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Evidence for mν 6= 0

Solar and atmospheric neutrino fluxes differ from
expectations for massless neutrinos.
Best explanation in terms of neutrino oscillations.
In agreement with accelerator and reactor experiments at
different baselines.
Cosmology and ν less2β some important additional
information.
One can perform a global fit that yields, up to some
uncertainties, ν masses and mixings.
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Global Fit

Global fit give (∆m2
ij = m2

i −m2
j )

∆m2
21 = (7.9±0.3)×10−5 eV2,

|∆m2
31|= (2.5±0.2)×10−3 eV2

sin2
θ12 = 0.3±0.03 , sin2

θ23 = 0.5±0.08 , sin2
θ13 < 0.02

Global scale not fixed (although from cosmology mν . 1eV).
Three possibilities for ∆m2

21 = ∆S �∆A = |∆m2
31| :

Normal hierarchy (NH): m3�m2 > m1;
Inverse hierarchy (IH): m1 'm2�m3;
Degenerate m1 'm2 'm3

In any case mν . 1eV and probably mν . 0.05eV
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Neutrino Masses

How can we modify the SM to include massive neutrinos?
Simpler explanation: add νR

LYL =−`YeφeR− `Yν φ̃νR + h.c.

This is like the quark sector. But
Why mν are so small?
Why do we omit terms like νc

RνR in the Lagrangian?
Solution to the two questions: they are not omitted

LYL→LYL =−`YeφeR− `Yν φ̃νR− 1
2

νc
RMνR + h.c.

Arcadi Santamaria Right-handed Neutrino Magnetic Moments INFO 09, Santa Fe, July 7, 2009 5/35



after SSB leads to the mass term

LνM =−1
2

(
ν̄L,ν

c
R

) ( 0 MD
MT

D M

) (
νc

L
νR

)
+ h.c.

if M �MD (“seesaw” mechanism):
3 heavy Majorana neutrinos∼ νR with masses ∼M
3 light Majorana neutrinos∼ νL with masses ∼M2

D/M
Naturally one obtains mν < 1eV if M > 1015 GeV.
Simple and natural explanation of small ν masses.

Problems:
Difficult to test: sterile νR with masses ∼ 1015 GeV

Strong hierarchy problem: δm2
H 'M2/(4π)2
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Neutrino Mass Models

Plain Dirac neutrino masses
Type I seesaw mechanism (very natural)
Triplet of scalars or fermions (type II and III seesaw)
Inverse see-saw
Radiative neutrino masses (Zee and Zee-Babu models)
SUSY models without R-parity
ν masses from extra dimensions
ν masses from Little Higgs models
. . .

Too many possibilities
Can we perform a model independent analysis of ν masses?
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EFT Approach

Assumptions:
The SM is a low-energy approximation of a more complete
theory
The only light particles (m . 250GeV) are those of the SM
(excluding νR)

then
L = LSM +L5 +L6 + · · ·

LSM = i` 6D `+ ieR 6D eR− (`YeeL φ + h.c.) + · · ·
L5, L6, · · · contain dim 5, dim 6, · · · gauge invariant operators
built with SM fields.
Their effects are suppressed by 1/ΛNP , 1/Λ2

NP , · · · being ΛNP
the scale of new physics.

Arcadi Santamaria Right-handed Neutrino Magnetic Moments INFO 09, Santa Fe, July 7, 2009 8/35



Weinberg Operator

Only one dim 5 gauge invariant operator built with SM fields

L5 =
1

ΛNP

(
˜̀φ
)(

φ̃
†
`
)

Does not conserve lepton number
After SSB gives rise to Majorana neutrino masses

mν ∼ v2

ΛNP
� v , if ΛNP� v

Natural and very general explanation of light neutrino
masses.
Can parametrize most of the neutrino mass models
Models are only distinguished by the effects of the
operators with higher dimensions.
It provides an explanation of why the presence of ν

masses is the first hint we have seen of new physics!
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Disadvantages

Very difficult to test:

After SSB in the unitary gauge it just gives ν masses and
H-ν couplings proportional to mν/v which are very small.
One has to rely on the effects of higher dimension
operators which are suppressed by higher powers of 1/ΛNP

Not general enough: it cannot accommodate all the
models; in particular it cannot accommodate plain Dirac
neutrino masses.

Generalizations
Allow for more light degrees of freedom (masses smaller than
the electroweak scale). This will change the form and number
of higher dimension operators.
The natural candidates are νR neutrinos
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Dimension 5 Effective Lagrangian with νR

Allow for νR among the light degrees of freedom

L = LSM +LνR +L5 + · · ·

LνR = iν ′R∂/ ν
′
R−

(
1
2

ν ′cR Mν
′
R + h.c.

)
− (`Yνν

′
R φ̃ + h.c.

)
Only three dimension 5 effective operators

L5 = Lχ +Lζ +Lξ

Lχ =
(

˜̀φ
)

χ

(
φ̃

†
`
)

+ h.c.

Lζ = ν ′cR ζ σ
µν

ν
′
RBµν + h.c.

Lξ =−(φ †
φ
)

ν ′cR ξ ν
′
R + h.c.
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Models

νL Majorana mass term operator
(

˜̀iφ
)(

φ̃
†
`j

)
Scalar isotriplet of hypercharge 1,
Zero hypercharge fermion isotriplet
Fermion isosinglet of zero hypercharge

νR Majorana mass term operator
(
φ †φ

)
ν ′ciRν ′jR

Scalar isosinglet of vanishing hypercharge
Fermion isodoublet of hypercharge 1/2

νR electroweak coupling
(

ν ′ciRσ µνν ′cjR
)

Bµν (at one loop)

Scalar-fermion pair {ω,E}, with opposite (non-zero)
hypercharges that have couplings ωEν ′R and ωEν ′cR
Vector-fermion pair {W ′

µ ,E}, with opposite (non-zero)
hypercharges that have couplings W ′

µEγµ ν ′R
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Example Model

LY = νc
Rh′E ω

+ + νRhE ω
+ + h.c.

νR νc
R

ω−

B

E− E− νR νc
R

E−

B

ω− ω−

(a) (b)

ζij =
g′f (r)

(4π)24mE

(
h′ih
∗
j −h′jh

∗
i

)
f (r) =

1
1− r

+
r

(1− r)2 log(r) , r = (mω/mE )2
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Mass Eigenstate Lagrangian

ν
′
L = PL (Uνν + εUNN + · · ·) ;

ν
′
R = PR

(
UNN− ε

T Uνν + · · ·
)

;

ε ≈MDM−1
R , |εij |.

√
mν

mN
;

Lζ =
(

NU†
N −νU†

νε
∗
)

σ
µν
(
ζPR + ζ

†PL
) (

UNN− ε
T Uνν

)
×(cW Fµν −sW Zµν

)
Lξ =−vHN

(
ξPR + ξ

†PL
)

N + · · ·
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Collider effects

Right-handed neutrinos have no EW interactions.
The only interaction with SM particles is the Yukawa coupling,
which must be very small in type I seesaw scenarios if heavy
neutrinos are light enough to be produced at colliders:
νR difficult to produce at colliders
The new right-handed neutrino interactions can give access to
νR properties:

The magnetic moment interaction can enhance νR
production at colliders (Z and γ exchange at e+e− colliders
and Drell-Yan at hadron colliders)
It can also affect the way they could be detected.
The Lξ can affect dramatically Higgs boson decays.

For simplicity we will only consider the two lighter N ’s, N2 and
N1 with m2 > m1.

Arcadi Santamaria Right-handed Neutrino Magnetic Moments INFO 09, Santa Fe, July 7, 2009 15/35



N2 Decay Rates and Decay Lengths

If the magnetic-moment interaction is strong enough to
produce N2-N1pairs the N2 will decay mainly to N1γ (or
N1Z if allowed kinematically).

For relatively heavy N2, m2 > 10GeV, the produced
photons will be hard and could 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 100−1000GeV, the
decay lengths of the N2 are typically well below 10−8 m.
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N1 Decay BR and Decay Lengths

N1 must decay into SM particles and these decays are
suppressed by the mixing parameter ε (which we take as
ε = 10−6 for our estimates); the corresponding decay
lengths will be much longer.

All the decay widths of the N1 proportional to ε, branching
ratios will depend weakly on ε.

N1→ νγ needs the new magnetic moment interaction.

N1→ eW , N1→ eZ ,N1→ eH do not need it.

Relative values of BR sensitive to the magnetic moment
coupling ζ12 = 1/ΛNP
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N1 BR

N1 decay branching ratios for ΛNP = 10 TeV
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N1 Decay Lengths

N1 N2 pair produced at CM (m2 = 2m1, ΛNP = 10TeV,ε = 10−6)

s = 100 GeV

s = 1 TeV

s = 500 GeV
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Heavy Neutrinos in e+e− Collider

If N1, N2 are light enough they could have been produced
in e+e− at LEP1 by Z exchange and at LEP2 by γ and Z
exchange and have not been seen: strong limits

Even if N1 and N2 escaped undetected the measurement of
the invisible Z width places strong bounds.

If N2→ N1γ fast enough the photon could have been
detected and some bounds can be set.

If they are heavier they could be produced at future e+e−

colliders such as the ILC: worth to be studied.
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Invisible Z Decay Width

If N1,N2 are produced but undetected additional contribution to
Z → invisible

Γinv = 3ΓSM
ν̄ν + Γ(Z → N1N2) = 499.0±1.4MeV

then

Γ(Z → N1N2) = Γinv −3
(

Γν̄ν

Γ ¯̀̀

)SM

Γ ¯̀̀ '−2.6±1.5 MeV

gives
Γ(Z → N1N2) < 0.72 MeV 90% CL ,

in terms of

ΛNP =
1
|ζ12| > 7

√
fZ (mZ ,m1,m2) TeV ,
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Visible N2 decays

e+e−→ N1N2→ N1N1γ could provide a visible channel if
Eγ > 10GeV.

LEP1 searches give ΛNP = 1/|ζ12|> 10 TeV for mN2 < mZ .

LEP2 searches give worse bounds ΛNP = 1/|ζ12|> 10 TeV
but for mN2 masses up to 200 GeV.

LEP bounds based on visible N2 decays depend more
strongly on the N1 and N2 masses (for instance, they are
completely lost lost if m2−m1 . 10GeV) but they could be
important if some signal of this type is seen at the LHC.
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e+e−→ N1N2 Cross section

m1 = 0 and ΛNP = 10TeV

s = mZ

s = 200 GeV

s = 500 GeV

s = 1 TeV
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0.001
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1
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Σ
He
+
e-
�

N
1N

2L
Hp

bL

Except for collisions at the Z peak or close to the threshold of
production, cross sections are quite independent on the CM
energy and are of the order of 0.1pb.
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N1, N2 Production at the LHC

Heavy neutrinos will be produced at the LHC through the
Drell-Yan process.
Computed in terms of the the partonic cross sections

dσ(pp→ N1N2 + X ) =

∑
q

∫ 1

0
dx1

∫ 1

0
dx2

(
fq(x1, ŝ)fq̄(x2, ŝ) + (q↔ q̄)

)
d σ̂(qq̄→ N1N2, ŝ)

ŝ = x1x2s the partonic center of mass invariant square mass
σ̂(qq̄→ N1N2, ŝ) the partonic cross section
fq(x1, ŝ), fq̄(x2, ŝ) the parton distribution functions of the proton.
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ΛNP = 10TeV and
√

s = 14TeV

m1 = 1 GeV

m1 = 70 GeV

m1 = 100 GeV
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Cross sections above 100 fb are easily obtained but only for
m1 + m2 . mZ , where LEP bounds apply. For larger masses the
cross section decreases very fast.
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Higgs Decay into Heavy Neutrinos

Let us pay a bit of attention to the Lξ interaction

Lξ =−(φ †
φ
)

ν ′cR ξ ν
′
R + h.c.

After diagonalization of mass matrices and SSB in the unitary
gauge

Lξ =−vHN
(
ξPR + ξ

†PL
)

N + · · ·
If N ’s light enough and the ξ interaction strong enough

H→ NiNj

could be important when other channels are closed or
suppressed (mH < 160GeV)
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1/ξ = 10 TeV, mN �mH
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��
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Astrophysical Effects

The week magnetic moment interaction gives rise to transition
magnetic moment interactions among N ′s and ν ’s

Lem =
(
N−νU†

νε
∗)

σ
µν
(
ζPR + ζ

†PL
) (

N− ε
T Uνν

)
cW Fµν

Since N and ν have very weak interactions they scape freely
from stars.
Any interaction that allows the conversion of γ ′s into N ’s and/or
ν ’s provides an extra cooling mechanism of stars. Those are
very well constrained.
For our interaction we found that the best limits come from

Plasmon decays in red giants (for mN . 10keV)
γ + ν → N in SN ( for mN . 30MeV)
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Plasmon Decay

In a plasma photons have massive excitations called plasmons.
If N1N2 have magnetic moments, and are light enough,
plasmons could decay into N1N2 and produce an extra cooling
mechanism.
We find (ωP plasma frequency, ω plasmon energy)

Γ(plasmon→ NN) =
µ2

eff
24π

ω4
P

ω

µ
2
eff = 16c2

W ∑
all

∣∣ζij
∣∣2 fZ (ωP ,mi ,mj) ,

The observational limits from red giant stars cooling imply

µeff < 3×10−12
µB ,

Then for mi ,j � ωP ' 8.6KeV

|ζij |< 8.5×10−13
µB; and ΛNP & 4×106 TeV
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γ +ν → N in SN

In the SN core ν ’s are trapped while, in principle, N escape
freely.
Any process transforming ν ’s into N ’s can potentially
destabilize the standard SN cooling.
Therefore,γ + ν → N, induced by our ν-N transition magnetic
moment, will be strongly bounded:
Using that the coupling for this process is suppressed
∼ ζ ε ∼

(√
mν/mN

)
/ΛNP one finds

ΛNP & 4×106×
√

mν/mN TeV , mN < 30MeV

These limits are interesting in the region 10keV <mN < 30MeV,
where red giant bounds do not apply.
But depend strongly on the assumptions on ε.
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CP asymmetries

Leptogenesis is a very interesting mechanism to explain the
matter-antimatter asymmetry in the universe.
One of the ingredients is the existence of CP asymmetries in
leptonic decays, which in turn needs phases in the couplings
and loop diagrams absorptive contributions.
The electroweak moment interaction provides additional phases
in the couplings and additional absorptive parts, will contribute
to the CP asymmetries and potentially can affect leptogenesis.

N2 N1

φ+

B

e− e−

e−

B

φ+

φ+

N2 N1

(a) (b)
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we find

ε /CP ≡
Γ(N2→ e−φ +)−Γ(N2→ e+φ−)

Γ(N2→ e−φ +) + Γ(N2→ e+φ−)

=− g′

2π
(m2

2−m2
1)

m1

m3
2

Im
{

Ye2Y ∗e1
|Ye2|2

(ζ
∗
12m2 + ζ12m1)

}
right-handed neutrino electroweak moments do generate
additional contributions to CP violating asymmetries in heavy
neutrino decays.

Only relevant for the decay of the heavier neutrinos.
Proportional to m2

2−m2
1

The possible relevance for leptogenesis requires a more
complete study we have not yet performed.
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Summary of Bounds and Prospects

Summary of Bounds and Prospects
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Conclusions

Strong bounds from red giants cooling for mN . 10keV (
ΛNP > 4×109 GeV). In this case negligible effects in
collider experiments.
For 10keV . mN . 10MeV SN, γ ν → N, provides very
strong bounds. However depend on ε.
For mN . mZ , the invisible Z decays impose
ΛNP & 7×103 GeV, depending on the details of the heavy
neutrino spectrum.
For mN ∼ 1−200GeV and 7TeV <ΛNP < 100TeV, heavy
neutrinos could be produced at the LHC with cross
sections above 100 fb. The heaviest will decay rapidly into
hard photons. The lightest is quite long-lived and, in part of
the parameter space, could produce non-pointing photons.

Arcadi Santamaria Right-handed Neutrino Magnetic Moments INFO 09, Santa Fe, July 7, 2009 34/35



Outlook

The magnetic coupling may have effects in the early
universe because it can potentially alter the equilibrium
conditions of the N and their decoupling temperature.
Mandatory to compute relic abundances.
Searches for hard photons in the Galaxy X-ray background
could impose tight on the new interactions.
Heavy neutrinos with masses ∼ 1keV could be a good
dark matter candidate. The right-handed neutrino
magnetic moments could change significantly the analysis
of this possibility.
One should evaluate carefully the effects of the Majorana
magnetic couplings on non-thermal leptogenesis.
For sufficiently large ζ , this same coupling might lead to
the trapping of the right-handed neutrinos in the supernova
core.
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