 cos�Þ sin�21

2

þ 3

�
1þ s213 þ 2s13 cos

�21

2
sin�

��
:

(3.18)

It is not difficult to show that, for fixed values of the phases
�21 and �, jU�2 þ iU�1j2 has a minimum for

sin	13 ¼
cos� sin�21

2 � 3 cos�21

2 sin�

3þ 2
ffiffiffi
2

p
sin�21

2

: (3.19)

At the minimum, using Eqs. (3.18) and (3.19), we get

minðjU�2 þ iU�1j2Þ ¼
ð3 cos� cos�21

2 þ sin� sin�21

2 Þ2
6ð3þ 2

ffiffiffi
2

p
sin�21

2 Þ
:

(3.20)

We will find next for which values of the CP violating
phases � and �21 this lower bound is equal to zero and if
the resulting 	13, obtained from Eq. (3.19), is compatible
with the existing limits from the neutrino oscillation data.
We have minðjU�2 þ iU�1j2Þ ¼ 0 if the Dirac and

Majorana phases � and �21 satisfy the following
conditions: tan� tan�21

2 ¼ �3 and sgnðcos� cos�21

2 Þ ¼�sgnðsin� sin�21

2 Þ. Taking cos� > 0 ( cos� < 0) and using

tan� ¼ �3= tanð�21=2Þ in Eq. (3.19) we get

sin	13 ¼ sgnðcos�Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ tan2 �21

2

q

3þ 2
ffiffiffi
2

p
sin�21

2

cos
�21

2
: (3.21)

The solution (3.21) is compatible with the 3 upper limit
of the CHOOZ mixing angle (see Table I). In general, one
can always find a viable pair of CP violating phases �21

and � satisfying the relations given above in order to set the
right-hand side of Eq. (3.20) equal to zero, if the mixing

angle 	13 is sufficiently large, namely, if sin	13 > 3�
2

ffiffiffi
2

p ffi 0:17. More precisely, one finds, for example, that
jU�2 þ iU�1j2 ’ 3:52� 10�8ð2:43� 10�6Þ for s13 ’
0:2ð0:17Þ, �21 ’ 2:732ð�Þ and � ’ 5:725ð10�3Þ.
In order to interpret the results presented in Fig. 1, it

proves convenient to use the analytic expressions of
Bð� ! eþ �Þ in terms of the low energy neutrino
parameters, the neutrino Yukawa coupling, and the RH
neutrino mass, Eqs. (3.6), (3.7), (3.8), (3.9), (3.10), and
(3.11). Taking for concreteness sin2	23 ffi 1=2, sin2	12 ffi
1=3 and using sin	13, �m

2
sol=�m

2
atm � 1, Eqs. (3.6) and

(3.7) approximately read

NH:Bð�!eþ�Þffi3�em

32�

�
y2v2

M2
1

�
2½GðXÞ�Gð0Þ2 1

6

�
�m2�
�m2

A

�
1=4

�
��������
��

�m2�
�m2

A

�
1=4�2

ffiffiffi
3

p
sin	13 sin

�
�þ�21��31

2

���
1�2

ffiffiffi
2

3

s �
�m2�
�m2

A

�
1=4

sin

�
�21��31

2

����������; (3.22)

IH: Bð� ! eþ �Þ ffi 3�em

32�

�
y2v2

M2
1

1

2

�
2½GðXÞ �Gð0Þ2

� 1

18

��������5þ 4 cos�21 � 2 sin	13

�
3þ 2

ffiffiffi
2

p
sin

�21

2

��
cos� sin

�21

2
� 3 sin� cos

�21

2

���������: (3.23)
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From these expressions it follows that there is a fairly
strong dependence of the prediction of Bð� ! eþ �Þ on
the Majorana phases. As a result, and since there is no
proposal to constrain experimentally these phases, there is
an uncertainty band of a factor of 5 for normal hierarchy
and a factor of 9 for inverted hierarchy, which cannot be
reduced even if the neutrino masses and mixing angles
were known with arbitrarily high precision.

It is not difficult to get also expressions for the
double ratios Rð21=31Þ ¼ Bð� ! eþ �Þ=B0ð� ! eþ �Þ
and Rð21=32Þ ¼ Bð� ! eþ �Þ=B0ð� ! �þ �Þ, where
B0ð�! eð�Þþ�Þ �Bð�! eð�Þþ�Þ=Bð�! eð�Þþ��þ
��eð�ÞÞ, Bð� ! eð�Þ þ �Þ and Bð�!eð�Þþ��þ ��eð�ÞÞ
being the branching ratios of the corresponding decays.
The double ratios of interest depend only on the neutrino
masses and the elements of the PMNS matrix

Rð21=31Þ ffi
jU�3 þ i

ffiffiffiffiffi
m2

m3

q
U�2j2

jU�3 þ i
ffiffiffiffiffi
m2

m3

q
U�2j2

; NH; (3.24)

Rð21=31Þ ffi jU�2 þ iU�1j2
jU�2 þ iU�1j2

; IH; (3.25)

Rð21=32Þ ffi
jUe3 þ i

ffiffiffiffiffi
m2

m3

q
Ue2j2

jU�3 þ i
ffiffiffiffiffi
m2

m3

q
U�2j2

NH; (3.26)

Rð21=32Þ ffi jUe2 þ iUe1j2
jU�2 þ iU�1j2

; IH: (3.27)

For the NH (IH) light neutrino mass spectrum, the range of
variability at 3 of each of the two ratios defined above is
0:01 & Rð21=31Þ & 20 [0:001 & Rð21=31Þ & 300] and
5� 10�4 & Rð21=32Þ & 3 [0:04 & Rð21=32Þ & 5000].6

Thus, in the case of NH spectrum, the predicted
� ! �þ � decay branching ratio B0ð� ! �þ �Þ in the
scheme considered can be by several orders of magnitude
larger than the � ! eþ � decay branching ratio,
Bð� ! eþ �Þ.

IV. IMPLICATIONS FOR COLLIDER
SEARCHES AND ELECTROWEAK

PRECISION OBSERVABLES

Upper bounds on the couplings of RH neutrinos with
standard model particles can be set by analyzing lepton
number conserving processes like � ! ‘ ��‘, Z ! � �� and
other tree-level processes involving light neutrinos in the
final state [5]. From Eqs. (2.5) and (2.6), we get

jðRVÞe1j2 & 2� 10�3; (4.1)

jðRVÞ�1j2 & 0:8� 10�3; (4.2)

jðRVÞ�1j2 & 2:6� 10�3: (4.3)

Following the same rationale as in the previous section,
one can translate the upper bounds on the RH neutrino
couplings from electroweak precision observables into
upper bounds on the neutrino Yukawa coupling y. For
this purpose we observe that an upper limit on y, which
is independent of the specific values of the neutrino oscil-
lation parameters, can be easily derived from Eq. (2.20),
taking into account the experimental constraints given
above,

y & 0:06

�
M1

100 GeV

�
: (4.4)

On the other hand, using Eq. (2.19) and taking the best fit
values of neutrino oscillation parameters, we obtain

y & 0:047ð0:47Þ for NH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0; (4.5)

y & 0:046ð0:46Þ for IH with

M1 ¼ 100 GeVð1000 GeVÞ and sin	13 ¼ 0; (4.6)

y&0:049ð0:49Þ forNH with

M1¼100GeVð1000GeVÞ and sin	13¼0:2; (4.7)

y&0:053ð0:53Þ for IH with

M1¼100GeVð1000GeVÞ and sin	13¼0:2: (4.8)

The results reported in Eqs. (4.5) and (4.6) are obtained
for �21 � �31 ’ � and �21 ’ 0, respectively. In the
case of sin	13 ¼ 0:2 and NH (IH) light neutrino mass
spectrum, the upper bound on y corresponds to �21 �
�31 ’ � (�21’0) and � ’ � (� ’ 3�=2).
The bounds for sin	13 ¼ 0 are weaker than those

derived in the previous section from the nonobservation
of the� ! eþ � decay. Thus, the existing stringent upper
bound on the � ! eþ � decay rate makes very difficult
the observation of deviations from the standard model in
the electroweak precision data, predicted by the TeV scale
seesaw scenario. In contrast, in the case of sin	13 ¼ 0:2,
the constraint from the MEGA upper bound [34] can be
avoided and we get a better upper limit on y from the
electroweak precision data. More precisely, we find
that for M1 ¼ 100ð1000Þ GeV, the limits given in
Eqs. (4.1), (4.2), and (4.3) provide a better constraint on
the neutrino Yukawa coupling y than the upper bound on
Bð� ! eþ �Þ if sin	13 > 0:10ð0:19Þ in the case of the NH
neutrino mass spectrum, and for sin	13 > 0:13ð0:17Þ if the
spectrum is of the IH type. In particular, the parameter y
can have a value as large as 4� that is still compatible with
the current upper limit on Bð� ! eþ �Þ [34]. This is

6In order to get such estimates we assume that the neutrino
observables have a Gaussian distribution with the corresponding
mean value and standard deviation reported in Table I.
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possible in the case of NH (IH) light neutrino mass spec-
trum for sufficiently large values of sin	13 * 0:22ð0:18Þ.
We note, however, that at sin	13 ¼ 0:10ð0:19Þ ( sin	13 ¼
0:13ð0:17Þ) for the NH (IH) spectrum and M1 	
100ð1000Þ GeV, we have y & 0:05 (0.5) both from the
bound on Bð� ! eþ �Þ and the electroweak data limits.
This is consistent with the absolute upper limit reported
in (4.4).

These results are illustrated in Fig. 2, where we show, for
M1 ¼ 100 GeV (upper panels) and M1 ¼ 1000 GeV
(lower panels), the allowed ranges of the RH neutrino
couplings jðRVÞ�1j and jðRVÞe1j, in the case of NH (left

panels) and IH (right panels) spectra. The region of the
parameter space which is allowed by the electroweak
precision data, Eqs. (4.1) and (4.2), is indicated with solid
lines; the region allowed by the current bound on the
� ! eþ � decay rate is indicated with a dashed line.
The projected MEG sensitivity reach is shown with a
dot-dashed line. Finally, in the same figure we show a

scatter plot of the points which are consistent with the
3 allowed ranges of the neutrino oscillation parameters.
This is done for four different values of the neutrino
Yukawa coupling y: (i) y ¼ 0:001 (blue �), (ii) y ¼ 0:01
(greenþ), (iii) y ¼ 0:1 (red�), and (iv) y ¼ 1 (orange�).
The cyan points in each plot correspond to an arbitrary
value of the Yukawa coupling y � 1.
After imposing all the constraints on the parameter

space discussed above, we find a fairly narrow band of
values of jðRVÞ�1j and jðRVÞe1j, which is allowed by the

data, more precisely, by the requirement of reproducing the
correct values of the neutrino oscillation parameters and by
the constraint following from the upper bound on the
� ! eþ � decay rate. Interestingly, and as we have al-
ready mentioned, the limits from the electroweak precision
data lie essentially in the excluded (shaded) region.
Therefore, in view of the constraints from the data on the
neutrino oscillation parameters and the � ! eþ � decay,
the discovery of significant deviations from the standard

FIG. 2 (color online). Correlation between jðRVÞe1j and jðRVÞ�1j in the case of NH (left panels) and IH (right panels) light neutrino
mass spectrum, forM1 ¼ 100ð1000Þ GeV, upper (lower) panels, (i) y ¼ 0:001 (blue �), (ii) y ¼ 0:01 (greenþ), (iii) y ¼ 0:1 (red�),
and (iv) y ¼ 1 (orange �). The cyan points correspond to random values of y � 1. The dashed line corresponds to the MEGA bound
[34], Bð� ! eþ �Þ � 1:2� 10�11. The dot-dashed line corresponds to Bð� ! eþ �Þ ¼ 10�13, which is the prospective sensitivity
of the MEG experiment [35].
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model predictions in the electroweak precision observables
appears highly improbable, unless a significant improve-
ment in the precision of the data is achieved. The above
conclusion will be strengthened if the MEG experiment
reaches the sensitivity Bð� ! eþ �Þ � 10�13 without
observing a signal.

It has been argued that present constraints from electro-
weak precision data allow the observation of pseudo-Dirac
RH neutrinos at the LHC. More concretely, the following
process with three charged lepton final state,

q �q0 ! �þNPD ! �þ��Wþ ! �þ���þ��; (4.9)

could be observed at the LHC with a luminosity of 13 fb�1

with a 5 significance if the RH neutrinos have a mass of
�100 GeV [8]. A discovery reach in this channel implies a
coupling jðRVÞ�1j 	 0:04 [8]. Taking jðRVÞ�1j * 0:04,

we get from (2.18) and (2.19)

y * 0:04 for NH with M1 ¼ 100 GeV; (4.10)

y * 0:05 for IH with M1 ¼ 100 GeV; (4.11)

which should be compared with the upper limits on y we
get from the upper bound on the � ! eþ � decay rate,
Eqs. (3.13) and (3.14), or from electroweak precision data,
Eqs. (4.7) and (4.8). We find again a tension between the
constraints on y obtained from the data on the � ! eþ �
decay or the electroweak processes and the values of y
required for the production of RH neutrinos with observ-
able rates at colliders. This is clearly seen in Fig. 2.

As a conclusion, the presently existing data on the
neutrino mixing parameters and the present experimental
upper bound Bð� ! eþ �Þ< 1:2� 10�11, basically rule
out the possibility of producing pseudo-Dirac neutrinos at
LHC with observable rates. A similar conclusion applies to
the possibility of observing deviations to the standard
model predictions in the electroweak precision observ-
ables. An improvement of the bound on the � ! eþ �
decay rate by a factor of�10 will make the observation of
pseudo-Dirac neutrinos at the LHC completely impossible
and the effects on the electroweak precision observables
negligibly small, unless the RH neutrinos have additional
(flavor conserving) couplings to the standard model parti-
cles, as in theories with extra Uð1Þ local gauge symmetry
under which the pseudo-Dirac neutrinos are charged, or the
TeV scale type III seesaw scenario.

V. PREDICTIONS FOR THE ð��Þ0�-DECAY
In the scenario we are considering, the ð��Þ0�-decay

effective Majorana mass jhmij, which controls the
ð��Þ0�-decay rate, receives a contribution from the ex-
change of the heavy Majorana neutrino fields Nk [12],
which may be not negligible for large neutrino Yukawa
couplings. One has, in general,

jhmij ffi
��������
X3
i¼1

U2
eimi �

X2
k¼1

FðA;MkÞðRVÞ2ekMk

��������; (5.1)

where7 the function FðA;MkÞ depends on the Nk masses
and the type of decaying nucleus ðA; ZÞ. For Mk ¼
ð100–1000Þ GeV, one can use the rather accurate approxi-
mate expression for FðA;MkÞ [13]: FðA;MkÞ ffi
ðMa=MkÞ2fðAÞ, where Ma 	 0:9 GeV and fðAÞ depends
on the decaying isotope considered. For, e.g., 76Ge, 82Se,
130Te, and 136Xe, the function fðAÞ takes the values fðAÞ ffi
0:079, 0.073, 0.085, and 0.068, respectively. In the case of
48Ca, fðAÞ has a smaller value [13]: fð48CaÞ ffi 0:033.
Using Eq. (2.16) we can write the heavy Majorana neutrino
exchange contribution to jhmij in a simplified form,

hmiN ffi � 2zþ z2

ð1þ zÞ2 ðRVÞ
2
e1

M2
a

M1

fðAÞ: (5.2)

This contribution, as we will show below, can be even as
large as jhmiNj � 0:2ð0:3Þ eV in the case of NH (IH) light
neutrino mass spectrum.8

In Fig. 3 we show the ratio between the total effective
Majorana mass jhmij given by Eq. (5.1) and the ‘‘standard’’
contribution due to the light Majorana neutrino exchange
(see, e.g., [36,37]): jhmistdj � jP3

i¼1 U
2
eimij. In this plot we

considered a nuclear matrix element factor fðAÞ corre-
sponding to 76Ge, although the conclusions are analogous
for other nuclei. The scan of the parameter space was done
in the same way as in Fig. 1, selecting just the points that
are in agreement with the present experimental bound on
Bð� ! eþ �Þ. In Fig. 4 we show the range of the possible
values of jhmij as function of jðRVÞe1j for M1 ¼ 100 GeV
and z < 10�2, in the case of ð��Þ0�-decay of 76Ge.
The results of the analysis illustrated graphically

in Figs. 3 and 4 demonstrate that RH neutrinos can sig-
nificantly enhance the rate of ð��Þ0�-decay, without this
being in conflict with the present upper bound on the
� ! eþ � decay rate. For example, jhmij can be as large
as 0:2ð0:3Þ eV, if z ffi 10�3ð10�2Þ and M1 	
100ð1000Þ GeV. In contrast, in the limit z ! 0, the RH
neutrinos behave as a Dirac pair and hence do not contrib-
ute to the ð��Þ0�-decay amplitude to leading order.
Let us recall that in the schemewith two heavyMajorana

neutrinos we are considering, the lightest neutrino mass is
zero. This implies that for the NH and IH light neutrino

7Let us note that the interference between the contributions
due to the light and heavy Majorana neutrino exchanges is not
suppressed because both contributions are generated by the weak
interaction involving currents of the same (V � A) structure. The
interference term of interest would be strongly suppressed if the
heavy Majorana neutrino exchange is generated by (V þ A)
currents [12].

8Note that in the approximation we use for ðRVÞek one hasP
2
k¼1ðRVÞ2ekMk ¼ 0. The heavy Majorana neutrino exchange

contribution hmiN to jhmij is not zero due to the nontrivial
dependence on Mk of the function FðA;MkÞ; see Eq. (5.1).
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mass spectra we have for the standard contribution to jhmij,
respectively (see, e.g., [37]): jhmistdj & 0:005 eV and
0:01 eV & jhmistdj & 0:05 eV. Thus, if it is established
that the light neutrino mass spectrum is hierarchical, a
value of jhmij> 0:05 eV would signal the presence of a
contribution to jhmij beyond the standard one. In the
scheme considered, jhmij can be by a factor up to �100
(� 10) larger than the maximal value of jhmistdj predicted
in the case of NH (IH) light neutrino mass spectrum.

It should be noted also that the predicted value of jhmij in
the cases of the NH (IH) spectrum exhibits a strong depen-
dence on the PMNS parameters and especially on the
Majorana phase [31]�21 � �31 (�21). If we have jhmistdj ffi
jhmiNj, i.e., if the standard contribution to jhmij is of the
same order as the contribution due to the exchange of the
heavy Majorana neutrinos N1;2 [see Eq. (5.2)], jhmij will
depend also on the phase ! [see Eq. (2.15)].

Finally, if for a given decaying nucleus ðA1; Z1Þ and
certain values of the parameters of the problem there is a
strong mutual compensation between the two contributions
hmistd and hmiN in jhmij and we have jhmij � jhmistdj,
jhmiNj, similar cancellation will not happen, in general,
for another decaying nucleus ðA2; Z2Þ due to the depen-
dence of hmiN on ðA; ZÞ [12]. In the scheme considered, in
which only hierarchical light neutrino mass spectrum is
possible, and in view of the planned sensitivity of the next
generation of ð��Þ0�-decay experiments, this observation
has practical importance if the light neutrino mass spec-
trum is with inverted hierarchy. In a more general context
in which the third heavy Majorana neutrino is relevant
for the seesaw mechanism and the light neutrino mass
spectrum can be with partial hierarchy or even of the
quasidegenerate type (see, e.g., [25,36]), the observation
made above regards both types of light neutrino mass

FIG. 4 (color online). The effective Majorana mass jhmij vs jðRVÞe1j for 76Ge in the cases of NH (left panel) and IH (right panel)
light neutrino mass spectrum, forM1 ¼ 100 GeV and (i) y ¼ 0:001 (blue �) and (ii) y ¼ 0:01 (greenþ). The gray markers correspond
to jhmistdj.

FIG. 3 (color online). The ratio between the effective Majorana mass jhmij and the standard contribution jhmistdj for 76Ge in the cases
of NH (left panel) and IH (right panel) light neutrino mass spectrum, for M1 ¼ 100 GeV and (i) y ¼ 0:001 (blue �) and (ii) y ¼ 0:01
(green þ).
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spectrum—with normal ordering and with inverted order-
ing. Indeed, hmiN in the general case can be written in the
form

hmiN;A ffi �fðAÞ ~FN; ~FN � X3
k¼1

ðRVÞ2ek
M2

a

Mk

; (5.3)

where ~FN does not depend on A. Suppose that for a given
isotope ðA1; Z1Þ the two terms in jhmij, hmistd and hmiN;A1 ,
mutually compensate each other so that jhmiA1 j � jhmistdj,
jhmiN;A1 j. That would imply that

hmiN;A1 � fðA1Þ ~FN ffi X3
i¼1

U2
eimi: (5.4)

In this case the effective Majorana mass corresponding to
an isotope ðA2; Z2Þ will be given by

jhmiA2 j ffi
��������1�

fðA2Þ
fðA1Þ

��������
��������
X3
i¼1

U2
eimi

��������: (5.5)

If for example the cancellation between the two terms in
hmiA1 occurs for 48Ca (for which fð48CaÞ ffi 0:033), it will
not take place for, e.g., 76Ge, 82Se, 130Te, and 136Xe be-
cause for these isotopes fðA2Þ ffi 0:079, 0.073, 0.085, and
0.068, respectively. Actually, for 76Ge, 82Se, and 130Te the
factor j1� fðA2Þ=fðA1Þj ffi 1:39, 1.21, and 1.58, so we
will have a somewhat larger jhmiA2 j than the standard
one jhmistdj, while for 136Xe the indicated factor is 1.06
and thus jhmiA2 j ffi jhmistdj. If, however, the cancellation
between the two terms in hmiA1 takes place for, e.g., one of
the nuclei 76Ge, 82Se, 130Te, and 136Xe, for which the
function fðAÞ has rather similar values, jhmiA2 j for the
other nuclei will be suppressed with respect to jhmistdj to
various degrees. For instance, if the cancellation is opera-
tive for 136Xe, jhmiA2 j for 76Ge, 82Se, 130Te, and 48Ca will
be suppressed with respect to the standard contribution
jhmistdj by the factors 0.16, 0.07, 0.25, and 0.51,
respectively.

In the case with two heavy Majorana neutrinos we are
considering and for IH light neutrino mass spectrum, the
condition for an exact cancellation between hmistd and
hmiN;A can be easily derived in terms of the basic parame-
ters of the scheme. Using Eqs. (2.18), (2.19), (5.1), and
(5.2) we can write jhmij as

jhmij ’ jm1U
2
e1ð1� KÞ þm2U

2
e2ð1þ KÞ

þ 2i
ffiffiffiffiffiffiffiffiffiffiffiffi
m1m2

p
KðUe2Ue1Þj; (5.6)

where K is given by

K ’ z

2

y2v2

M2
1

M2
a

M1

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q fðAÞe�2i!: (5.7)

If we require jhmij ’ 0, the factor K, which depends on the
seesaw parameters y, z, !, and M1, is expressed only in
terms of the neutrino oscillation parameters,

K ’ cos2	12 þ i sin2	12 cos
�21

2

1þ sin2	12 sin
�21

2

: (5.8)

If the Majorana phase �21 takes a CP conserving value
we get

K’ cos2	12
1þ�k sinð2	12Þ for�21¼ð2kþ1Þ�; k¼0;�1; . . .

(5.9)

K ’ e2i�k	12 for �21 ¼ 2k�; k ¼ 0;�1; . . . ; (5.10)

where �k ¼ ð�1Þk. In the case of hmiA1 ¼ 0 we obtain for
jhmiA2 j

jhmiA2 j ffi
��������1�

fðA2Þ
fðA1Þ

��������c213
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj
q

�
�
1� sin22	12sin

2 �21

2

�
1=2

: (5.11)

The condition (5.8) [or (5.9) and (5.10)] for hmiA ¼ 0
strongly constrains the phase ! and the size of K. In order
to be satisfied, the condition of cancellation between hmistd
and hmiN;A requires a correlation between the values of the
seesaw parameters y, z, the phase ! and M1, and the

neutrino mass
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj
q

¼ m2, the solar neutrino mixing

angle 	12, and the Majorana phase �21. A priori, such a
correlation seems highly unlikely, making the cancellation
in the effective Majorana mass in the scheme considered
appear improbable. Thus, if the light neutrino mass spec-
trum is with inverted hierarchy, within the seesaw scheme
considered with two heavy Majorana neutrinos, it appears
quite unlikely that if, for example, the GERDA III experi-
ment with 76Ge observes a positive ð��Þ0�-decay signal,
another ð��Þ0�-decay experiment which uses a nucleus
different from 76Ge will not see a signal due to a strong
suppression of the effective Majorana mass caused by
the cancellation under discussion for that nucleus, and
vice-versa.
The dependence of the interplay between hmistd and

hmiN, i.e. between the contributions to jhmij due to the
exchange of light and heavy Majorana neutrinos, on z, !
and the effective Majorana phase �21 (IH spectrum) or
�21 � �31 (NH spectrum) is illustrated in Fig. 5 for
M1 ¼ 100 GeV and y ¼ 0:01. The solar and atmospheric
neutrino oscillation parameters, i.e. (	12, �m

2�) and (	23,
�m2

A), respectively, are fixed to their corresponding best fit
values, and we have set 	13 ¼ 0:2 and � ¼ 0. Notice that
the plots showing the correlation of jhmij and the Majorana
phase are symmetric with respect to �21 or (�21 � �31)
equal to �=2 and 3�=2 if the phase ! takes the values
! ¼ 0, �=2, �. As Fig. 5 shows, we can have
jhmij * 0:01 eV in the case of NH spectrum for a rela-
tively large range of values for the Majorana phase
�21 � �31 and certain values of the phase !: for, e.g.,
!¼�=4, we get jhmij*0:01 eV for 5&�21��31&4�
if z ¼ 10�3. Actually, for the indicated values of z and
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�21 � �31 we have jhmij * 0:01 eV for any value of !
from the interval ½0; 2�. The interplay between the
Majorana phase and ! can induce also a minimum of
jhmij for a certain value of the degeneracy parameter z.
For example, in the case of the IH spectrum, for �21 ¼ 0
and ! ¼ �=3, the predicted effective Majorana mass can
be smaller than 0.03 eV: we have for the different nuclei
considered 0:007 eV & jhmij & 0:03 eV if 2� 10�4 &
z & 10�3.

VI. THE ð��Þ0�-DECAY EFFECTIVE MAJORANA
MASS AND Bð� ! eþ �Þ

We now combine the information on the seesaw
parameter space that we obtained from the lepton flavor

(� ! eþ �) and lepton number (ð��Þ0�) violating
processes studied in the previous sections. In the simple
extension of the standard model considered so far, i.e.
with the addition of two heavy RH neutrinos N1 and N2

at the TeV scale, which behave as a pseudo-Dirac
particle and at the same time are responsible for the
generation of neutrino masses via the seesaw mechanism,
a sizable (dominant) contribution of N1 and N2 to the
ð��Þ0�-decay rate would imply a large effect in the
muon radiative decay rate. Indeed, if jhmij ffi jhmiNj,
where hmiN is given in Eq. (5.2), using Eqs. (3.1) and (3.5)
it is easy to show that, given the splitting 10�4& z�1
betweenM1 andM2, jhmij ffi jhmiNj can be directly related
to the � ! eþ �-decay branching ratio. More explicitly,
we have

GERDA III

0 2 4 6 8 10 12
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

21 31

m
eV

Normal Hierarchy

GERDA III

GERDA II

0 2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

0.25

21

m
eV

Inverted Hierarchy

GERDA III

GERDA II

5 10 51 10 4 5 10 4 0.001 0.005 0.010
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

z

m
eV

Normal Hierarchy

GERDA III

GERDA II

5 10 51 10 4 5 10 4 0.001 0.005 0.010
0.0

0.1

0.2

0.3

0.4

z

m
eV

Inverted Hierarchy

76Ge 82Se 130Te 136Xe 48Ca

FIG. 5 (color online). Upper panels: the dependence of the effective Majorana mass jhmij on the Majorana phase �21 � �31

(left side), �21 (right side) for M1 ¼ 100 GeV, ! ¼ �=4, y ¼ 0:01, and z ¼ 10�3. The gray dash-dotted line shows jhmistdj. Lower
panels: jhmij versus the degeneracy parameter z forM1 ¼ 100 GeV, ! ¼ 0, y ¼ 0:01, and �21 ¼ 0. The left (right) panels correspond
to a NH (IH) light neutrino mass spectrum.
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Bð� ! eþ �Þ ffi 3�em

64�
jGð0Þ �GðXÞj2jrj2 M

2
1

M4
a

jhmiNj2
z2ðfðAÞÞ2 ;

(6.1)

where r � ðU�2 � i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m3=m2

p
U�3Þ=ðUe2 � i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m3=m2

p
Ue3Þ

for the NH mass spectrum. As was pointed out earlier, the
corresponding expression for the case of IH spectrum is
obtained by replacing m2;3 ! m1;2 and U�2;�3 ! U�1;�2

(� ¼ e, �). For the NH (IH) neutrino mass spectrum one
has 0:5 & jrj & 30 (0:01 & jrj & 5). Therefore, for
M1 	 100 GeV and NH spectrum, the predicted rate of
the � ! eþ � decay can even be larger by up to 1 order
of magnitude than the upper bound on Bð� ! eþ �Þ if a
positive signal in the current experiments searching for
ð��Þ0�-decay is detected, implying jhmij � 0:1 eV.

A lower bound on Bð� ! eþ �Þ in (6.1) can be derived
for both types of light neutrino mass spectrum. In the case
of NH spectrum, such lower bound is within the sensitivity
of the MEG experiment, provided a ð��Þ0�-decay corre-
sponding to jhmij * 2� 10�2 eV is observed.

The analytic relation between Bð� ! eþ �Þ and jhmij
in Eq. (6.1) is confirmed by the results of numerical com-
putation, reported in Fig. 6. The plot shows the correlation
between the � ! eþ � branching ratio and the effective
Majorana mass in the case of large couplings between the
RH (pseudo-Dirac pair) neutrinos and charged leptons in
the Lagrangian (2.3). The effective Majorana mass jhmij
was computed for z ¼ 10�3 using the general expression
(5.1). The ð��Þ0�-decay nucleus was assumed to be 76Ge.
The neutrino oscillation parameters are taken, again,
within the corresponding 3 experimental intervals re-
ported in Table I. The Majorana phase �21 (�31 � �21)
and the phase ! in the IH (NH) case were varied in the
intervals ½0; 4� and ½0; 2�, respectively. The neutrino
Yukawa coupling takes values y & 0:1. The correlation

between Bð� ! eþ �Þ and jhmij ffi jhmiNj reported in
Eq. (6.1) is satisfied for values y * 0:01. This is in
agreement with Figs. 3 and 4, where it is shown that a
signal compatible with the GERDA sensitivity reach is
possible, provided y * 10�3, for both types of neutrino
mass spectrum. Moreover, in the case of IH light neutrino
mass spectrum, such correlation depends strongly on the
value of the Majorana phase �21. Indeed, for M1 ffi
100ð1000Þ GeV and y ffi 0:01ð0:1Þ we expect that the
MEG experiment [35] is able to measure the � ! eþ �
decay rate (see Fig. 2). If lepton flavor violation is discov-
ered by MEG, according to Eqs. (5.2) and (3.10), a positive
signal detected by GERDA II, i.e. jhmij ffi jhmiNj *
0:1 eV, implies 10�3ð10�2Þ & zð1þ 0:94 sinð�21=2ÞÞ &
4� 10�3ð4� 10�2Þ. In the case of M1 ¼ 100 GeV and
z ¼ 10�3, used to obtain Fig. 6, we would expect, in
general, positive signals to be observed in both MEG and
GERDA II experiments if �21 ffi 0, �; in the case of
�21 ffi 3�, the ð��Þ0� and � ! eþ � decays are pre-
dicted to proceed with rates below the sensitivity of these
two experiments.
We note, however, that it is not possible to get indepen-

dent constraints on the degeneracy parameter z and the
Majorana phase from the data on ð��Þ0� and � ! eþ �
decays. Finally, we notice also that the strong correlation
exhibited in Fig. 6 is a consequence of the constraints
imposed by the neutrino oscillation data on the type I
seesaw parameter space in the case investigated by us.

VII. CONCLUSIONS

We have analyzed the low energy implications of a
type I seesaw scenario with right-handed neutrino masses
at the electroweak scale and sizable charged and neutral
current weak interactions. This class of scenarios has the
attractive feature that the RH neutrinos could be directly
produced at the Large Hadron Collider, thus allowing one
to test in collider experiments the mechanism of neutrino
mass generation. Furthermore, and in contrast to the high-
scale seesaw mechanism, the rates for the rare leptonic
decays are unsuppressed in this scenario, which opens up
the possibility of detecting signatures of new physics with
experiments at the intensity frontier.
Present low energy data set very stringent constraints on

this scenario. Namely, reproducing the small neutrino
masses requires, barring cancellations, that two of the
heavy RH neutrinos must form a pseudo-Dirac pair even
in the case when there is no conserved lepton charge in the
limit of zero splitting at tree level between the masses of
the pair. Besides, reproducing the experimentally deter-
mined values of the low energy neutrino oscillation
parameters (mixing angles and neutrino mass squared
differences) fixes the weak charged current and neutral
current couplings of the heavy Majorana neutrinos to the
charged leptons andW� and light neutrinos and Z0, ðRVÞ‘k
[see Eqs. (2.3) and (2.4)], up to an overall scale which can

FIG. 6 (color online). Bð� ! eþ �Þ vs jhmij for M1 ¼
100 GeV, z ¼ 10�3 and (i) NH neutrino mass spectrum (upper
blue dots) and (ii) IH neutrino mass spectrum (lower red dots).
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be related to the largest eigenvalue y of the matrix of
neutrino Yukawa couplings. This allows one to derive
explicit expressions for the rates of the lepton flavor vio-
lating (LFV) charged lepton radiative decays, � ! eþ �,
� ! eþ �, � ! �þ �, in terms of the low energy (in
principle measurable) neutrino mixing parameters (includ-
ing the Dirac and Majorana CP violating phases), the
neutrino Yukawa coupling y, and the RH neutrino mass
scale. Using the present constraint on the rate of the
process � ! eþ � we have obtained an upper bound on
the coupling y under the assumption that the RH neutrino
mass scale is in the range ð100–1000Þ GeV. Our analysis
shows that the restrictions on this scenario from the data on
the neutrino mixing parameters and the upper bound on the
� ! eþ � decay rate imply that the CC and NC couplings
jðRVÞ‘kj of the heavy RHMajorana neutrinos are too small
to allow their production at the LHC with an observable
rate. Other lepton flavor violating processes, such as�� e
conversion in nuclei, give complementary constraints on
the parameter space of this model, which will be discussed
elsewhere [38].

We have also analyzed the enhancement of the rate of
neutrinoless double beta ð��Þ0�-decay induced by the RH
neutrinos. We have shown that even after imposing the
restrictions on the parameter space implied by the data on
the neutrino oscillation parameters and on the LFV
charged lepton radiative decays, the contribution due to

the exchange of the RH neutrinos in the ð��Þ0�-decay
amplitude can substantially enhance the ð��Þ0�-decay
rate. As a consequence, the latter can be in the range of
sensitivity of the GERDA experiment even when the light
neutrinos possess a normal hierarchical mass spectrum.
Finally, the rate of the � ! eþ � decay, generated by
the exchange of the heavy RH neutrinos can naturally be
within the sensitivity of the MEG experiment. Thus, the
observation of ð��Þ0�-decay in the next generation of
experiments which are under preparation at present, and
of the � ! eþ � decay in the MEG experiment, could be
the first indirect evidence for the TeV scale type I seesaw
mechanism of neutrino mass generation.
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