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We discuss the phenomenology of the most general effective Lagrangian, up to operators of dimension

five, built with standard model fields and interactions including right-handed neutrinos. In particular, we

find there is a dimension five electroweak moment operator of right-handed neutrinos, not discussed

previously in the literature, which could have interesting phenomenological consequences.
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I. INTRODUCTION

Since the first hints on neutrino masses [1,2], the physics
of neutrinos is coming of age with a significant amount of
new and increasingly precise data and a variety of new
experiments. Though a significant number of parameters in
the neutrino sector have been recently measured [3–10]
(for a recent global fit see [11], and for a recent review see
[12]), many questions remain. In particular, it is not known
whether neutrinos are (dominantly) Dirac or Majorana
fermions, what is their absolute mass scale, and whether
they have the electromagnetic properties predicted by the
standard model (SM). In this paper we will concentrate
mostly on the latter issue (for a very recent review see
[13]).

Given that our knowledge of neutrino interactions is
limited, it is sensible to study neutrino properties using a
framework that includes possible non-SM interactions in a
systematic way. This is most easily done using an effective
Lagrangian. The application of this formalism to the neu-
trino system exhibits novel complications since the com-
plete set of low-energy degrees of freedom is not
definitively known. For example, the appropriate descrip-
tion of the light neutrino masses may require the introduc-
tion of new relatively light ( & TeV) degrees of freedom,1

which might be convenient to include in the low-energy
theory, and the approach must be sufficiently general to
allow for this possibility.

The effective Lagrangian approach is reliable only at
energies significantly below the scale of new physics (NP)
[15–19] that will be denoted by MNP. In addition we will
assume that the underlying physics is decoupling [20], so
that the effective theory can be expanded in powers of
1=MNP. The use of effective theories in neutrino physics
is far from new [21,22] (for recent applications see, for
instance, [23–35]); despite this we find that when right-
handed neutrinos are included in the low-energy theory, not

all the interactions allowed by gauge invariance have been
adequately studied in the literature [36].
The first-order corrections (in powers of 1=MNP) to the

SM interactions correspond to dimension five operators,
which in our case fall into three classes: those contributing
to the Majorana mass matrices for the left- and right-
handed neutrinos, and those describing a magnetic-
moment coupling for the right-handed neutrinos; it is this
last term that has been largely ignored.
In the following we will investigate several properties

and consequences of this new electroweak interaction and
discuss its origin, experimental constraints, and possible
effects both in collider experiments and in various areas of
astrophysics and cosmology.

II. DIMENSION FIVE EFFECTIVE LAGRANGIAN

When considering the low-energy effects of a (hypothe-
sized) heavy physics that is not directly probed, it is
convenient to parametrize all new-physics effects using a
series of effective vertices involving only light fields
[17,19,37]. These vertices are constrained only by the
gauge invariance of the light theory [38]. Assuming that
the physics underlying the SM is decoupling, the heavy-
physics corrections to the SM processes will be suppressed
by powers of the heavy scale2 MNP.
Concerning the light degrees of freedom, wewill assume

these consist of all the SM excitations together with three
right-handed neutrinos �0

R, assumed to be gauge singlets
(the prime indicates that these are not mass eigenstates).
Should the scale of the �0

R be* MNP, these excitations will
disappear from the low-energy theory; the effective theory
in this case is obtained from the expressions below by
simply erasing all Lagrangian terms containing the �0

R.
The most general form of the effective Lagrangian in-

cluding up to dimension five terms is

1For instance, to explain baryon asymmetry and dark matter in
the universe, one may need light right-handed neutrinos [14].

2Though there are corrections that grow with MNP, these can
always be absorbed in the renormalization of the SM parameters.
Even if formally unobservable, these contributions are of interest
when the naturality of the theory is studied.
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L ¼ LSM þL�R
þL5 þ � � � (1)

L SM ¼ i �‘ 6D‘þ i �eR 6DeR � ð �‘YeeL�þ H:c:Þ þ � � � (2)

L �R
¼ i ��0

R@6 �0
R � ð12 ��0c

RM�0
R þ H:c:Þ � ð �‘Y��

0
R
~�þ H:c:Þ

(3)

L5 ¼ ��0c
R ��

���0
RB�� þ ð�~‘�Þ�ð ~�y‘Þ

� ð�y�Þ ��0c
R��

0
R þ H:c:; (4)

where ‘ ¼ ð�0
L

eL
Þ denotes the left-handed lepton isodoublet,

eR and �0
R the corresponding right-handed isosinglets, and

� the scalar isodoublet (family and gauge indices will be
suppressed when no confusion can arise); we will assume
three right-handed neutrino flavors. The charge-conjugate

fields are defined as ecR ¼ C �eTR, �
0c
R ¼ C ��0T

R and ~‘ ¼ �C �‘T ,
~� ¼ ���, where � ¼ i�2 acts on the SUð2Þ indices. The
hypercharges assignments are �:1=2, ‘:� 1=2, eR:� 1,
�0
R:0. The SUð2Þ and Uð1Þ gauge fields are denoted by W

and B, respectively (gluon and quarks fields will not be
needed in the situations considered below). The Yukawa
couplings Ye and Y� are completely general 3� 3matrices
in flavor space; M, �, and � are complex symmetric 3� 3
matrices in flavor space that generate the most general
neutrino mass matrix, while � is a complex antisymmetric
matrix proportional to the right-handed neutrino electro-
weak moments. Without loss of generality, Ye and M can
be taken diagonal with positive and real elements.

The term involvingM is the usual right-handed neutrino
Majorana mass. The term involving � was first described
by Weinberg [21] and provides a Majorana mass for the
left-handed neutrino fields plus various lepton-number-
violating neutrino-Higgs interactions; this type of effective
operator is the same that is obtained when considering
generic seesaw models. The term involving � has been
mostly ignored in the literature; it describes electroweak
moment couplings of the right-handed neutrinos. We will
dedicate a significant part of this paper to the study of some
of the consequences this operator might have on various
collider, astrophysical, and cosmological observables.
Note that Dirac-type neutrino magnetic moments (involv-
ing ‘ and �0

R) are generated by operators of dimension� 6,
while Majorana-type magnetic moments for left-handed
neutrinos (involving only the ‘) require operators of di-
mension � 7. One can easily see that these effects are
subdominant when compared to those produced by the
term containing � in L5. In addition, Majorana-type and
Dirac-type magnetic-moment operators contribute, at the
loop level, to neutrino masses [34,39] and, therefore, are
strongly constrained.

The couplings �, �, and � have dimension of inverse
mass, which is associated with the scale of the heavy-
physics responsible for the corresponding operator.
Though we will refer to this scale generically as MNP, it

must be kept in mind that different types of new physics
might be responsible for the various dimension five opera-
tors and that the corresponding values of MNP might be
very different. One common characteristic of all these
scales is that they should all be much larger than the
electroweak scale v� 0:25TeV, by consistency of the
approach being used. Below we discuss the possible types
of new physics that can generate these operators and the
natural size for the corresponding coefficients.

A. Heavy-physics content of the effective vertices

As mentioned previously there are various kinds of
heavy physics that can generate L5 at low energies; we
will briefly discuss the various possibilities.

1. �L Majorana mass term

Using appropriate Fierz transformations we can rewrite
the operator containing � as follows (i and j denote family
indices):

ð�~‘i�Þð ~�y‘jÞ ¼ �ð�~‘i��Þ � ð ~�y�‘jÞ
¼ 1

2ð�~‘i�‘jÞ � ð ~�y��Þ: (5)

It follows that this operator can be generated perturbatively
at tree level by the exchange of (i) a scalar isotriplet of
hypercharge 1, (ii) a zero hypercharge fermion isotriplet, or
(iii) a fermion isosinglet also of zero hypercharge (note that
these are the quantum numbers of the �R, which are
required in many extensions of the SM). For weakly
coupled heavy physics we then expect

�� 	2=MNP; (6)

where MNP denotes the mass of the corresponding heavy
particle and 	 the coupling constants of the heavy fermions
to �‘, or of the heavy scalar to �� and ‘‘. When gen-
erated by a scalar (fermion) isotriplet this interaction can
realize the type II (III) seesaw mechanism [40–48]; when
generated by singlet neutrinos it realizes type I seesaw [49–
53].

2. �R Majorana mass term

The operator

ð�y�Þ ��0c
iR�

0
jR (7)

can be generated at tree level by (i) a scalar isosinglet of
vanishing hypercharge, or (ii) a fermion isodoublet of
hypercharge 1=2. We again expect

�� 	2=MNP; (8)

where MNP again denotes the mass of the heavy particles,
and 	 the coupling of the heavy fermion to�� or the heavy
scalar to �y� and ��. Except for the neutrino-Higgs
interactions, the effects of this operator can be absorbed
into a redefinition of the Majorana massM. The terms that
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do involve the Higgs particle may open a new decay
channel H ! NN for the Higgs boson (provided it is kine-
matically allowed). We will discuss this possibility in
Sec. III.

3. �R electroweak coupling

Finally, the operator

ð ��0c
iR�

���0c
jRÞB�� (9)

can be generated only at the one-loop level by (i) a scalar-
fermion pair f!;Eg, with opposite (nonzero) hypercharges
that have couplings ! �E�0

R and ! �E�0c
R , or (ii) a vector-

fermion pair fW 0
�; Eg, with opposite (nonzero) hyper-

charges that have couplings W 0
�
�E
��0

R and W 0
�
�E
��0c

R .

Then

� � g0y	2

16�2

mfermion

maxðm2
fermion; m

2
bosonÞ

<
g0y	2

16�2mfermion

; (10)

where 	 denotes the coupling of the two heavy particles to

the �0
R, and y the hypercharge of the heavy boson or

fermion. A specific example is provided in Appendix A.
We should mention that these coefficient estimates need

not hold in case the underlying physics is strongly coupled.
In this case, one can obtain a natural estimate for the
various coefficients using naive dimensional analysis
(NDA) [54,55]. The resulting values are

�; �� 16�2

MNP

; � � 1

MNP

; (11)

where the factors of 4� follow from the power-counting
arguments described in [54,55] andMNP is, in this case, the
scale of the strong interactions; it is important to note that
these estimates are based on the assumption that ‘, �, and
� participate in these strong interactions. It is also worth
noting that these estimates revert to the previous ones (6),
(8), and (10) upon replacing MNP ! ð4�Þ2MNP.
In the following we will denote by �NP the scale asso-

ciated with � , so that

�NP � 1

�
�

�
16�2MNP weakly coupled and decoupling heavy physics

MNP strongly coupled heavy physics ðNDA estimateÞ: (12)

B. The Lagrangian in terms of mass eigenfields

From L it is straightforward to obtain the neutrino and
lepton mass matrices and electroweak moments after spon-

taneous symmetry breaking. Replacing � ! h�i ¼
ðv= ffiffiffi

2
p Þð0; 1Þ yields the following mass terms for the lep-

tons:

Lm ¼ � �eLMeeR � ��0
LMD�

0
R � 1

2 ��
0c
LML�

0
L � 1

2 ��
0c
RMR�

0
R

þ H:c: (13)

MR ¼ Mþ �v2; ML ¼ �v2;

MD ¼ Y�

vffiffiffi
2

p ; Me ¼ Ye

vffiffiffi
2

p ;
(14)

it is worth noting that, up to possible coupling-constant
factors, MD � v while ML � v2=MNP. Various situations
obtain depending on the hierarchy between MR, MD, and
ML: the standard (type I) seesaw scenario results from
MR � MD � ML; types II and III seesaw are indistin-
guishable at the level of the dimension five effective
Lagrangian and correspond to ML � M2

D=MR. For these
cases there is no conserved or approximately conserved
fermion number and the mass eigenstates are Majorana
fermions. In contrast, when MD � MR;L there is an ap-

proximately conserved fermion number and the mass ei-
genstates will be Dirac fermions up to small admixtures
(pseudo-Dirac case).

When MR � MD � ML the mass matrices can ap-
proximately be diagonalized in blocks leading to two 3�
3 Majorana mass matrices:

heavy: MN � MR; (15)

light: M� � ML �M�
D

1

My
R

My
D: (16)

These matrices can subsequently be diagonalized by using
the unitary matrices UN and U�, MN ¼ UT

NMNUN and
M� ¼ UT

�M�U� with MN and M� diagonal matrices with
positive elements (in general one can choose MN diago-
nal, in which case UN ¼ 1). Thus, the mass terms (13) can
be rewritten in terms of mass eigenfields as (without loss of
generality we can also take Me real and diagonal with
positive elements)

L m ¼ � �eMee� 1
2 ��M��� 1

2
�NMNN;

and the �0
L;R have simple expressions in terms of the light

(�) and heavy (N) mass-eigenstate Majorana fields (� ¼
�c and N ¼ Nc)

�0
L ¼ PLðU��þ "UNN þ � � �Þ; (17)

�0
R ¼ PRðUNN � "TU��þ � � �Þ; (18)

with PL;R ¼ ð1	 
5Þ=2 the usual chirality projectors, and

" � MDM
�1
R (19)

a 3� 3 matrix characterizing the mixing between heavy
and light neutrinos. Note that barring cancellations inM�,
the elements of the mixing matrix " in Eqs. (17)–(19) obey
generically (m� is a mass of the order of the light neutrino
masses and mN a mass of the order of the heavy neutrino
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masses)

j"ijj &
ffiffiffiffiffiffiffi
m�

mN

s
; (20)

leading to a strong suppression of all mixing effects in most
scenarios.

Substituting Eq. (18) in Eq. (4) and using the well-
known expression of B� in terms of the photon and the Z

field, we obtain the relevant interactions in terms of the
mass eigenfields. For instance, from the right-handed elec-
troweak moment interaction we obtain

L � ¼ ð �NUy
N � ��Uy

�"�Þ���ð�PR þ �yPLÞðUNN

� "TU��ÞðcWF�� � sWZ��Þ; (21)

where F�� and Z�� are the Abelian field strengths of the

photon and the Z-gauge boson, respectively, and cW ¼
cos�W , sW ¼ sin�W with �W the weak mixing angle.

We see that the �0
R electroweak moment operator gen-

erates a variety of couplings when expressed in terms of
mass eigenstates. These vertices include a tensor coupling
of the Z boson and magnetic-moment couplings for both N
and �, as well as N � � transition moments. Note, how-
ever, that there is a wide range in the magnitude of the
couplings, in particular heavy-light couplings are sup-
pressed by " and light-light couplings are suppressed by
"2.

Similarly, if we substitute Eqs. (17) and (18) in the last
term of Eq. (4) and choose the unitary gauge, we obtain, in
addition to a contribution to the N mass, an interaction of
the Higgs boson with heavy neutrinos:

L � ¼ �vH �Nð�PR þ �yPLÞN þ � � � ; (22)

where we again took UN ¼ 1 and the dots represent other
interactions generated by this operator: H�H � N � N
vertices as well asH � N � � and H � �� � interactions
that are suppressed by the mixing "; these vertices are also
generated by the neutrino Yukawa coupling inL�R

and are

also suppressed.
Finally, we should mention that when Eq. (17) is sub-

stituted in the SM weak interaction terms ��0
L


��0
LZ� and

�eL

��0

LW�, one obtains N � �� Z, N � e�W cou-

plings, which, although suppressed by ", are important
for the decays of the lightest of the heavy neutrinos.3

III. COLLIDER EFFECTS

The new heavy particles responsible for the right-handed
electroweak moment must be charged under the electro-
weak group and are then expected to have standard cou-
plings to the photon and the Z gauge bosons. Since they
have not been produced at LEP2 or Tevatron, we can
conclude that MNP > 100 GeV. As discussed above, if

the new physics is perturbative, the associated effective
scale in the coupling � is 1=� ¼ ð4�Þ2MNP > 15 TeV, and
its effects will be suppressed. However, it is possible for the
new interactions to be generated in the strong-coupling
regime,4 in which case � can be much larger and may
have interesting effects at near-future colliders such as
the LHC. It is then worth studying the effects of the new
interactions for this scenario; accordingly, following the
estimates in Eq. (12), we will take � ¼ 1=�NP and study
the impact of the new interactions at LEP, LHC, and ILC.
The results for the perturbative regime can be recovered by
taking �NP ¼ ð4�Þ2MNP.
As discussed previously, the mixing between light and

heavy neutrinos is "� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�=mN

p
, so that all effects / "

will be negligible unlessmN is very small, but for lightmN ,
mN < 10 KeV, we have very stringent bounds on the cou-
pling from astrophysical considerations which will render
the effects at colliders negligible (see Sec. IV). Thus, in
most cases all mixing effects can be ignored. The main
exception occurs when studying the decays of the lightest
N which becomes stable when " ¼ 0.

A. Decay rates and decay lengths

Before discussing the impact of the new interactions in
past and future colliders, we would like to discuss briefly
the dominant decay modes of the new neutral fermions and
their decay lengths for the relevant experiments. Although
in principle we could have three or more right-handed
neutrinos, for simplicity we will only consider the two
lightest ones, N1 and N2 (with m1 <m2). The extension
to more heavy neutral fermions is straightforward.
If the magnetic-moment-type interactions are strong

enough to produce the new particles, the dominant decay
modes of the heaviest neutrino,N2, will be N2 ! N1
, and
N2 ! N1Z if the N2 is heavy enough.

5 For relatively heavy
N2, m2 > 10 GeV, the produced photons will be hard and
can be measured. The lifetime will be very small and the
decay length very short; for example, we find that for N2

produced at center of mass (CM) energies ranging from
100–1000 GeV, the decay lengths of the N2 are well below
10�8 m unless m2 � m1.
In contrast, the lightest heavy neutrino, N1, must decay

into SM particles. As discussed above, this means that N1

decays will always be suppressed by the mixing parameter

3One also generates a Z� N � N coupling suppressed by "2.

4This scenario is in many aspects similar to the case of excited
neutral fermions which has been largely considered in the
literature (for limits from LEP1 and LEP2 see for instance
[56–59], and for prospects at future colliders see [60,61]), with
the difference that in our case we have right-handed neutrinos
which do not have standard weak interactions.

5If N2 and N1 are almost perfectly degenerate these decays
will be suppressed. In that case decays to SM particles like N2 !
�
, N2 ! eW, N2 ! �Z, or N2 ! �H, although suppressed by
", could be relevant.
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" (which we take as " ¼ 10�6 for our estimates), and the
corresponding decay lengths will be much longer.

Since all the decay widths of the N1 are proportional to
", the branching ratios will depend weakly on the heavy-
light mixing parameters; they will, however, be sensitive to
the strength of the new magnetic-moment interaction. An
example is presented in Fig. 1 for �NP ¼ 10 TeV: if m1 <
mW the decay is dominated by N1 ! �
 although for
larger masses of the N1 the tree-body decay N1 ! eW� !
eþ fermions could also be important.

For m1 above mW , the decays are dominated by the two
body decay N1 ! ‘W and for masses above mZ the decay
N1 ! �Z is also important.6 If m1 >mH, the N1 can also
decay into a real Higgs boson (in the figure we have taken
mH ¼ 130 GeV), however for these masses the Higgs
boson width is very small, therefore virtual production is
suppressed and the branching ratio drops rapidly once
m1 & mH. Notice that for m1 � mH, the decay widths
�ðN1 ! �ZÞ and �ðN1 ! �HÞ are equal and half of
�ðN1 ! eWÞ, as required by the equivalence theorem
[63,64] (see also the discussion in Appendix B 3). Notice
also that in Fig. 1 we have taken �NP ¼ 10 TeV and the
decay width �ðN1 ! �
Þ is suppressed by 1=�2

NP while
the decays to weak gauge bosons are not. Thus, for rela-
tively small�NP,�NP � 1 TeV, the decay N1 ! �
 could
also be relevant even above the threshold of production of
weak gauge bosons.

In Fig. 2 we present an estimate of the N1 decay lengths
as a function of its mass. We assume that the N1 is pro-
duced through the new electroweak moment interaction
together with a N2 (for instance eþe� ! N1N2) at CM,
and subsequently decays into the allowed channels, N1 !
�V (V ¼ 
, W, Z). Decay lengths are presented as a
function of the N1 mass for different values of the CM

energy for m2 ¼ 2m1, �NP ¼ 10 TeV, and " ¼ 10�6. We
observe that the decay lengths of the N1 will be very small
for masses above 100 GeV. However, for masses below
100 GeV the decay lengths could range from a few milli-
meters to a few kilometers, depending on theN1 and theN2

masses, the heavy-light mixing, the electroweak coupling,
and the kinematical configuration of the experiment. In
particular, there is an intermediate range of masses for
which the N1 could be identified through the presence of
a displaced photon vertex [65–67].

B. Heavy neutrinos in eþe� colliders

As mentioned previously, if N1 and N2 are sufficiently
light, the fact that these particles were not observed at
LEP1 [68–71] and LEP2 [72–74] places strong bounds
on their couplings. The most conservative bound is ob-
tained by assuming that both N1 and N2 escape undetected.
This is likely for a relatively light N1 because it can only
decay through heavy-light mixing and, as discussed above,
the corresponding decay length could be very large. The
N2, however, will decay into N1 and 
, with the energetic
photon providing a potentially clear signature. In that case
stronger bounds can be set but those bounds will depend on
the details of the spectrum.7 Instead of providing an ex-
haustive description of all possible scenarios, we will limit
ourselves to the interesting case of the bounds that can be
derived from the LEP data when it is assumed that the Z
decays invisibly intoN1,N2; then, at the end of this section,
we will comment on the bounds that could be derived from
visible N2 decays.
The decay width �ðZ ! N1N2Þ is given in Appendix B

and it is proportional to j�12j2. Assuming that only the

W

Z

H

10 20 50 100 200
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m1 GeV

B
R

N
1

X

FIG. 1 (color online). Decay branching ratios of N1. Solid line
for N1 ! �
 and dashed line for N1 ! eW� ! eþ fermions,
N1 ! �Z� ! �þ fermions, and N1 ! �H (see text). We take
"� 10�6, �NP ¼ 10 TeV, and mH ¼ 130 GeV.

s 100 GeV

s 1 TeV

s 500 GeV
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1
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FIG. 2 (color online). N1 decay lengths for a N1 produced
together with a N2 at CM. We present results for CM energies offfiffiffi
s

p ¼ 100 GeV (solid line), 500 GeV (dashed line), and 1 TeV
(dotted line); we took m2 ¼ 2m1, �NP ¼ 10 TeV, and " ¼
10�6.

6In this and several other points we disagree with the results
presented in [62].

7For instance, if the N1 and N2 are almost degenerate the
photon will be too soft to provide a viable signal.
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standard decays Z ! �‘ ��‘ð‘ ¼ e;�; Þ and Z ! N1N2

contribute to the invisible width of the Z boson, �inv, we
can obtain a bound on j�12j. Using the experimental values
[75] we have

�inv ¼ 3�SM
��� þ �ðZ ! N1N2Þ ¼ 499:0
 1:4 MeV:

(23)

Using also the charged lepton Z boson width, � �‘‘ ¼
83:984
 0:086 MeV and the ratio of the neutrino and
charged leptons partial widths calculated within the SM,
�SM

��� =�
SM
�‘‘

¼ 1:991
 0:001, we find

�ðZ ! N1N2Þ ¼ �inv � 3

�
����

� �‘‘

�
SM

� �‘‘

’ �2:6
 1:5 MeV: (24)

Since �ðZ ! N1N2Þ is positive and the mean value is
negative, we use the Feldman and Cousins prescription
[76] to estimate the 90% C.L. bound

�ðZ!N1N2Þ<0:48�1:5MeV¼ 0:72MeV 90%C:L:;

which in our case implies that

�NP ¼ 1

j�12j> 7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fZðmZ;m1; m2Þ

q
TeV; (25)

where fZðmZ;m1; m2Þ is a phase space factor given in
Appendix B normalized in such a way that fZðmZ; 0; 0Þ ¼
1. For example, �NP > 1:9 TeV if m1 ¼ m2 ¼ 35 GeV.

If the right-handed neutrino electroweak moment is
large enough to allow significant production of N1, N2

pairs at LEP energies, the dominant decay of N2 will also
beN2 ! N1
, unless the mass of theN1 is very close to the
N2 mass. Then, the resulting photons could be detected and
separated from the background if E
 > 10 GeV. In fact,

searches for this type of processes (some searches for
excited neutrinos also fall in this class of processes) have
been conducted at LEP1 [56,68–70] and at LEP2 [72–74].
If the mass of the heavy neutrino is below �90 GeV, one
typically obtains upper bounds on the production branch-
ing ratio BRðZ ! N1N2Þ of the order of 2� 10�6–8�
10�6 (see for instance [56,68]) depending on the masses
of N1 and N2 [these results also assume that BRðN2 !
N1
Þ ¼ 1 and that m2 > 5 GeV]. Using these data, one
can set much stronger bounds. For instance if m1 ¼ 0 and
m2 is relatively light, 10 GeV<m2 <mZ, we can use the
conservative limit BRðZ ! N1N2Þ< 8� 10�6 and obtain
�NP ¼ 1=j�12j> 40 TeV. Data from LEP2 can also be
used to place limits [72–74] on the couplings for masses
up to 200 GeV. For typical values ofm1;2, one can set upper

bounds on the production cross section of the order of
0.1 pb (for

ffiffiffi
s

p ¼ 207 GeV) which translate into bounds
on 1=j�12j of the order of a few TeV. LEP bounds based on
visible N2 decays depend more strongly on the N1 and N2

masses (for instance, they are completely lost if m2 �
m1 & 10 GeV) but they could be important if some signal
of this type is seen at the LHC.

In Fig. 3 we give the cross section for eþe� ! N1N2 as
a function of m2 (for illustration we took m1 ¼ 0 and
�NP ¼ 10 TeV) for the center of mass energies of LEP1
and LEP2 (we plotted values for

ffiffiffi
s

p ¼ 200 GeV). We also
included results for

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1000 TeV
in view of the proposals for future eþe� colliders as the
International Linear Collider (ILC). We see that, except for
collisions at the Z peak, which are enhanced by about 2
orders of magnitude, or close to the threshold of produc-
tion, which are suppressed by phase space, cross sections
are quite independent on the CM energy and are of the
order of 0.1 pb for �NP ¼ 10 TeV.

C. Neutral heavy lepton production at the LHC

The right-handed electroweak moment can help to pro-
duce the heavy neutrinos at hadron colliders. In particular,
heavy neutrinos will be produced at the LHC through the
Drell-Yan process. The differential cross section for
proton-proton collisions can be computed in terms of the
partonic cross sections (for a very clear review, see for
instance [77])

d�ðpp!N1N2þXÞ¼X
q

Z 1

0
dx1

Z 1

0
dx2ðfqðx1; ŝÞf �qðx2; ŝÞ

þðq$ �qÞÞd�̂ðq �q!N1N2; ŝÞ;
where ŝ ¼ x1x2s is the partonic center of mass invariant
square mass, �̂ is the partonic cross section, and fqðx1; ŝÞ,
f �qðx2; ŝÞ are the parton distribution functions for the pro-

ton. Taking the partonic cross sections given in
Appendix B and performing the convolution over the
parton distribution functions, we find the total cross section
as a function of the heavy neutrino masses.8

s mZ

s 200 GeV

s 500 GeV

s 1 TeV

0 200 400 600 800 1000
0.001

0.01

0.1

1

10

m2 GeV

e
e

N
1N

2
pb

FIG. 3 (color online). eþe� ! N1N2 as a function of the
heavy neutrino mass, m2, for different center of mass energies.
We took m1 ¼ 0, �NP ¼ 10 TeV.

8We have used the CTEQ6M parton distribution sets [78]. One
could also include next-to-leading-order corrections by multi-
plying by a K factor which typically would change cross sections
by 10%–20%. Results have been checked against the CompHEP
program [79,80].
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The cross section depends on the masses and the cou-
pling �12 ¼ 1=�NP. In Fig. 4 we represent the total cross
section for�NP ¼ 10 TeV as a function of the N2 mass forffiffiffi
s

p ¼ 14 TeV. We give results for three representative
values of m1. We see that cross sections above 100 fb are
easily obtained but only for m1 þm2 & mZ, where LEP
bounds apply. For larger masses the cross section decreases
very fast.

In Fig. 5 we present the differential cross section for the
process pp ! N1N2 þ X (with respect to the transverse
momentum) for different sets of neutral heavy lepton
masses. For m1 þm2 <mZ we see clearly the peak of
the Z gauge boson.

D. Higgs decays into heavy neutrinos

In this paper we are mainly interested in the effects of a
possible magnetic moment of right-handed neutrinos.
However, as discussed before, among the three possible
dimension five operators there is one which gives a cor-

rection to the right-handed neutrino Majorana mass.
Moreover, it also gives new Higgs boson couplings which
could be relevant for Higgs boson searches at the LHC/
ILC. In particular, it could induce new additional decays of
the Higgs into right-handed neutrinos which could be
dominant in some region of parameters, particularly if
the Higgs mass is in the range mH � 100–160 GeV and
if the right-handed neutrinos are light enough to be pro-
duced in Higgs decays. Let us discuss briefly the possible
effects of this operator.
In Sec. II B we derived the relevant interactions induced

by the new operators. In particular, the Higgs boson inter-
action with heavy neutrinos is given in Eq. (22), where
couplings H-�-N and H-�-�, which are suppressed, have
been neglected.
From Eq. (22) we compute the decay width of the Higgs

boson into two heavy neutrinos which is given in
Appendix B. Then, we can compare with the SM decay
rates of the Higgs boson. In Fig. 6 we represent the decay
branching ratios into the different channels for the new-
physics scale given by9 MNP� ¼ 1=� ¼ 10 TeV. For sim-

plicity we neglected heavy neutrino masses. For heavier
neutrinos there are some phase space suppression factors
given in Appendix B. We see that ifmH lies below theWW
threshold, right-handed neutrinos dominate Higgs decays
(if kinematically allowed). In fact, for low enough MNP�,

these decays could be significant even when the WW and
ZZ channels are open. This also means that the branching
ratios to other interesting channels in this region, as for
instance H ! 2
, are suppressed and could make its de-
tection more difficult. However, the effect of this new
interaction is not necessarily so bad since the produced
N0s have to decay. If the magnetic-moment interaction of

m1 1 GeV
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FIG. 4 (color online). pp ! N1N2 þ X cross section at the
LHC (

ffiffiffi
s

p ¼ 14 TeVÞ as a function of the mass of N2. We took
�NP ¼ 10 TeV and drew three curves for few representative
masses of the N1.
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FIG. 5 (color online). Transverse momentum distribution of
the process pp ! N1N2 þ X for different sets of heavy neutrino
masses.
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FIG. 6 (color online). Estimated branching ratios for Higgs
decays with the new-physics scale at 1=� ¼ 10 TeV. Heavy
neutrino masses have been neglected.

9Notice that this interaction can be generated at tree level;
therefore, up to possible small couplings, 1=� can be identified
directly with the masses of the new-physics particles in the
perturbative regime.
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right-handed neutrinos is also present the heaviest neutri-
nos can decay into lighter ones and photons, and those
photons could be detected. Moreover, the lightest of the
heavy neutrinos will decay into light neutrinos and pho-
tons. As discussed in Sec. II, this is suppressed by the
mixing heavy-light, therefore the N1 could be rather
long-lived and produce nonpointing photons which could
be detected. If the magnetic-moment interaction is not
present, the heavy neutrinos will have three-body decays
(N1 ! W�� or N1 ! Z��) suppressed by the heavy-light
mixing.10

IV. ASTROPHYSICAL AND COSMOLOGICAL
CONSIDERATIONS

In this section we consider several astrophysical and
cosmological systems and processes that may be affected
by the presence of a magnetic coupling of the neutrinos.
Neither the calculations nor the list are intended to be
exhaustive; we will instead focus on some of the most
interesting effects.

A. Astrophysical effects

Among the various astrophysical processes that are af-
fected by neutrino magnetic couplings, the cooling of red
giant stars plays a prominent role because it provides a very
tight bound on the magnitude of the magnetic moments—
provided the masses of the neutrinos involved are suffi-
ciently small. This limit is based on the observation that in
a plasma photons acquire a temperature-dependent mass
(and are then referred to as plasmons); any electromagnetic
neutrino coupling will then open a decay channel for the
plasmon into a neutrino pair, unless kinematically forbid-
den. If produced, the neutrinos leave the star, resulting in
an additional cooling mechanism that is very sensitive to
the size of the magnetic moment [81–87]; this can be used
to impose a stringent upper limit on this moment.

The electroweak moment couplings of mass eigenstates
derived from L5 is given in Eq. (21). In particular, the
electromagnetic coupling of heavy neutrino eigenstates is
(we already took UN ¼ 1)

L EM ¼ cW �N���ð�PR þ �yPLÞNF��: (26)

In a nonrelativistic nondegenerate plasma, the emissivity
of neutrinos is dominated by transverse plasmons [88],
which have an effective mass equal to the plasma fre-
quency !P. A calculation shows that the decay width of
these plasmons into two neutrino species, labeled by i and j
and satisfying mi þmj < !P, is

�ðplasmon ! NiNjÞ ¼
2c2W j�ijj2

3�

!4
P

!
fZð!P;mi; mjÞ;

(27)

where ! is the plasmon energy in plasma rest frame, and
fZ has been defined in Eq. (B3). The total decay rate is then

�ðplasmon ! NNÞ ¼ �2
eff

24�

m4
P

!
;

�2
eff ¼ 16c2W

X
all

j�ijj2fZð!P;mi;mjÞ; (28)

and the sum runs over all allowed channels, i > j such that
mi þmj < !P. The observational limits from red giant

stars cooling then imply [88]

�eff < 3� 10�12�B; (29)

where �B is the Bohr magneton. This translates into a
bound on the couplings �ij provided the sum of the asso-

ciated neutrino masses lies below !P, for example, for �ij
real,

j�ijj< 8:5� 10�13�B; mi;j � !P ’ 8:6 KeV:

(30)

This then gives �NP * 4� 106 TeV; this bound is de-
graded somewhat when the neutrino masses are compa-
rable to !P.
It is clear from Eq. (21) that the photon (plasmon) can

also decay into N � � and �� �. However, the relevant
couplings for these processes are suppressed by " and "2,
respectively, which are small numbers [for instance, if
m� � 0:1 eV and mN � 1 keV, "� 0:01, see (20)].
Therefore, this mixing can only affect plasmon decays
for extremely light N, mN �m�; in this case all neutrino
masses can be neglected compared to the plasma frequency
!P � 10 keV, and since photons only couple to right-
handed neutrinos, our result still applies (taking mi ¼
mj ¼ 0). Alternatively, if mN >!P � 10 keV the heavy

neutrinos cannot be produced in plasmon decay and the
only bound comes from plasmon ! ��; however, the am-
plitude for this process is suppressed by "2 which is very
small if mN � !P � 10 keV, so that the bounds derived
from this process are weak [if we take "2 �m�=mN we
roughly expect �NP * ðm�=mNÞ � 4� 106 TeV�
40 TeV for m� ¼ 0:1 eV and mN ¼ 10 keV and drops
below a TeV already for mN > 0:4 MeV].
The same type of reasoning can be applied to other

astrophysical objects. This might be of interest because
the corresponding plasma frequency !P will be larger in
denser objects, so that the corresponding limits will apply
to heavier neutrino states; unfortunately, the limits them-
selves are much poorer. As an example, we consider the
case of a neutron star whose plasma frequency in the crust
is !P � 1 MeV. This could allow us to extend the
magnetic-moment bounds to higher neutrino masses; how-
ever, the much weaker limit, �eff < 5� 10�7�B [89],

10Recall that the interesting mass range is mH < 160 GeV and
such a light Higgs boson cannot decay into real W’s or Z’s.
However, if one of the heavy neutrinos is light enough, then the
heavier one could still decay into real W’s and Z’s and produce
interesting signals.
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implies �NP * 23 TeV when mi;j & 1 MeV which is not

competitive with bounds derived below from 
þ � ! N
in supernovas, which also apply in this range of masses.
Limits derived for plasmon decays from solar and super-
nova data are also not competitive [88,90].

The neutrino electromagnetic coupling would also affect
other interesting processes. For example, it generates a new
supernova cooling mechanism through 
þ � ! N (when
kinematically allowed), with theN escaping. Limits on this
‘‘anomalous’’ cooling [88] imply that the effective mag-
netic moment then must lie below 3� 10�12�B provided
the heavy neutrino mass lies below�30 MeV (which is of
the order of the maximum neutrino energy in the supernova

core). The coupling for this process is suppressed ��"�
ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�=mN

p Þ=�NP, so we find �NP * 4� 106 �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�=mN

p
TeV. Taking, for example, m� � 0:1 eV we ob-

tain �NP > 1:5� 104 TeV for mN ¼ 10 keV and �NP >
390 TeV for mN ¼ 10 MeV. These limits are interesting
in the region 10 keV<mN < 30MeV, where red giant
bounds do not apply.

It is also worth noting that if the N mass ismN � 1 keV,
these particles may contribute to the dark matter content of
the universe [91,92] (but see also [93–96]). However,
although the bounds on the right-handed neutrino magnetic
moment coming from red giants apply, they could still have
important effects in the analysis and further study is
necessary.

B. CP asymmetries

The electroweak moments involving only the �0
R are also

of interest because they generate lepton number violation
and may contribute to the baryon asymmetry of the uni-
verse [97]. Though providing a complete description of
these effects lies beyond the scope of the present paper, we
will provide a simplified discussion of the issues involved.

In the presence of the electroweak moments the relevant
lepton-number-violating decays remain the standard11

N ! e
�	 (here e
 denotes a charged lepton and �	
the charged scalar components of the Higgs doublet) which
receive a contribution from this dimension five operator.
The new graphs, however, necessarily involve a virtual
heavy neutrino N0 (see Fig. 7) and will generate a lepton
asymmetry only ifN0 is lighter thanN. Because of this, this
type of contribution may be relevant only when the lightest
of the heavy neutrino states are degenerate or almost
degenerate (for a recent review talk on these scenarios
see [101]).

The calculation of the contributions of the Majorana
electroweak moments to the lepton-number-violating de-
cay width of the N is straightforward. We will assume that

mN � v so that we can neglect electroweak symmetry
breaking and assume that all gauge bosons, leptons, and
scalars are massless except the heavy neutrino which has a
Majorana mass term. Also, for simplicity, we neglect
Yukawa couplings for charged leptons. The relevant pieces
of the Lagrangian are discussed in Sec. II, in particular, in
Eqs. (2)–(4) and (22),

LN ¼ i

2
�N@6 N � 1

2
�NMNN � �‘Y�PRN ~�� ~�y �NYy

�PL‘

þ �N���ð�PR þ �yPLÞNB��; (31)

where N are Majorana fields and MN is their mass matrix
which, without loss of generality, can be taken diagonal.
Since we ignore the charged lepton Yukawa couplings, we
can rotate the doublet fields ‘ so that Y� is Hermitian; there
are no other possible field redefinitions so � is, in general,
antisymmetric and complex. For n generations both Y� and
� contain nðn� 1Þ=2 phases; in particular, for n ¼ 3 we
will have a total of six phases. But even for n ¼ 2 we have
two phases since both Y12 and �12 can be complex. This is
important because CP-violating observables should de-
pend on those couplings; it also means that we can make
our estimates in a model with just two generations, as we
will do for simplicity.
Assuming two generations with N2 the heavier of the

right-handed neutrinos, we consider the lepton-number-
violating decays N2 ! e��þ and N2 ! eþ��. At tree
level the amplitudes are simply

A 0ðN2 ! e��þÞ ¼ Ye2 �uðpeÞPRuðp2Þ; (32)

A0ðN2 ! eþ��Þ ¼ Y�
e2 �vðp2ÞPLvðpeÞ

¼ �Y�
e2 �uðpeÞPLuðp2Þ; (33)

where we used vðpÞ ¼ ucðpÞ.
The one-loop corrections to these processes induced by

the electroweak moment coupling � are given in Fig. 7.
Notice that if the external particle is N2 then the antisym-
metry of � dictates that onlyN1 can run in the loop. Thus, if
m2 >m1 we expect (finite) imaginary contributions from
these graphs. A straightforward but tedious calculation
confirms this expectation. Explicitly we find the following
CP-violating asymmetry in N2 decays to be

FIG. 7. One-loop graphs involving electroweak moments con-
tributing to L-violating heavy neutrino decays.

11For a review of leptogenesis together with references to the
original literature see, for example, Ref. [98]. For a new mecha-
nism of leptogenesis involving neutrino magnetic moments see
[99] and for leptogenesis using composite neutrinos see [100].
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�CP � �ðN2 ! e��þÞ � �ðN2 ! eþ��Þ
�ðN2 ! e��þÞ þ �ðN2 ! eþ��Þ

¼ � g0

2�
ðm2

2 �m2
1Þ
m1

m3
2

Im

�
Ye2Y

�
e1

jYe2j2
ð��12m2 þ �12m1Þ

�
:

(34)

For m1 � m2

�CP ¼ � g0

2�
m1 Im

�
Ye2Y

�
e1

jYe2j2
��12

�
� g0

2�

� m1

�NP

Im

�
Ye2Y

�
e1

jYe2j2
e�i�12

�
;

where �12 is the phase of �12:
We see that the Majorana electroweak moments do

generate additional contributions to CP violating asymme-
tries in heavy neutrino decays. These, however, are rele-
vant only for the decay of the heavier neutrinos and so
could be relevant for leptogenesis only whenm1 andm2 are
relatively close [102–105]. In this limit the amplitude is
proportional to (m2

2 �m2
1); despite this suppression the

possible relevance of these interactions requires a careful
comparison of all contributions, and this lies beyond the
scope of the present investigation.

V. SUMMARY OF BOUNDS, PROSPECTS, AND
CONCLUSIONS

As can be seen from the previous sections, the dimen-
sion five operators involving right-handed neutrinos open
up observable effects in several scenarios of interest. The
electroweak moment operator [first term in Eq. (4)] pro-
vides the richest phenomenology, but contributions coming
from the ð�y�Þ ��0c

R��
0
R operator [last term in Eq. (4)] can

affect Higgs boson decays. After spontaneous symmetry
breaking, this operator gives rise to several interaction
vertices involving right-handed neutrinos and the Higgs
boson, the strongest being a simple HNiNj term, which

provides new decay channels of the Higgs to N’s (if such a
process is kinematically allowed). These decays could
dramatically change the Higgs decay branching ratios
(see Fig. 6), especially in the region 100 GeV<mH <
160 GeV where the gauge boson channels are still closed.
The new decays could result in an invisible Higgs, if the
heavy neutrinos cannot be detected, or in new, enhanced
detection channels if the right-handed neutrinos can be
seen through their own decay channels, for instance N2 !
N1
, or N1 ! �
 and N1 ! eW with a displaced vertex.

As for the electroweak moment operator, Fig. 8 summa-
rizes present bounds on the model parameters as well as
two regions of potential interest, namely, the region rele-
vant for the LHC and the region that can provide a rela-
tively large CP asymmetry.

When expanded in terms of mass eigenstates, the unique
electroweak moment operator generates N � N, N � �,
and �� � magnetic moments, and N � N, N � �, and

�� � tensor couplings to the Z bosons, Eq. (21), giving
rise to a very rich phenomenology which depends basically
on three parameters: the coupling � ¼ 1=�NP, the heavy-
light mixing ", and the masses of the N. For our estimates

in Fig. 8 we take mN ¼ m2 and "� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�=mN

p
with m� ¼

0:1 eV, and neglect m1. Then we represent the regions in
the �NP �mN plane forbidden by the red giant bound on
theN and �magnetic moments, by the supernova bound on
the transition magnetic moment N � � and by the LEP
bound from the ‘‘invisible’’ Z-boson decay width.
To test the new interactions at the LHC, one should

produce first the heavy neutrinos and then one should
detect them. The analysis of the detection is complicated
and depends on the details of the spectrum and the capa-
bilities of the detectors, but at least one should produce
them with reasonable rates. Thus, we require that the cross
section of pp ! N1N2X is at least 100 fb.
The new interactions we have introduced contain new

sources of CP nonconservation which can modify the
standard leptogenesis scenarios. In particular, we have
found that the electroweak moment operator gives addi-
tional contributions to the CP asymmetry in N2 ! e��þ
decays. These could be relevant in leptogenesis if �CP �
ðg0=2�ÞmN=�NP > 10�6 and mN > 1 TeV, a region that
has also been represented in Fig. 8.
Note that for the regions marked LHC and CP asymme-

tries the shadowed area represents the region of interest, in
contrast to the previous ones, for which the shadowed area
represents the excluded region.
Finally, the effective theory we use cannot be applied for

all energies and all masses. Thus, to give graphically an
idea of the regions where the EFT cannot be applied, we

FIG. 8 (color online). Summary of bounds and prospects. The
shaded areas labeled �, N mag. moment, N � � transition, and
LEP denote regions excluded by the corresponding observables;
the areas marked EFTw and EFTs correspond to the regions
where the EFT parametrization is inconsistent (for the weak- and
strong-coupling regimes, respectively). Finally, shaded areas
marked CP asym. and LHC denote the range of parameters
where the dimension five electroweak moment might affect the
corresponding observables. See the text for details.
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represent the regions with mN >�NP, for the strong-
coupling regime (EFTs) and mN > ð4�Þ2�NP, for the
weak-coupling regime (EFTw).

From Fig. 8 we can draw the following conclusions:
(i) There are very tight bounds coming from red giants

cooling for mN & 10 keV, so strong as to require
�NP > 4� 109 GeV; in this scenario, obviously,
any effect of the electroweak moment coupling
would be totally negligible in any present or planned
collider experiment.

(ii) For 10 keV & mN & 10 MeV supernova cooling
produced by the magnetic-moment transitions 
� !
N provides very strong bounds. These bounds, how-
ever, depend on the assumptions made on the heavy-
light mixing parameter, ". For this mass range the
magnetic-moment limits from red giants are derived
from plasmon decay into a � pair, which is propor-
tional to "2 and yields less restrictive constraints.

(iii) For mN & mZ, the invisible Z decays impose �NP *
7� 103 GeV, depending on the details of the heavy
neutrino spectrum.12

(iv) For mN � 1–200 GeV and roughly 7 TeV<�NP <
100 TeV, heavy neutrinos could be produced at the
LHC with cross sections above 100 fb. The heaviest
two of them would decay rapidly to hard photons
which could be detected. The lightest one is quite
long-lived and, in part of the parameter space, would
produce nonpointing photons which could be
detected.

Above we have expressed our conclusions in terms of
�NP ¼ 1=� . Since our operator is a magnetic moment-
type operator, this scale can only be interpreted as the
mass of new particles in a nonperturbative context. If it is
generated by perturbative physics it arises at one loop and
one expects � � 1=ðð4�Þ2MNPÞ, whereMNP are the masses
of the particles running in the loop and coupling constants
have been set to one. Thus, in this case, all the constraints
discussed above still apply to MNP ¼ �NP=ð4�Þ2. Then, if
the new physics is weakly coupled, the interesting range
for collider physics, �NP � 10–100 TeV, translates into
MNP � 100–1000 GeV. For such low masses the effective
theory cannot be applied at LHC energies and one should
use the complete theory that gives rise to right-handed
neutrino electroweak moments. Those models should con-
tain new particles carrying weak charges with masses
�100–1000 GeV which should be produced in the LHC
via, for instance, the Drell-Yan process.

As for the future work around this effective theory, much
work still remains to be done, especially concerning as-
trophysical and cosmological scenarios:

(a) The magnetic coupling may have effects in the early
universe because it can potentially alter the equilib-
rium conditions of the N and their decoupling
temperature.

(b) Heavy neutrinos with masses �1 keV could be a
good dark matter candidate. The right-handed neu-
trino magnetic moments could change significantly
the analysis of this possibility.

(c) One should evaluate carefully the effects of the
Majorana magnetic couplings on nonthermal
leptogenesis.

(d) For sufficiently large � , this same coupling might
lead to the trapping of the right-handed neutrinos in
the supernova core.
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APPENDIX A: MODEL CALCULATION

The simplest model that can generate a magnetic mo-
ment for the right-handed neutrinos consists of adding to
the standard model a vectorlike fermion E and a scalar !,
both isosinglets of hypercharge y, with interactions

L int ¼
X
i

	0
i ��

c
iRE!

� þ 	i
�E�iR!þ H:c:; (A1)

where i is a family index; we take 	i, 	
0
j real. In this model

the effective magnetic coupling is given by

�ij ¼
g0yð	i	

0
j � 	0

i	jÞ
64�2MNP

;

MNP ¼ mE

2ð1� rÞ2
1� rþ r lnr

;

r ¼
�
m!

mE

�
2
: (A2)

This choice ofMNP is, of course, somewhat arbitrary, since
experiment only measures � . We have chosen it so that
MNP ¼ mE when m! ¼ mE).

12Most likely, searches for hard photons in the Galaxy x-ray
background could impose tighter bounds for this mass range, but
the precise constraint will depend on the details of the neutrino
spectrum; a thorough examination of this issue lies outside the
scope of the present paper.
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APPENDIX B: DECAY RATES AND CROSS
SECTIONS

Here we present the relevant formulas for decay rates
and cross sections used in the text. Before we proceed with
the calculations we introduce some notation useful in
simplifying the presentation of the formulas. First sW ¼
sin�W , cW ¼ cos�W are the sine and cosine of the weak
mixing angle. As usual we denote by qf the charge of

fermion f and its vector, vf ¼ t3ðfÞð1� 4jqfjs2WÞ, and
axial couplings, af ¼ t3ðfÞ, with t3ðfÞ ¼ þ1=2ð�1=2Þ
for up-type (down-type) fermions. We will write the new
couplings as �ij ¼ j�ijjei�ij . We will also define as usual

the Källen’s lambda function

	ða; b; cÞ ¼ a2 þ b2 þ c2 � 2ab� 2ac� 2bc: (B1)

1. Z ! NiNj

The decay width of the Z boson into heavy neutrinos is

�ðZ ! NiNjÞ ¼
2j�ijj2
3�

s2Wm
3
ZfZðmZ;mi; mjÞ; (B2)

where fZðmZ;mi; mjÞ is a kinematical factor

fZðmZ; 0; 0Þ ¼ 1

fZðmZ;mi;mjÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	ðm2

Z;m
2
i ;m

2
j Þ

q
m6

Z

½m2
Zðm2

Zþm2
i þm2

j

�6mimjcos2�ijÞ�2ðm2
i �m2

j Þ2: (B3)

2. N2 decay rates

If the new interaction is strong enough the dominant
decays of the heaviest neutral lepton proceed through the
new interaction. The decay rates are

�ðN2 ! N1
Þ ¼ 2

�
c2W j�12j2m3

2ð1�m2
1=m

2
2Þ3; (B4)

�ðN2 ! N1ZÞ ¼ 2

�
s2W j�12j2m3

2f2ðmZ;m1; m2Þ; (B5)

with

f2ðmZ;m1; m2Þ ¼ � m6
Z

2m6
2

fZðmZ;m1; m2Þ;

f2ð0; 0; m2Þ ¼ 1: (B6)

3. N1 decay rates

The lightest of the heavy neutrinos, N1, can decay only
due to mixing with the SM sector. If m1 >mZ the domi-
nant decays proceed through SM interactions induced by
the mixing of heavy-light neutrinos:

�ðN1 ! ‘��W
þÞ ¼ 1

16
j"�1W j2 �m3

1

s2Wm
2
W

�
1�m2

W

m2
1

�
2

�
�
1þ 2

m2
W

m2
1

�
: (B7)

Here� is a flavor index and "W characterizes the mixing of
heavy-light neutrinos inW boson couplings, which is orderffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�=mN

p
.

For N1 ! �Z decays we obtain

�ðN1 ! ��ZÞ ¼ 1

16
j"�1Z j2 �m3

1

s2Wc
2
Wm

2
Z

�
1�m2

Z

m2
1

�
2

�
�
1þ 2

m2
Z

m2
1

�
;

(B8)

where "Z is defined as above but for Z boson couplings.
Notice that since mW ¼ cWmZ the two decay widths are
equal up to phase space factors and differences in the
mixing factors "Z and "W . However, we have two decay
channels into W’s, N1 ! e�Wþ and N1 ! eþW�, and
only one into Z’s (we already took into account that the
�� are Majorana particles; should we treat them as Weyl

particles, we have two decay channels and the sum over
them gives the same result).
If m1 >mH the N1 can also decay into Higgs bosons,

N1 ! �H with a decay width given by

�ðN1 ! ��HÞ ¼ jY�1
� j2m1

32�

�
1�m2

H

m2
1

�
2
: (B9)

This looks quite different from �ðN1 ! ‘��W
þÞ and

�ðN1 ! ��ZÞ; however, we can use that " � MDM
�1
N ,

MD ¼ Y�v=
ffiffiffi
2

p
, and �=ðs2Wm2

WÞ ¼ 1=ð�v2Þ to rewrite
j"j2�m3

1=ðs2Wm2
WÞ � jY�j2m1=ð2�v2Þ and see that, in the

limit m1 � mH;mW;mZ, the three decay widths are iden-
tical. This is required by the equivalence theorem [63,64]
which states that, in this limit, the calculation could have
been performed in the theory before spontaneous symme-
try breaking; in that theory, all the fields except the N are
massless, there is no heavy-light mixing and the N’s decay
into the doublet of leptons and the Higgs scalar doublet
through the standard model Yukawa couplings. However,
for moderate m1, since mH >mZ > mW , the phase space
factors are important; in particular, �ðN1 ! ��HÞ de-

creases rapidly when approaching the threshold of
production.
If m1 <mW the dominant decay is the decay into a light

neutrino and a photon. It requires the new interaction and
light-heavy mixing:

�ðN1 ! ��
Þ ¼ 2

�
j"�1
 j2c2Wm3

1;

where "
 is a parameter that characterizes the strength of

the N1-��-
 interaction and it is of the order of ð1=�NPÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�=mN

p
.

4. eþe� ! N1N2 cross section

By neglecting the heavy-light mixing, the LEP and ILC
cross section is given by
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�ðeþe� ! N1N2Þ ¼ 2�

3
j�12j2fZð

ffiffiffi
s

p
; m1; m2Þ�‘ðsÞ

(B10)

with f ¼ e,

�fðsÞ ¼ 4q2fc
2
W � 4qfvf Ref�ðsÞg þ

v2
f þ a2f

c2W
j�ðsÞj2;

(B11)

and

�ðsÞ ¼ s

s�m2
Z þ imZ�Z

:

5. Partonic cross sections for pp ! N1N2X

To compute the pp ! N1N2 þ X cross section, we need
the different partonic cross sections q �q ! N1N2 which
proceed through the new interaction and are dominated
by 
 and Z exchange:

d�̂

d�
ðq �q ! N1N2Þ ¼ �

6�
j�12j2�qðŝÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	ðŝ; m2

1; m
2
2Þ

q
ŝ3

� ½ðm2
1 þm2

2Þðŝþ 2t̂Þ � 2t̂ðŝþ t̂Þ�
� ðm4

1 þm4
2Þ � 2ŝm1m2 cos2�12;

(B12)

with ŝ and t̂ the Mandelstam variables for the partonic
collision in the center of mass frame of the quarks, and
�qðŝÞ is defined in Eq. (B11) with the quantum numbers

appropriate to the quarks. The total partonic cross section
is obtained by integration of the angular variables and leads
to the result in Eq. (B10) with an additional factor 1=3 due
to color and with qf, af, vf appropriate for f ¼ u, d.

6. Higgs boson decays into right-handed neutrinos
H ! N1N2

Above we have discussed only cross sections and decays
induced by the electroweak moment interaction or by
standard model interactions and heavy-light mixing. The
last term in Eq. (4) can also have interesting consequences,
in particular, if the N’s are light enough it can induce new
decay modes for the Higgs boson. We found

�ðH ! N1N2Þ ¼ v2

2�m3
H

j�12j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
	ðm2

H;m
2
1; m

2
2Þ

q
� ½ðm2

H �m2
1 �m2

2Þ � 2m1m2 cos2�
0
12;

(B13)

where �ij ¼ j�ijjei�0
ij and v ¼ ffiffiffi

2
p h�ð0Þi.

[1] R. Davis, Jr., D. S. Harmer, and K. C. Hoffman, Phys. Rev.
Lett. 20, 1205 (1968).

[2] K. S. Hirata et al. (KAMIOKANDE-II Collaboration),
Phys. Lett. B 205, 416 (1988).

[3] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998).
[4] W. Hampel et al. (GALLEX Collaboration), Phys. Lett. B

447, 127 (1999).
[5] M. Altmann et al. (GNO Collaboration), Phys. Lett. B

490, 16 (2000).
[6] Q. R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett.

89, 011301 (2002).
[7] K. Eguchi et al. (KamLAND Collaboration), Phys. Rev.

Lett. 90, 021802 (2003).
[8] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys.

Rev. Lett. 81, 1562 (1998).
[9] W.W.M. Allison et al. (Soudan-2 Collaboration), Phys.

Lett. B 449, 137 (1999).
[10] E. Aliu et al. (K2K Collaboration), Phys. Rev. Lett. 94,

081802 (2005).
[11] T. Schwetz, M. Tortola, and J.W. F. Valle, New J. Phys.

10, 113011 (2008).
[12] M.C. Gonzalez-Garcia and M. Maltoni, Phys. Rep. 460, 1

(2008).
[13] C. Giunti and A. Studenikin, arXiv:0812.3646.

[14] M. Laine and M. Shaposhnikov, J. Cosmol. Astropart.
Phys. 06 (2008) 031.

[15] S. R. Coleman, J. Wess, and B. Zumino, Phys. Rev. 177,
2239 (1969).

[16] S. Weinberg, Physica A (Amsterdam) 96, 327 (1979).
[17] S. Weinberg, Phys. Lett. 91B, 51 (1980).
[18] J. Polchinski, Nucl. Phys. B231, 269 (1984).
[19] H. Georgi, Annu. Rev. Nucl. Part. Sci. 43, 209 (1993).
[20] T. Appelquist and J. Carazzone, Phys. Rev. D 11, 2856

(1975).
[21] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).
[22] H. A. Weldon and A. Zee, Nucl. Phys. B173, 269 (1980).
[23] M. S. Bilenky and A. Santamaria, Nucl. Phys. B420, 47

(1994).
[24] M. S. Bilenky and A. Santamaria, Phys. Lett. B 336, 91

(1994).
[25] Y. Grossman, Phys. Lett. B 359, 141 (1995).
[26] S. Bergmann, Y. Grossman, and E. Nardi, Phys. Rev. D 60,

093008 (1999).
[27] K. S. Babu and C.N. Leung, Nucl. Phys. B619, 667

(2001).
[28] Z. Berezhiani and A. Rossi, Phys. Lett. B 535, 207 (2002).
[29] J. F. Oliver and A. Santamaria, Phys. Rev. D 65, 033003

(2002).

RIGHT-HANDED NEUTRINO MAGNETIC MOMENTS PHYSICAL REVIEW D 80, 013010 (2009)

013010-13



[30] A. Broncano, M. B. Gavela, and E. E. Jenkins, Phys. Lett.
B 552, 177 (2003).

[31] S. Davidson, C. Pena-Garay, N. Rius, and A. Santamaria,
J. High Energy Phys. 03 (2003) 011.

[32] G. Prezeau, M. Ramsey-Musolf, and P. Vogel, Phys. Rev.
D 68, 034016 (2003).

[33] J. Barranco, O. G. Miranda, C. A. Moura, and J.W. F.
Valle, Phys. Rev. D 73, 113001 (2006).

[34] S. Davidson, M. Gorbahn, and A. Santamaria, Phys. Lett.
B 626, 151 (2005).

[35] F. del Aguila, J. A. Aguilar-Saavedra, J. de Blas, and M.
Zralek, Acta Phys. Pol. B 38, 3339 (2007).

[36] F. del Aguila, S. Bar-Shalom, A. Soni, and J. Wudka,
Phys. Lett. B 670, 399 (2009).

[37] J. Wudka, Int. J. Mod. Phys. A 9, 2301 (1994).
[38] M. J. G. Veltman, Acta Phys. Pol. B 12, 437 (1981).
[39] N. F. Bell, V. Cirigliano, M. J. Ramsey-Musolf, P. Vogel,

and M. B. Wise, Phys. Rev. Lett. 95, 151802 (2005).
[40] I. Y. Kobzarev, B. V. Martemyanov, L. B. Okun, and M.G.

Shchepkin, Sov. J. Nucl. Phys. 32, 823 (1980).
[41] S.M. Bilenky, J. Hosek, and S. T. Petcov, Phys. Lett. 94B,

495 (1980).
[42] T. P. Cheng and L.-F. Li, Phys. Rev. D 22, 2860 (1980).
[43] J. Schechter and J.W. F. Valle, Phys. Rev. D 22, 2227

(1980).
[44] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).
[45] R. N. Mohapatra and P. B. Pal, World Sci. Lect. Notes

Phys. 41, 1 (1991).
[46] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165

(1981).
[47] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys.

B181, 287 (1981).
[48] M. Magg and C. Wetterich, Phys. Lett. 94B, 61 (1980).
[49] P. Minkowski, Phys. Lett. 67B, 421 (1977).
[50] P. Ramond, arXiv:hep-ph/9809459.
[51] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity :

proceedings of the Supergravity Workshop at Stony Brook,
edited by P. Van Nieuwenhuizen and D. Z. Freedman
(North-Holland, Amsterdam, 1979).

[52] T. Yanagida, in Proceedings of the Workshop on the
Baryon Number of the Universe and Unified Theories,
edited by Osamu Sawada and Akio Sugamoto (National
Lab for High Energy Physics, Tsukuba, Japan, 1979).

[53] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[54] A. Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).
[55] H. Georgi, Phys. Lett. B 298, 187 (1993).
[56] P. Abreu et al. (DELPHI Collaboration), Z. Phys. C 74,

577 (1997).
[57] D. Decamp et al. (ALEPH Collaboration), Phys. Lett. B

250, 172 (1990).
[58] G. Abbiendi et al. (OPAL Collaboration), Eur. Phys. J. C

14, 73 (2000).
[59] P. Abreu et al. (DELPHI Collaboration), Eur. Phys. J. C 8,

41 (1999).
[60] A. Belyaev, C. Leroy, and R. R. Mehdiyev, Eur. Phys. J. C

41S2, 1 (2005).
[61] O. J. P. Eboli, S.M. Lietti, and P. Mathews, Phys. Rev. D

65, 075003 (2002).
[62] T. Kikuchi, Phys. Lett. B 671, 272 (2009).
[63] B.W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. D 16,

1519 (1977).
[64] J.M. Cornwall, D. N. Levin, and G. Tiktopoulos, Phys.

Rev. D 10, 1145 (1974).
[65] M. Terwort (ATLAS Collaboration), arXiv:0805.2524.
[66] P. Zalewski, arXiv:0710.2647.
[67] D. Prieur, arXiv:hep-ph/0507083.
[68] P. Abreu et al. (DELPHI Collaboration), Z. Phys. C 74, 57

(1997).
[69] O. Adriani et al. (L3 Collaboration), Phys. Lett. B 295,

371 (1992).
[70] M. Z. Akrawy et al. (OPAL Collaboration), Phys. Lett. B

247, 448 (1990).
[71] M. Dittmar, A. Santamaria, M. C. Gonzalez-Garcia, and

J.W. F. Valle, Nucl. Phys. B332, 1 (1990).
[72] J. Abdallah et al. (DELPHI Collaboration), Eur. Phys. J. C

38, 395 (2005).
[73] P. Achard et al. (L3 Collaboration), Phys. Lett. B 587, 16

(2004).
[74] G. Abbiendi et al. (OPAL Collaboration), Eur. Phys. J. C

8, 23 (1999).
[75] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1

(2008).
[76] G. J. Feldman and R.D. Cousins, Phys. Rev. D 57, 3873

(1998).
[77] J.M. Campbell, J.W. Huston, and W. J. Stirling, Rep.

Prog. Phys. 70, 89 (2007).
[78] J. Pumplin et al., J. High Energy Phys. 07 (2002) 012.
[79] E. Boos et al. (CompHEP Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 534, 250 (2004).
[80] A. Pukhov et al., arXiv:hep-ph/9908288.
[81] V. Castellani and S. Degl’Innocenti, Astrophys. J. 402,

574 (1993).
[82] M. Catelan, J. A. de Freitas Pacheco, and J. E. Horvath,

Astrophys. J. 461, 231 (1996).
[83] M. Haft, G. Raffelt, and A. Weiss, Astrophys. J. 425, 222

(1994).
[84] G. G. Raffelt, Astrophys. J. 365, 559 (1990).
[85] G. G. Raffelt, Phys. Rev. Lett. 64, 2856 (1990).
[86] G. Raffelt and A. Weiss, Astron. Astrophys. 264, 536

(1992).
[87] A. Heger, A. Friedland, M. Giannotti, and V. Cirigliano,

arXiv:0809.4703.
[88] G. G. Raffelt, Stars as Laboratories for Fundamental

Physics: The Astrophysics of Neutrinos, Axions, and
Other Weakly Interacting Particles (University Of
Chicago Press, Chicago, IL, 1996).

[89] N. Iwamoto, L. Qin, M. Fukugita, and S. Tsuruta, Phys.
Rev. D 51, 348 (1995).

[90] G. G. Raffelt, Phys. Rep. 320, 319 (1999).
[91] S. Dodelson and L.M. Widrow, Phys. Rev. Lett. 72, 17

(1994).
[92] X.-D. Shi and G.M. Fuller, Phys. Rev. Lett. 82, 2832

(1999).
[93] U. Seljak, A. Makarov, P. McDonald, and H. Trac, Phys.

Rev. Lett. 97, 191303 (2006).
[94] M. Viel, J. Lesgourgues, M.G. Haehnelt, S. Matarrese,

and A. Riotto, Phys. Rev. Lett. 97, 071301 (2006).
[95] J. Lesgourgues and S. Pastor, Phys. Rep. 429, 307 (2006).
[96] A. Melchiorri et al., J. Cosmol. Astropart. Phys. 01 (2009)

036.
[97] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45

APARICI, KIM, SANTAMARIA, AND WUDKA PHYSICAL REVIEW D 80, 013010 (2009)

013010-14



(1986).
[98] S. Davidson, E. Nardi, and Y. Nir, Phys. Rep. 466, 105

(2008).
[99] N. F. Bell, B. Kayser, and S. S. C. Law, Phys. Rev. D 78,

085024 (2008).
[100] Y. Grossman and Y. Tsai, J. High Energy Phys. 12 (2008)

016.
[101] A. Pilaftsis, arXiv:0904.1182.

[102] L. Covi, E. Roulet, and F. Vissani, Phys. Lett. B 384, 169
(1996).

[103] M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss, Phys.
Lett. B 389, 693 (1996).

[104] A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).
[105] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B692, 303

(2004).

RIGHT-HANDED NEUTRINO MAGNETIC MOMENTS PHYSICAL REVIEW D 80, 013010 (2009)

013010-15


