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Sterile Neutrinos

• Most mν models involve sterile neutrinos (quark-lepton symmetry)

• Mass anywhere from sub-eV to MP ∼ 1019 GeV

• LSND/MiniBooNE: possible oscillation between active and sterile

– Mixing between active and sterile of same helicity

– Need two types of small (eV-scale) masses (usually Dirac/Majorana)

• Other topics

– Alternative explanations for Solar, atmospheric, LBL,
LSND/MiniBooNE
(non-standard interactions, MSW effects with Z′ and/or sterile, RSFP,

non-orthogonal, decay, CPT, LIV, EP, decoherence)

– Warm dark matter (e.g., keV), pulsar kicks, supernovae, collider
implications
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Neutrino Preliminaries

• Weyl fermion

– Minimal (two-component) fermionic degree of freedom

– ψL↔ ψcR by CP (ψcR ∼ ψ†L)

• Active Neutrino (a.k.a. ordinary, doublet)

– in SU(2) doublet with charged lepton → normal weak
interactions

– νL↔ νcR by CP

• Sterile Neutrino (a.k.a. singlet, right-handed)

– SU(2) singlet; no interactions except by mixing, Higgs, or BSM

– νR↔ νcL by CP

– Almost always present: Are they light? Do they mix?
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• Fermion Mass

– Transition between right and left Weyl spinors:

mψ̄LψR +m∗ψ̄RψL→ m
(
ψ̄LψR + ψ̄RψL

)

( m ≥ 0 by ψL,R phase changes)

• Dirac Mass

– Connects two distinct Weyl spinors
(usually active to sterile):
mD (ν̄LνR + ν̄RνL) = mDν̄DνD

– Dirac field: νD ≡ νL + νR

– 4 components, ∆L = 0

– ∆t3L = ±1
2
→ Higgs doublet

– Why small? (Large dimensions? Higher-

dimensional operators? String instantons?)
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with such statements. In any case, most particle physicists believe that either
an alternative mechanism or some explanation for a small hν is needed, as
will be discussed below.
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FIGURE 7.41

Mechanisms for generating a Dirac neutrino mass. Left: an elementary
Yukawa coupling to the neutral Higgs doublet field φ0. Right: a higher-
dimensional operator leading to a suppressed Yukawa coupling.

Majorana Masses

Majorana mass terms are more economical in that they only require a sin-
gle Weyl field, i.e., ΨbR = Ψc

aR in (7.329). They are not as familiar as Dirac
mass terms because they violate fermion number by two units. For the quarks
and charged leptons such mass terms are forbidden because they would vi-
olate color and/or electric charge. However, the neutrinos do not carry any
unbroken gauge quantum numbers, so Majorana masses are a possibility.

For an active neutrino, a Majorana mass term describes a transition between
a left-handed neutrino and its conjugate right-handed antineutrino. In four-
component language, it can be written

−LT =
mT

2
(ν̄Lν

c
R + ν̄c

RνL) =
mT

2

�
ν̄LCν̄T

L + νT
L CνL

�
=

mT

2
ν̄MνM . (7.331)

As is clear from the second form, LT can be viewed as the annihilation or
creation of two neutrinos, and therefore violates lepton number by two units,
∆L = 2. In the last form in (7.331), νM ≡ νL + νc

R is a self-conjugate‡‡

two-component (Majorana) field satisfying νM = νc
M ≡ Cν̄T

M . A Majorana
ν is therefore its own antiparticle and can mediate neutrinoless double beta

‡‡Unlike a Hermitian scalar, a Majorana state still has two helicities, corresponding to νL

and νc
R. They only mix by the Majorana mass term, so there is still an approximately

conserved lepton number to the extent that mT is small. For example, there could be
a cosmological asymmetry between νL and νc

R, even for Majorana masses, if the rate for
transitions between them is sufficiently slow compared to the age of the universe (Barger
et al., 2003).

mD = hνν =
√

2hν〈ϕ0〉
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• Majorana Mass

– Connects Weyl spinor with itself:
mT

2

(
ν̄Lν

c
R + ν̄cRνL

)
= mT

2
ν̄MνM (active)

mS
2

(
ν̄cLνR + ν̄Rν

c
L

)
= mS

2
ν̄MS

νMS
(sterile)

– Majorana fields:

νM ≡ νL + νcR = νcM
νMS

≡ νcL + νR = νcMS

– 2 components, ∆L = ±2, self-conjugate

– Active: ∆t3L = ±1 (triplet or

higher-dimensional operator)

– Sterile: ∆t3L = 0 (singlet or bare mass)

– Phase of νL or νcL fixed by mT,S ≥ 0
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FIGURE 7.43

Mechanisms for a Majorana mass term. Top left: coupling to a neutral Higgs
triplet field φ0

T . Top right: a higher-dimensional operator coupling to two
Higgs doublets. Botton left: the minimal seesaw mechanism (a specific im-
plementation of the higher-dimensional operator), in which a light active neu-
trino mixes with a very heavy sterile Majorana neutrino. Bottom right: a
loop diagram involving a charged scalar field h−.

The four-component fields for Dirac and for active and sterile Majorana
neutrinos can therefore be written

νD =

�NL

NR

�
=

� NL

iσ2N c∗
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�
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N c
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� N c
L

iσ2N c∗
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�
,

(7.336)

where two of the components are not independent in the Majorana cases.
The free-field equations of motion with a Majorana mass term obtained

from the Euler-Lagrange equation (2.18) are

i �∂νL − mT Cν̄T
L = 0, iσ̄µ∂µNL − mT iσ2N ∗

L = 0. (7.337)

This leads to the free-field expression

νM (x) =

�
d3�p

(2π)32Ep

�

s=+,−

�
u(�p, s) a(�p, s)e−ip·x + v(�p, s)a†(�p, s)e+ip·x� ,

(7.338)
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Sterile Neutrinos at the eV scale

• LSND/MiniBooNE data suggest
ν̄µ → ν̄e oscillations (∆m2 ∼ 1eV2)

• Invisible Z-width:
Nν = 2.984± 0.009 light active
neutrinos ⇒ sterile ν

• νµ 9 νe suggests CP violation ⇒
≥ 2 sterile ν (or alternative)

 

 

• Global 1 + 3 and 2 + 3 fits, including reactor, KARMEN, NOMAD
(Kopp, Maltoni, Swetz, 1103.4570; Giunti, Laveder, 1107.1452, 1109.4033)

– Reactor flux reanalysis (Mueller et al, 1101.2663) improves
consistency

– 2 + 3 gives rough but not perfect fit
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FIG. 8. Schematic description of the three possible 3+2
schemes that we are considering, taking into account that
|!m2

21| ! |!m2
31| ! |!m2

41| < |!m2
51|. In the perverted

scheme the identification of the labels k and j is chosen in
order to satisfy the inequality |!m2

41| < |!m2
51|.

between MiniBooNE neutrino and antineutrino data. In
our analysis we consider !m2

41 > 0 and !m2
51 > 0, with

!m2
51 > !m2

41, which implies !m2
54 > 0. These as-

sumptions correspond to the normal scheme in Fig. 8,
which is favored by cosmological data, as noted above.
In any case, the results of our analysis can be applied
also to the inverted scheme (!m2

41 < 0, !m2
51 < 0,

!m2
54 < 0) with the change ! ! 2" " !. Instead the

perverted schemes, which have been considered in the fit
of Ref. [45], require a separate treatment because in these
schemes |!m2

54| = |!m2
51| + |!m2

41|. For simplicity we
do not consider them here, because they are strongly dis-
favored by cosmological data, having four massive neu-
trinos at the eV scale.

Figures 9–12 show the marginal allowed regions in two-
dimensional planes of interesting combinations of the
oscillation parameters and the corresponding marginal
!#2’s obtained in our 3+2 global fit of the same set of
data used in Fig. 5. The best-fit values of the mixing
parameters are shown in Tab. I.

The correlation of the allowed regions of ! and
4|Ue4Uµ4Ue5Uµ5| in Fig. 12 is due to their presence in the

last term in the e"ective
(!)

$µ !(!)

$e oscillation probability
in Eq. (14). The marginal !#2 for ! has two minima
close to the two values where CP-violation is maximal
(! = "/2 and ! = 3"/2), in agreement with what we
expected from the need to fit the positive $̄µ ! $̄e signal
and negative $µ ! $e measurement in the MiniBooNE
experiment in the same range of L/E. From Fig. 12
one can also see that the marginal !#2 for ! is always
smaller than the !#2 # 7.8 corresponding to a negligi-
bly small value of 4|Ue4Uµ4Ue5Uµ5| (this value is reached
for ! # 0.1" and around ! = "). Such a !#2 is smaller
than the di"erence of the #2 minima in the 3+1 and 3+2
schemes because the condition for 4|Ue4Uµ4Ue5Uµ5| to
vanish requires that only one of Ue5 and Uµ5 vanishes.
In particular, if only Uµ5 is practically negligible, the re-
actor antineutrino data can be fitted sligtly better than
in 3+1 schemes, as already noted in Ref. [45].

FIG. 9. Allowed regions in the !m2
41–!m2

51 plane and cor-
responding marginal !!2’s obtained from the global fit of
all the considered data in 3+2 schemes. The best-fit point
corresponding to !2

min is indicated by a cross.

The parameter goodness-of-fit obtained with the com-
parison of the fit of LSND and MiniBooNE antineutrino
data and the fit of all other data is 5 $ 10!4. This is
an improvement with respect to the 6 $ 10!6 parameter
goodness-of-fit obtained in 3+1 schemes. However, the
value of the parameter goodness-of-fit remains low and
the improvement is mainly due to the increased num-
ber of degrees of freedom, as one can see from Tab. I.
The persistence of a bad parameter goodness-of-fit is a
consequence of the fact that the $̄µ ! $̄e transitions ob-
served in LSND and MiniBooNE must correspond in any
neutrino mixing schemes to enough short-baseline dis-

appearance of
(!)

$e and
(!)

$µ which has not been observed
and there is an irreducible tension between the LSND
and MiniBooNE antineutrino data and the KARMEN
antineutrino data. The only benefit of 3+2 schemes with
respect to 3+1 schemes is that they allow to explain
the di"erence between MiniBooNE neutrino and antineu-
trino data through CP violation. In fact, neglecting the
MiniBooNE neutrino data we obtain !#2

PG = 16.6 with
PGoF = 3$10!4 in 3+1 schemes and !#2

PG = 20.4 with
PGoF = 1 $ 10!3 in 3+2 schemes. In this case !#2

PG is
even lower in 3+1 schemes than in 3+2 schemes!

The tension between LSND and MiniBooNE antineu-
trino data and disappearance, KARMEN, NOMAD and
MiniBooNE neutrino data is illustrated in Fig. 13, which
is the analogous for 3+2 schemes of Fig. 5 in 3+1
schemes. In practice, in order to show the tension in
a two-dimensional figure we have marginalized the #2

over all the other mixing parameters, including the two
!m2’s.

2 + 3 3 + 2 1 + 3 + 1

Giunti, Laveder, 1107.1452
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FIG. 4. Exclusion curves in the sin2 2!eµ–!m2
41 plane ob-

tained from the separate constraints in Figs. 2 and 3 (blue
dashed line and green dotted line) and the combined con-
straint given by Eq. (10) (red solid line) from disappearance
experiments (Dis). The regions allowed by LSND and Mini-
BooNE antineutrino data are delimited by dark-blue long-
dashed lines.

Figures 6 and 7 show the allowed regions in the
sin2 2!eµ–!m2

41, sin2 2!ee–!m2
41 and sin2 2!µµ–!m2

41

planes and the marginal !"2’s for !m2
41, sin2 2!eµ,

sin2 2!ee and sin2 2!µµ. The best-fit values of the os-

3+1 3+2
"2

min 100.2 91.6
NDF 104 100
GoF 59% 71%

!m2
41 [eV2] 0.89 0.90

|Ue4|2 0.025 0.017
|Uµ4|2 0.023 0.019

!m2
51 [eV2] 1.61

|Ue5|2 0.017
|Uµ5|2 0.0061

# 1.51$
!"2

PG 24.1 22.2
NDFPG 2 5
PGoF 6 ! 10!6 5 ! 10!4

TABLE I. Values of "2, number of degrees of freedom (NDF),
goodness-of-fit (GoF) and best-fit values of the mixing pa-
rameters obtained in our 3+1 and 3+2 fits of short-baseline
oscillation data. The last three lines give the results of the
parameter goodness-of-fit test [42]: !"2

PG, number of degrees
of freedom (NDFPG) and parameter goodness-of-fit (PGoF).
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FIG. 5. Exclusion curve in the sin2 2!eµ–!m2
41 plane ob-

tained with the addition to the disappearance constraint in
Fig. 4 of the constraints obtained from KARMEN [40] (KAR),
NOMAD [41] (NOM) and MiniBooNE neutrino [27] (MB%)
data (red solid line). The regions allowed by LSND and Mini-
BooNE antineutrino data are delimited by dark-blue long-
dashed lines.

cillation amplitudes are

sin2 2!eµ = 0.0023 , (11)

sin2 2!ee = 0.098 , (12)

sin2 2!µµ = 0.091 . (13)

From Fig. 6 one can see that the allowed regions are
compatible with those allowed by appearance data (the
#̄µ ! #̄e data of the LSND [2], KARMEN [40] and Mini-
BooNE [1] experiments and the #µ ! #e data of the
NOMAD [41] and MiniBooNE [27] experiments) and are
slightly pushed towards the left by the disappearance
constraints. Future experiments aimed at checking the
LSND [2] and MiniBooNE [1] #̄µ ! #̄e oscillation signal
(as those in Refs. [48–50]) should aim at exploring these
regions.

Figure 7 shows that the allowed regions in the
sin2 2!ee–!m2

41 and sin2 2!µµ–!m2
41 planes lie just on

the left of the disappearance constraints, as expected.
From the left panel in Fig. 7 one can see that the al-
lowed regions in the sin2 2!ee–!m2

41 plane are compati-
ble with the area indicated by the Gallium anomaly [12].
The allowed region around the best- fit point and the
isolated region at !m2

41 " 6 eV2 are also compatible
with the recent results in Ref. [51]. If the 3+1 neu-
trino mixing scheme is realized in nature, future exper-

iments searching for short-baseline
(!)

#e disappearance (as

4

LSND+MB(!̄) vs rest appearance vs disapp.

old new old new

"2
PG,3+2/dof 25.1/5 19.9/5 19.9/4 14.7/4

PG3+2 10!4 0.13% 5 ! 10!4 0.53%

"2
PG,1+3+1/dof 19.6/5 16.0/5 14.4/4 10.6/4

PG1+3+1 0.14% 0.7% 0.6% 3%

Table III: Compatibility of data sets [23] for 3+2 and 1+3+1
oscillations using old and new reactor fluxes.

data, although in this case the fit is slightly worse than
a fit to appearance data only (dashed histograms). Note
that MiniBooNE observes an event excess in the lower
part of the spectrum. This excess can be explained if only
appearance data are considered, but not in the global
analysis including disappearance searches [8]. Therefore,
we follow [19] and assume an alternative explanation for
this excess, e.g. [25]. In Tab. III we show the compat-
ibility of the LSND/MiniBooNE(!̄) signal with the rest
of the data, as well as the compatibility of appearance
and disappearance searches using the PG test from [23].
Although the compatibility improves drastically when
changing from old to new reactor fluxes, the PG is still
below 1% for 3+2. This indicates that some tension be-
tween data sets remains. We considered also a “1+3+1”
scenario, in which one of the sterile mass eigenstates is
lighter than the three active ones and the other is heav-
ier [26]. As can be seen from Tabs. II and III the fit
of 1+3+1 is slightly better than 3+2, with !"2 = 15.2
between 3+1 and 1+3+1 (99.6% CL for 4 dof). How-
ever, due to the larger total mass in neutrinos, a 1+3+1
ordering might be in more tension with cosmology than
a 3+2 scheme [27–29]. Fig. 5 shows the allowed regions
for the two eV-scale mass-squared di"erences for the 3+2
and 1+3+1 schemes.

Discussion. Let us comment briefly on other signatures
of eV sterile neutrinos. We have checked the fit of solar
neutrino data and the KamLAND reactor experiment,
and found excellent agreement. The e"ect of non-zero
values of Ue4 and Ue5 for these data are similar to the
one of Ue3 in the standard three-active neutrino case, and
hence the 3+2 best fit point mimics a non-zero Ue3 close
to the preferred value of these data, see [1, 2, 30]. The
MINOS long-baseline experiment has performed a search
for sterile neutrinos via neutral current (NC) measure-
ments [31]. We have estimated that the best fit points
reported in Tab. II lead to an increase of the "2 of MINOS
NC data as well as "2

PG by a few units [30]. Radioactive
source measurements in Gallium solar neutrino experi-
ments report an event deficit which could be a manifes-
tation of electron neutrino disappearance due to eV-scale
sterile neutrinos [32]. Our best fit points fall in the range
of parameter values found in [32] capable to explain these
data. Finally, eV-scale sterile neutrinos may manifest
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Figure 5: The globally preferred regions for the neutrino
mass squared di!erences "m2

41 and "m2
51 in the 3+2 (upper

left) and 1+3+1 (lower right) scenarios.

themselves in cosmology. Recent studies [27–29] indicate
a slight preference for extra radiation content in the uni-
verse (mainly from CMB measurements) and one or two
sterile neutrino species with masses in the sub-eV range
might be acceptable. Big-Bang nucleosynthesis leads to
an upper bound on the number of extra neutrino species
of 1.2 at 95% CL [33], which may be a challenge for two-
sterile neutrino schemes, or indicate a deviation from the
standard cosmological picture.

In conclusion, we have shown that a global fit to short-
baseline oscillation searches assuming two sterile neutri-
nos improves significantly when new predictions for the
reactor neutrino flux are taken into account, although
some tension remains in the fit. We are thus facing an
intriguing accumulation of hints for the existence of ster-
ile neutrinos at the eV scale, and a confirmation of these
hints in the future would certainly be considered a major
discovery.
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Figure 3: Global constraints on sterile neutrinos in the 3+1
model. We show the allowed regions at 90% and 99% CL from
a combined analysis of the LSND [3] and MiniBooNE anti-
neutrino [4] signals (filled regions), as well as the constraints
from the null results of KARMEN [20], NOMAD [21] and
MiniBooNE neutrino [19] appearance searches (blue contour).
The limit from disappearance experiments (green contours)
includes data from CDHS [22], atmospheric neutrinos, and
from the SBL reactor experiments. For the latter we compare
the results for the new anti-neutrino flux prediction from [5]
(solid) and the previous ones [6] (dashed). The region to the
right of the curves is excluded at 99% CL.

atmospheric neutrinos. Technical details of our analysis
can be found in [8, 10] and references therein.

In the 3+1 scheme the SBL experiments depend on
the three parameters !m2

41, |Ue4|, and |Uµ4|. Since
only one mass-scale is relevant in this case it is not
possible to obtain CP violation. Therefore, oscillations
involving one sterile neutrino are not capable of rec-
onciling the di"erent results for neutrino (MiniBooNE)
and anti-neutrino (LSND and MiniBooNE) appearance
searches. Fig. 3 compares the allowed regions from LSND
and MiniBooNE anti-neutrino data to the constraints
from the other experiments in the 3+1 model. Note
that, even though reactor analyses using the new flux
prediction prefer non-zero Ue4, no closed regions ap-
pear for the disappearance bound (solid curve), since
sin2 2!SBL = 4|Ue4|2|Uµ4|2 can still become zero if
Uµ4 = 0. We find that the parameter region favored by
LSND and MiniBooNE anti-neutrino data is ruled out by
other experiments, except for a tiny overlap of the three
99% CL contours around !m2

41 ! 1 eV2. Note that in
this region the constraint from disappearance data does
not change significantly due to the new reactor flux pre-
dictions. Using the PG test from [23] we find a compat-
ibility of the LSND+MiniBooNE("̄) signal with the rest
of the data only of about 10!5, with #2

PG = 21.5(24.2)

!m2
41 |Ue4| |Uµ4| !m2

51 |Ue5| |Uµ5| !/" #2/dof

3+2 0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

1+3+1 0.47 0.129 0.154 0.87 0.142 0.163 0.35 106.1/130

Table II: Parameter values and #2 at the global best fit
points for 3+2 and 1+3+1 oscillations (!m2’s in eV2).
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Figure 4: Predicted spectra for MiniBooNE data and the
transition probability for LSND (inset). Solid histograms re-
fer to the 3+2 global best fit point (Tab. II), dashed his-
tograms correspond to the best fit of appearance data only
(LSND, MiniBooNE $/$̄, KARMEN, NOMAD). For Mini-
BooNE we fit only data above 475 MeV.

for new (old) reactor fluxes. Hence we conclude that the
3+1 scenario does not provide a satisfactory description
of the data despite the new hint coming from reactors.

Let us move now to the 3+2 model, where SBL exper-
iments depend on the seven parameters listed in Tab. II.
In addition to the two mass-squared di"erences and the
moduli of the mixing matrix elements, also a physical
complex phase enters, $ " arg(Uµ4U

"
e4U

"
µ5Ue5). This

phase leads to CP violation in SBL oscillations [8, 24],
allowing to reconcile di"ering neutrino and anti-neutrino
results from MiniBooNE/LSND. Tab. II shows the para-
meter values at the global best fit point and the corre-
sponding #2 value. Changing from the previous to the
new reactor flux calculations the #2 decreases by 10.6
units, indicating a significant improvement of the descrip-
tion of the data, see also upper panel of Fig. 2. From that
figure follows also that going from 3+1 to 3+2 leads to
a significant improvement of the fit with the new reactor
fluxes, which was not the case with the old ones. The
#2 improves by 11.2 units, which means that 3+1 is dis-
favoured at the 97.6% CL (4 dof) with respect to 3+2,
compared to !#2 = 6.3 (82% CL) for old fluxes.

In Fig. 1 we show the prediction for the Bugey spectra
at the global best fit point as dashed curves. Clearly they
are very similar to the best fit of reactor data only. Fig. 4
shows the predicted spectra for MiniBooNE neutrino and
anti-neutrino data, as well as the LSND "̄µ # "̄e transi-
tion probability. Again we find an acceptable fit to the
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Cosmology, β Decay, ββ0ν

• CMB (WMAP-7) and other: allow
or weakly favor Ns = 1− 2 sterile
neutrinos with m . 0.2− 0.4 eV

– However, m ∼ eV disfavored in
ΛCDM (Σ)

– Also, BBN: Ns . 1.3

– Bounds weakened by
additional radiation, w < −1,
ν degeneracy
(Hamann et al, 1108.4136)

• Light Dirac: limits not applicable

3

FIG. 1: 2D marginalized 68%, 95% and 99% credible regions
for the neutrino mass and thermally excited number of degrees
of freedom Ns. Top: The 3 + Ns scheme, in which ordinary
neutrinos have m! = 0, while sterile states have a common
mass scale ms. Bottom: The Ns +3 scheme, where the sterile
states are taken to be massless ms = 0, and 3.046 species of
ordinary neutrinos have a common mass m! .

trino mixing and mass parameters. Another possibility
is the presence of a small lepton asymmetry, which can
reduce the thermalization e!ciency [34, 35]. Yet another
option is that the oscillation data are explained by 1 ster-
ile state plus new interactions [28]. Still, for reference we
provide mass bounds in Table II for the cases of Ns = 1
or 2 exactly, besides the variable Ns.

Discussion.—Allowing for extra radiation as a cos-
mological fit parameter, current cosmological data favor
additional radiation compatible with recent hints from
BBN. Assuming ordinary neutrinos to have a common
mass m! and the extra radiation to be massless, evidence
for Ns > 0 exceeds 95%, whereas the most constraining
upper limit comes from BBN. With currently favored 4He
and D abundances, it would be di!cult to accommodate
two fully thermalized additional neutrino states.

The usual degeneracy between extra radiation and the
ordinary neutrino mass (Figure 1) weakens the neutrino
mass limits, with 1D credible intervals given in Table II.

However, it is more interesting to assume essentially
massless standard neutrinos and attribute a possible

TABLE II: 1D marginalized bounds on Ns and neutrino
masses. In rows 3–6 we have used Ns = 1 or 2 exactly. Two-
tailed limits are minimal credible intervals.

Scenario Range for Ns Range for ms or m!

68% 95% 68% 95%

3 + Ns 0.39–2.21 < 3.10 0.01–0.34 eV < 0.66 eV

Ns + 3 0.83–2.77 0.05–3.75 < 0.22 eV < 0.42 eV

2+3 — — < 0.20 eV < 0.30 eV

3+2 — — < 0.29 eV < 0.45 eV

1+3 — — < 0.16 eV < 0.24 eV

3+1 — — < 0.35 eV < 0.48 eV

Including supernova data (mlcs2k2):

3 + Ns 1.24–3.36 0.26–4.31 0.17–0.47 eV 0.09–0.64 eV

Including supernova data (salt-ii):

3 + Ns 0.02–1.54 < 2.57 < 0.28 eV < 0.66 eV

TABLE III: BBN constraints on Ns, using Ns ! 0 as a prior.
Maximum of the marginalised posterior and minimal 95%
credible interval (C.I.).

Data Posterior max 95% C.I.

Y IT
p +(D/H)p 0.68 0.01–1.39

Y A
p +(D/H)p 0.69 < 2.42

(D/H)p+!CMB
b 0.49 < 2.12

mass to sterile neutrinos (3 + Ns scenario). If we assume
Ns = 1, the 95% allowed mass range is ms < 0.48 eV. For
Ns = 2 it is 0.45 eV (Table II), although this case would
be disfavored by BBN. For Ns < 1, the 2D marginalized
posterior probability distribution has a long tail so that
ms

>! 1 eV is marginally allowed: the fewer sterile states
there are, the larger the mass they can possess.

The relatively small masses favored by cosmology are
not assured to provide good fits to the short-baseline ap-
pearance experiments—in principle a combined analysis
as in Ref. [31] is desirable but complicated because of
the many parameters involved. Moreover, the degree of
thermalization of the additional states would have to be
considered in detail. Two fully thermalized states, cor-
responding to Ns = 2, are di!cult to accommodate in
BBN even with the new helium abundances.

Our main message is that on present evidence, cos-
mology does not exclude sterile neutrinos if they are not
too heavy and thus do not contribute excessive amounts
of hot dark matter. Quite on the contrary, both BBN
and precision observations would happily welcome some
amount of additional radiation corresponding to around
one new thermal degree of freedom. Low-mass sterile
neutrinos are one natural possibility.

Low-mass sterile neutrinos mixed with active ones can
strongly modify the neutrino signal from a core-collapse
SN and r-process nucleosynthesis in the neutrino-driven
wind [21, 45–48]. These e"ects should be studied in the

Hamann et al, 1006.5276
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FIG. 2: Same as Fig. 1, for the 2+3 (top) and 3+2 (bottom) cases.

m!
>!
!

|Ue4|2 !m2
41 + |Ue5|2 !m2

51 " 0.16 eV, and the sum of masses is approximately"
mi

>!
!

!m2
41 +

!
!m2

51 " 1.6 eV.

The lower panel of Fig. 2 displays the 3+2 cases, where the sterile neutrinos are lighter

than the active ones. Since the three active neutrinos are quasi-degenerate at the eV scale,

with their mass given by the largest sterile mass-squared di"erence
!

!m2
41 " 0.69 eV,

Eq. (8) applies for #mee$(3+2)" and the value of m! is also set by this scale. The mass

ordering of the active states plays no role. Once again these scenarios are disfavored by

cosmology, since
"

mi
>! 3
!

!m2
51 +

!
!m2

51 % !m2
41 " 3.4 eV.

For completeness we include plots of the e"ective mass in the 1+3+1 schemes, where

the active neutrinos are sandwiched between the sterile ones. The plots in Fig. 3 show

9

Barry, Rodejohann, Zhang, 1105.3911

Σ =
∑

i

|mi| (cosmology)

mβ =

√∑

i

|Uei|2|mi|2 (β decay)

mββ =
∑

i

U2
ei|mi| (ββ0ν)

2 + 3 3 + 2 1 + 3 + 1
Σ & 1.6 & 3.4 & 4

exp: (0.5− 1?)→ (0.05− 0.1)

mβ & 0.16 & 0.69 & 0.93
exp: (1− 2)→ 0.2

mββ 0− 0.08 0.2− 0.7 0.2− 0.9
exp: (0.2− 0.7)→ 0.02
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Mixed Models

• Can have simultaneous Majorana and Dirac mass terms

−L =
1

2

(
ν̄0
L ν̄0c

L

)
︸ ︷︷ ︸
weak eigenstates

(
mT mD

mD mS

)(
ν0c
R

ν0
R

)
+ h.c.

mT : |∆L| = 2, |∆t3L| = 1 (Majorana)

mD : |∆L| = 0, |∆t3L| =
1

2
(Dirac)

mS : |∆L| = 2, |∆t3L| = 0 (Majorana)
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• Mass eigenvalues:

Aν†L

(
mT mD

mD mS

)

︸ ︷︷ ︸
M=MT

AνR =

(
m1 0
0 m2

)

• (Majorana) mass eigenstates: νiM = νiL+ νciR = νciM , i = 1, 2

(
ν1L

ν2L

)
= Aν†L

(
ν0
L

ν0c
L

)
,

(
νc1R
νc2R

)
= Aν†R

(
ν0c
R

ν0
R

)
,

– M = MT (unlike Dirac mass matrix) ⇒ AνL = Aν∗R

SNAC (September, 2011) Paul Langacker (IAS)



Special Cases

−L =
1

2

(
ν̄0
L ν̄0c

L

) ( mT mD

mD mS

)(
ν0c
R

ν0
R

)
+ h.c.

• Majorana (mD = 0):

m1 = mT : ν1L = ν0
L, νc1R = ν0c

R

m2 = mS : ν2L = ν0c
L , νc2R = ν0

R

– ∆L = ±2, but no ν0
L − ν0c

L or ν0c
R − ν0

R mixing
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• Dirac (mT = mS = 0):

m1 = +mD : ν1L =
1
√

2
(ν0
L + ν0c

L ), νc1R =
1
√

2
(ν0c
R + ν0

R)

m2 = −mD : ν2L =
1
√

2
(ν0
L − ν

0c
L ), νc2R =

1
√

2
(ν0c
R − ν

0
R)

– Dirac ν (4 components) equivalent to two degenerate (|m1| = |m2|)
Majorana ν’s with m1 = −m2 and 45◦ mixing (cancel in ββ0ν)

– Useful description for Dirac limit of general case

– Recover usual Dirac expression

−L =
mD

2
(ν̄1Lν

c
1R − ν̄2Lν

c
2R) + h.c. = mD(ν̄0

Lν
0
R + ν̄0

Rν
0
L)

– L conserved ⇒ no ν0
L − ν0c

L or ν0c
R − ν0

R mixing
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• Seesaw (a.k.a. minimal or Type I seesaw) (mS � mD,T ) :

m1 ∼ mT −
m2
D

mS

: ν1L ∼ ν0
L −

mD

mS

ν0c
L ∼ ν

0
L,

m2 ∼ mS : ν2L ∼
mD

mS

ν0
L + ν0c

L ∼ ν
0c
L

– E.g., mT = 0, mD = O(mt),
mS = O(MX ∼ 1014 GeV):

|m1| ∼ m2
D/mS � mD

ν1M ∼ ν0
L + ν0c

R (active)

– Lower mS possible (even TeV)

– Heavy (∼sterile) ν2M decouples at low energy

– ν2M decays ⇒ leptogenesis

– Light sector essentially pure active

The Standard Electroweak Theory 409

νL
hT νL

�φ0
T�

νL νL

�φ0� �φ0�

νR νR

�φS�

�φ0� �φ0�

νL νL
e−

φ−

e−

h−

�φ0�

νµL νeL

�φ0�

– Typeset by FoilTEX – 1

FIGURE 7.43

Mechanisms for a Majorana mass term. Top left: coupling to a neutral Higgs
triplet field φ0

T . Top right: a higher-dimensional operator coupling to two
Higgs doublets. Botton left: the minimal seesaw mechanism (a specific im-
plementation of the higher-dimensional operator), in which a light active neu-
trino mixes with a very heavy sterile Majorana neutrino. Bottom right: a
loop diagram involving a charged scalar field h−.

The four-component fields for Dirac and for active and sterile Majorana
neutrinos can therefore be written

νD =

�NL

NR

�
=

� NL

iσ2N c∗
L

�

νM =

�NL

N c
R

�
=

� NL

iσ2N ∗
L

�
, νMS

=

�N c
L

NR

�
=

� N c
L

iσ2N c∗
L

�
,

(7.336)

where two of the components are not independent in the Majorana cases.
The free-field equations of motion with a Majorana mass term obtained

from the Euler-Lagrange equation (2.18) are

i �∂νL − mT Cν̄T
L = 0, iσ̄µ∂µNL − mT iσ2N ∗

L = 0. (7.337)

This leads to the free-field expression

νM (x) =

�
d3�p

(2π)32Ep

�

s=+,−

�
u(�p, s) a(�p, s)e−ip·x + v(�p, s)a†(�p, s)e+ip·x� ,

(7.338)
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Active-Sterile (ν0
L − ν0c

L ) Mixing (LSND/MiniBooNE)

• No active-sterile mixing for Majorana, Dirac, or seesaw

• mD and mS (and/or mT ) both small and comparable (mechanism?)

(or small active-sterile and sterile-sterile Dirac)

• Pseudo-Dirac ( mT , mS � mD):

– Small mass splitting, small L violation, e.g.,

mT = ε, mS = 0 ⇒ |m1,2| = mD ± ε/2

– But small extra ∆m2 could affect Solar/supernova oscillations

– Solar: need mS,T . 10−9 eV (de Gouvêa,Huang,Jenkins, 0906.1611)

• Reactor and accelerator disappearance limits (new flux calculation)

• Cosmological implications
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Very Small Masses

• Mechanisms for very small masses (Majorana, Dirac, or both)

– Very small couplings

– Loops

– Geometric suppressions

– Higher-dimensional operators (HDO)

• Focus on correlated expanations for small Majorana and Dirac
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Apparent Fine-Tuning

• Dirac: mD ∼ hνν, ν = 246 GeV⇒ hν ∼ 10−12 for mD ∼ 0.1 eV

• Sterile Majorana:
mS ∼ ΓSMP , MP ∼ 2× 1018 GeV⇒ ΓS ∼ 10−27 for mS ∼ 1 eV

• May be due to geometric suppression or HDO in underlying theory

• No predictions without further input
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Loops

• Would need very high order (or very small couplings), and suppression
mechanism for lower-order

• Often combined with other mechanisms
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Geometric Suppressions

• Wave function overlaps in large (and/or warped) extra dimensions,
with νR propagating in bulk (cf., gravity)

mD ∼
νMF

MP

, MF =

(
M

2

P

Vδ

) 1
δ+2

= fundamental scale

– MF ∼ 100 TeV⇒ mD ∼ 0.01 eV

– Kaluza-Klein excitations (Dirac sterile) for Vδ = Rδ:
mKK/n ∼ 1/R ∼MF (MF/MP )2/δ −−−−−−−−−−→

MF∼100 TeV, δ=2
10 eV

– Mixings too small in simplest versions

– Can enhance by additional small mass terms, unequal
dimensions
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• Worldsheet instantons, e.g., intersecting D-brane (Type IIA)

– Closed strings (gravitons) and open strings ending on D-branes

– D6-branes: fill ordinary space and 3 of the 6 extra dimensions

U(1)
U(1)

W+

W−

Intersecting Brane Worlds – A Path to the Standard Model? 5

a

b

Gauge bosons in adj.

Chiral matter in (N, M̄)

The open string spectrum on these intersecting branes contains the following fields [52]:

(i) N = 4 gauge bosons in adjoint representation of U(N) × U(M).

(ii) Massless fermions in the chiral (N, M̄) representation.

(iii) In general massive scalar fields, again in the (N, M̄) representation.

The latter two fields originate from open strings stretching from one stack of Dp-

branes to the other one. Since the scalar fields are in general massive, such a

intersecting D-brane configurations generically breaks all space-time supersymmetries.
This supersymmetry breaking manifests itself as the a massive/tachyonic scalar ground

state with mass:

M2
ab =

1

2

∑
I

∆ΦI
ab − max{∆ΦI

ab} . (4)

(ΦI
ab is the angle between stacks a and b in some spatial plane I.) Only if the

intersection angles take very special values, some of the scalars become massless, and

some part of space-time supersymmetry gets restored. Specifically consider two special

flat supersymmetric D6-brane configurations, as shown in the following figure:

x x

4

5

6

7

8

9

Φ1

Φ2
Φ3

Supersymmetry now gets restored for the following choice of angles:

• 2 D6-branes, with common world volume in the 123-directions, being parallel in

the 4-5, 6-7 and 8-9 planes:

1/2 BPS (N = 4 SUSY): Φ1 = Φ2 = Φ3 = 0 .

• 2 intersecting D6-branes, with common world volume in the 123-directions, and

which intersect in 4-5 and 6-7 planes, being parallel in 8-9 plane:

H
LQ 3

LQ 2
LQ 1

U3 U2
1USU(3)

SU(3)SU(3)

SU(2)

U(1)

– Yukawa interactions ∼ exp(−Aijk)→ hierarchies

– mD: ALνc
L
Hu not large enough (at least in toroidal compactifications)

– mS: no Majorana masses at perturbative level
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• D-brane instantons

– Anomalous U(1)′: MZ′ ∼Mstr; acts like perturbative global
symmetry (may forbid µ, RP violation, νcLν

c
L, LνcLHu, QUcHu, . . . )

– Field theory instantons: nonperturbative e−1/g2
effects from

topologically non-trivial classical field configurations
(e.g., B + L violation in SM)

– D instantons: nonperturbative violation of global symmetries

exp(−Sinst) ∼ exp

− 2π

αGUT

VE2

VD6︸︷︷︸
f(winding)



– Examples of small Dirac, small or intermediate MS (ordinary

seesaw), stringy Weinberg operator (LHuLHu/M)

– No known reason for correlated mD,mS
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Higher-Dimensional Operators (HDO)

• Let O be an operator, such as LνcL (Dirac mass),
νcLν

c
L (sterile Majorana), or LL (active Majorana)

(L ≡
(

ν

e−

)
L

, Dirac and SU(2) indices suppressed)

• LνcL and LL forbidden by SU(2); νcLν
c
L by new physics (usually) ⇒

L ∼ hνLHuν
c
L, hSSν

c
Lν

c
L,

C

M
LHuLHu︸ ︷︷ ︸

Weinberg op

Hu = Higgs doublet, S = singlet,M = new physics scale (HDO)

• Seesaw: hS〈0|S|0〉 ∼ 1014 GeV (�MP ), hν ∼ 1⇒
Weinberg operator, M/C ∼ hS〈0|S|0〉, mν ∼ 0.1 eV

(or hS〈0|S|0〉 ∼ 10 TeV for hν ∼ 10−5 ∼ me/ν)

– M may also be induced by heavy triplet, neutralinos, string
excitations, KK or winding modes, moduli, · · ·
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• Additional symmetries (gauge, global, discrete) or string constraints
(heterotic or type II) may further suppress coefficients

L ∼
Sp

Mp
LHuν

c
L,

Sq+1

Mq
SνcLν

c
L,

Sr−1

Mr
LHuLHu

– Sp

Mp → S1···Sp
M1···Mp

– May also be loop factors

– Can extend to flavor structure (Froggatt-Nielsen)

– Various modified/extended/inverted seesaws via HDO

• Small Dirac for p > 0

– mD ∼ 0.1 eV for S/M∼ 10−12, e.g.,M = MP , S ∼ 103 TeV

– Majorana masses may be forbidden (⇒ pure Dirac)

– Alternative: pseudo-Dirac with q ≥ 2, r ≥ 2 (mS,T < 10−9 eV)
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mD ∼
Spν

Mp
∼ 0.1 eV , mS ∼

Sq+1

Mq
, mT ∼

Sr−1ν2

Mr

1 10 100 1000

10-20

10-15

10-10

10-5

1 mD = 10−1 eV (p = 1)

mM = 10−9 eV
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mS (q = 2)

mS (q = 3)

mT (r = 1)

mT (r = 2)

S (TeV)

mν (eV)
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The Low-Scale Seesaw

• Both mS and MD suppressed by symmetries, e.g., p = q = r = 1

mD ∼ ΓD
Sνu

M
, mS ∼ ΓS

S2

M
∼ 1 eV , mT ∼ ΓT

ν2

M

– Example: mini-seesaw (S � ν) with ΓD = ΓS = 1, ΓT = 0⇒

m1 ∼ −
(νS/M)2

S2/M
= −

ν2

M
, m2 ∼

S2

M

|θ| ∼
ν

S
∼

√
|m1|
m2

, M∼ 1015 GeV

– mT comparable for ΓT ∼ 1
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Light Active

m2 HsterileL

m1HactiveL

mD

0.5 1.0 1.5 2.0

0.05

0.10

0.50

1.00

S HTeVL

m

Fan, PL

ÈΘÈ

0.5 1.0 1.5 2.0
0.10

0.50

0.20

0.30

0.15

0.70

S HTeVL

ÈΘ
È

M =

(
0 ΓD

νS
M

ΓD
νS
M ΓS

S2

M

) ΓD = ΓS = 1

M = 1.2× 10
15 GeV

ν = 246 GeV
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• Can extend to 2 + 3 [1 + 3]

– Inverted [normal] hierarchy favored for ΓT ∼ 0

– Can incorporate flavor structures, e.g., tri-bimaximal

• Examples from U(1)′, mirror worlds, TC/ETC (including loops)

• Hybrids with other schemes (e.g., ordinary high-scale seesaw) possible

• Alternative: heavy active (∼ 1 eV) with ΓD = ΓT = 1, ΓS = 0, S < ν

SNAC (September, 2011) Paul Langacker (IAS)



Heavy Active

m2HactiveL

m1 HsterileL

mD

0.05 0.10 0.15 0.20
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S HTeVL

m

Fan, PL

ÈΘÈ

0.05 0.10 0.15 0.20

0.10

0.50

0.20

0.30

0.15

S HTeVL

ÈΘ
È

M =

(
ΓT

ν2

M ΓD
νS
M

ΓD
νS
M 0

) ΓD = ΓT = 1

M = 6× 10
13 GeV

ν = 246 GeV
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Conclusions

• Sterile neutrinos present in most theories

• LSND/MiniBooNE: need (small) active-sterile mixing (same helicity)

– Not pure Majorana or Dirac, pseudo-Dirac, high-scale seesaw

– The three miracles!

• Need mechanism for two types of small masses
(usually Dirac and Majorana)

• Small masses from HDO, string instantons, large/warped extra
dimensions

• Low-scale seesaw: Dirac and Majorana masses both suppressed by
symmetries (mass-mixing relation)
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