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Motivation for sterile neutrinos
• No experimental evidence seen in favour of new physics responsible for:

• Observed dark matter abundance
• Origin of the baryon-antibaryon asymmetry

• Would like well-motivated, testable models to guide pheno. study
• There is strong evidence for new physics from neutrino oscillations: at 

least two massive SM neutrinos
• Simplest explanation: there is a

partner gauge-singlet neutrino N 
for each SM neutrino

• Standard lore is that F ~ 1, MN ~ MGUT, but the N could be much lighter
• If N are at/below weak scale, then they and associated physics are 

accessible at current experiments

Taken from Lujan-Peschard et al., 1301.4577 
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Motivation for sterile neutrinos

• In the sub-weak-scale mass range, N are called sterile neutrinos

• Could these new states resolve the questions of DM & baryogenesis?
• New singlets: possible dark matter candidate if at least one stable
• N break global B-L number symmetry -> can lead to baryon-antibaryon 

asymmetry
• Unified framework called the neutrino minimal SM (!MSM)

• For generic choices of parameters, sterile neutrinos satisfying see-saw and 
DM stability constraints are actually too sterile:

• Dark matter production is too inefficient to explain observed abundance
• Yukawa couplings are too feeble to generate observed baryon asymmetry
• N can be hard to produce/observe in experiments

Asaka, Shaposhnikov hep-ph/0505013; Asaka, Blanchet, Shaposhnikov, hep-ph/0503065
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New interactions

• The minimal model is only viable if there is some kind of resonant 
enhancement of certain rates

• Typically arise as mass degeneracies and/or relative tuning of the Yukawa 
matrix entries

• Our motivation: Do we need to live in tuned parameter space? 
Can moving “beyond minimality” enhance DM/baryon asymmetry prod?

• We find that each of DM/baryogenesis can be achieved for completely 
generic parameters with one additional field coupled to the visible sector

• Can look for these new particles/interactions; cosmological implications for 
particle physics searches

• In the interest of time, I’ll focus on the DM question in this talk
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Sterile neutrino DM
• Is N a viable dark matter candidate?

• Does it have the correct abundance?
• Is it sufficiently long-lived?

• N talk to SM fields through its mixing with the SM neutrino

• N is slowly created through SM electroweak processes (Dodelson, Widrow, 1993)
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Sterile neutrino DM
• At finite temperature, the thermal mass of the SM neutrinos in the plasma further 

suppresses the mixing
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• DM is predominantly created at T ~ few hundred MeV
• Abundance is completely determined by mass and mixing angle
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Sterile neutrino DM

• DM abundance (✓)

• Is it sufficiently long-lived?
The same mixing for production leads to DM decay:

• Together with small-scale structure constraints
completely exclude the possibility of
electroweak N production for DM

• Stable DM -> effective N interactions too weak for "DM
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and with flux (Fγ) given, after [60, 70], by:

Fγ = 10−7 erg s−1 cm−2 ×
(

MFOV
DM

1011M"

)

D−2m5
s sin

2 2θ

(9)
where MFOV

DM is the projected mass in the field of view of
the observation, D is the distance in Mpc (for which we
adopt 0.784 Mpc). We estimated MFOV

DM (1.6× 1010M"

for the on-axis spectrum) by integrating the DM surface
density, estimated from the model of [71], over the field of
view of each individual pointing. We then appropriately
averaged each value to ensure the correct line count-rate
in the composite spectra.
To determine an upper limit on sin2θ for a given ms,

the line (at fixed energy) was added simultaneously to the
on-axis and offset spectra, and its normalization varied
(while fitting all other parameters) until the fit statistic
increased by 4.61, corresponding to a 95% confidence in-
terval for two parameters of interest. This approach is
similar to the “statistical” method of [70], although we
have appropriately included the required statistical un-
certainties on the background model. In Fig 4, we show
our measured upper limits on sin2θ. Because the fluxes
of the astrophysical and instrumental lines are not known
a priori, they are degenerate with any coincident sterile
neutrino decay line. This reduction in sensitivity is im-
mediately apparent in the jagged upper limit curve. A
major source of uncertainty in this measurement is the
precise value of MFOV

DM [70]. For example, if we use the
DM profile model C1 of Ref. [72], MFOV

DM is increased by
∼15% in the core, resulting in correspondingly tighter
constraints on sin2θ.

V. DISCUSSION

The one-sided 95% C.L. lower and upper limits from
the Local Group are shown in Figure 4. These include
lower limits from phase-space arguments of MW dSphs
(mDW

s ! 2.5 keV), lower limits from subhalo counting
comparison to M 31 dSphs (mDW

s ! 8.8 keV), and up-
per limits based on X-ray observations of M 31. Com-
bined, these decisively constrain the canonical Dodelson-
Widrow (DW) production mechanism for generating suf-
ficient sterile neutrinos to match the DM abundance at
> 99% C.L.
Phase-space arguments have been argued to be among

the most robust methods to constrain WDM, but they
have not been strong enough to rule out the DM ster-
ile neutrino when coupled with X-ray limits [31] (indi-
cated by the larger arrow in Figure 4 at 1.8 keV). Our
newly added Segue I dSph, combined with updated X-
ray limits based on deep Chandra observations of M 31,
excludes the entire DW model parameter space, includ-
ing the wider range due to hadronic model uncertainties
[35] (red hatched), at 95% C.L. The exception is around
mDW

s ≈ 4.3 keV, where a strong X-ray background line in
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FIG. 4: Constraints on sterile neutrino parameters. Shaded
areas are excluded regions: 95% C.L. upper limits derived
from the X-ray modeling of M31 (labeled “M31 X-ray”), the
results from Ref. [60] shown for comparison (dotted; see text),
and upper limits from Suzaku observations of Ursa Minor
[73] (labeled “UMIN X-ray”); vertical lines show lower mass
limits from Tremain-Gunn phase-space considerations (ms ∼

0.4 keV) [28], Coma Berenices phase-space (mDW
s ∼ 1.5 keV,

dashed line), Segue I phase-space (mDW
s ∼ 2.5 keV), and

M 31 subhalo counts (mDW
s ∼ 8.8 keV). The big and small

arrows on the abscissa indicate lower limits from Ref. [31]
and Ref. [20], respectively. The DW sterile neutrino model
of Ref. [6] and its associated upper and lower bounds [35] are
shown and labeled.

the M 31 data prevents a strong limit on a sterile neutrino
decay line. However, limits from Suzaku—with vastly
different backgrounds and in particular weaker lines—
already exclude this region [73], as shown in Figure 4.
If Segue I is not included, the mass limit is weakened
to 1.5 keV (dashed vertical line) and allows a DW ster-
ile neutrino of mDW

s ≈ 2 keV to generate the observed
cosmological DM abundance. However, including limits
from subhalo counting, all of the DW parameter region
is comfortably excluded at > 99% C.L.

For the same dwarfs, our limits are weaker than
those of Ref. [30], where the authors adopted signifi-
cantly higher phase-space density estimates (e.g., 5 ×
10−3(M"/pc3)(km/s)−3 for Leo IV and Canes Venatici
II). These follow from Ref. [39], where the central density
is used to estimate Q, as opposed to our conservative es-
timate based on the mean density within rh. Also, the
stellar velocity dispersion is assumed in that work to be
the same as the DM velocity dispersion (η∗ = 1). For
these reasons, we obtain weaker but more robust lim-
its. Our limits are similar in numerical value to those of
Ref. [31], where the authors assume η∗ = 1 but consider

Taken from Horiuchi et al., 1311.0282
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New lepton forces & N DM
• Our approach: See that if any new interactions couple to SM leptons, they also produce 

N through the same mixing
• Example: new gauge interaction

• Anomaly-free choices include: U(1)!-", U(1)B-L, ...
• If the new Z’ is in the thermal bath during dominant epoch of N prod. 

(~few hundred MeV), then rapid 1->2 processes give large N rate

• We focused on currents that only couple to leptons
• Constraints from muon g-2, N lifetime,

meson/SM gauge boson widths, 
neutrino-electron scattering 
constraints (if couples to e)

• Shown: largest mixing angle !! allowed
by X-ray constraints for given N mass

• Constraints on X-ray lines, together with small-scale
structure constraints on warm dark matter,
completely exclude the possibility of
electroweak N production for DM

• Stable DM -> effective N interactions too weak for "DM

• Workarounds include a phase of resonant production
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see also Altmannshofer et al., 1406.2332
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New lepton forces & N DM
• Constraints change depending on U(1) charges

• Ex: U(1)B-L (adapted from Williams et al., 1103.4556)

• Much of remaining B-L space to be
probed by APEX and HPS, improved Neff

• Possible detection of 3.57 keV X-ray line
in stacked galaxy clusters!

Figure 1: Summary of the constraints presented herein. Each plot shows the bound on the new gauge
coupling, ↵X , as a function of MX for various values of the kinetic-mixing parameter, sh ⌘, assuming a
vector coupling XfL = XfR := X, with X = B � L (X = B) drawn as sparse (dense) cross-hatching.

scattering also begins to take e↵ect. This bound dominates for larger ↵X , and once ↵X >⇠ 10�7

the entire MeV�GeV mass range is excluded.
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Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMd% –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

Taken from Boyarsky et al., 1402.4119

• 7.15 keV N is below small-scale structure
bounds for thermal production

• Our mechanism produces somewhat
colder N than thermal (✓)
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Conclusions
• Sterile neutrinos are well-motivated extensions of the SM

• Can account for neutrino oscillations, dark matter, baryogenesis
• Related physics kinematically accessible for masses < weak scale

• Minimal models typically produce insufficient DM and baryon asymmetry unless there 
are severe mass degeneracies, tunings in the Yukawa couplings

• We have shown that models with one new degree of freedom can:
• Obviate the need for any tuning
• Give phenomenological probes of physics connected to sterile neutrino 

cosmology (often complementary to existing strategies)

• Similar story for enhancing baryogenesis through modifications of Yukawa couplings in 
a 2-Higgs-doublet model (see BS, Yavin, 1401.2459)

• Further development of these ideas, unifying the DM and baryogenesis pictures, are 
work in progress



11

Back-up slides
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Quick peek: Baryogenesis
• Baryogenesis proceeds via “leptogenesis through neutrino oscillations”

• Baryon asymmetry requires small sterile neutrino mass splittings and large 
scattering rates (Yukawa couplings)

• Looking at see-saw relation, these conditions are in conflict!

• Once again, the Yukawa couplings are too small (for fixed N mass)

MN ⇡ F 2h�i2

mSM ⌫

• Our approach: With non-standard interactions, the Yukawa couplings can naturally be 
much larger

• Example: If      is a non-SM Higgs coupling to leptons, its VEV can be smaller, 
giving larger F

• Much larger asymmetries possible than even the tuned minimal model
• No degeneracy or alignment of parameters needed 
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• The minimal model can still work with non-thermal production

• MSW resonant enhancement of mixing angle when

Resonant production

• Need a large, late-time lepton asymmetry
• Spectrum is typically colder 

than thermal
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potential can be neglected, then

εres ≈
δm2 cos 2θ

(

4
√

2ζ(3)/π2
)

GFT 4L
(7.10)

≈ 0.1245

(
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)(

100 MeV
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)4

.

As the universe expands and cools with time, and for
a given δm2, the resonance will sweep through the να

energy distribution function from low to high neutrino
spectral parameter ε. In this same limit of resonance
below TPEAK, the sweep rate is

dε

dt
≈ 4εH

(

1 −
L̇

4HL

)

, (7.11)

where L̇ is the time rate of change of the lepton num-
ber resulting from neutrino flavor conversion. Since the
expansion rate scales as H ∼ T 2, the prospects for adia-
baticity are better at lower temperatures and later epochs
in the early universe, all other parameters being the
same.

From Eqs. (7.9), (7.10), and (7.11), we can estimate
that at resonance the degree of adiabaticity is

γ ≈
δm2
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where in the second equality we assume the standard
radiation-dominated conditions and expansion rate, and
where in the final equality we have employed the approx-
imation δm2 ≈ m2

s, valid when ms & mνα , and where
we have assumed that the vacuum mixing angle is small.
Here we see that for the mixing angles allowed by our
constraints, sin2 2θ < 10−9(3×10−10) for νµ, ντ (νe) mix-
ing with sterile neutrinos, and masses ms

>∼ 1 keV, the
resonance is not adiabatic.

We conclude that the main effect of resonance is en-
hancement of scattering-induced incoherent conversion of
neutrinos with energies in the resonant region. Therefore,
the formulation of the semi-classical Boltzmann Equation
(6.6) is appropriate for calculating the total production
of sterile neutrinos in the early universe.

The results of our numerical calculations can be seen
in Fig. 2 for νe ⇀↽ νs and in Fig. 3 for ντ ⇀↽ νs for
the cases where initially L = 0.001, 0.01, 0.1. The calcu-
lation includes both nonresonant scattering production
and matter-enhanced (resonant) production. Examples

FIG. 5: The sterile neutrino distribution for four cases of res-
onant and non-resonant νe ↔ νs, as described in the text.
The dotted line is a normalized active neutrino spectrum.
The thick-solid, dashed, dot-dashed, and thin-solid lines cor-
respond to cases (1)–(4), respectively. The inset shows a mag-
nified view of the low momenta range of the distributions.

of the resulting sterile neutrino energy spectra are shown
in Fig. 5. Resonantly produced sterile neutrinos tend to
have energy spectra appreciably populated only at the
low ε end. This results from the resonant energy start-
ing at the lowest momenta and moving through higher
momenta neutrinos [see Eq. (7.10)] as the universe cools
and lepton number is depleted through conversion into a
sterile neutrino population.

Figure 5 shows the resulting spectrum for four sample
cases of sterile neutrino dark matter production:

(1) ms = 0.8 keV, sin2 2θ = 10−6, Linit = 0.01, resulting
in Ωνsh

2 = 0.25 and 〈p/T 〉 = 2.9;

(2) ms = 1 keV, sin2 2θ = 10−7, Linit = 0.01, resulting
in Ωνsh

2 = 0.13 and 〈p/T 〉 = 1.8;

(3) ms = 1 keV, sin2 2θ = 10−8, Linit = 0.01, resulting
in Ωνsh

2 = 0.10 and 〈p/T 〉 = 2.0;

(4) ms = 10 keV, sin2 2θ = 10−8, Linit = 0.001, resulting
in Ωνsh

2 = 0.57 and 〈p/T 〉 = 2.3.

A particularly interesting case is (4), where the resonance
passes through the distribution during the QCD transi-
tion, where the disappearance of degrees of freedom heats
the photon and neutrino plasma, forcing the universe to
cool more slowly. For this period, the resonance moves
much more slowly through the spectrum and is conse-
quently more efficient in να → νs conversion through
that region of the neutrino energy spectra. This pro-
duces a “spike” in the sterile neutrino distribution (see
Ref. [82]).

taken from Abazajian, Fuller, Patel 2001
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Resonant production
• Can occur for lepton asymmetries ≳ 10-5

• Need large asymmetry from leptogenesis below weak scale

• Achieved in the minimal model through resonant leptogenesis from the decay 
of the heavier sterile neutrinos; highly degenerate spectrum needed

• Shown at right: N2 and N3 are 10 GeV,
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Figure 10: Values of δM and Imω that lead to the lepton asymmetry required for dark matter
production in scenario I for different singlet fermion masses, M = 2.5, 4, 7 and 10 GeV and inverted
hierarchy. The upper left panel corresponds to M = 2.5 GeV, the upper right panel to M = 4 GeV,
the lower left panel to M = 7 GeV and the lower right panel to M = 10 GeV. The phases that
maximize the asymmetry differ significantly for Imω ≈ 0 and away from that region. We chose
α2 − α1 = 7

5 and δ = 3
5π in the region 0.5 < eImω < 1.5 and α2 − α1 = 0, δ = 9

10π everywhere else.

1.0 10.05.02.0 3.01.5 7.0
10!12

10!11

10!10

10!9

10!8

M #GeV$

U
2

NHIH

Seesaw NH

Seesaw IH

Figure 11: Constraints on the N2,3 masses M2,3 # M and mixing U2 = tr(θ†θ) in scenario I. The
lepton asymmetry at T = 100 MeV can be large enough that the resonant enhancement of N1

production is sufficient to explain the observed ΩDM inside the dashed blue and red lines for normal
and inverted neutrino mass hierarchy, respectively. The regions below the “seesaw” lines are excluded
by neutrino oscillation experiments for the indicated choice of hierarchy.
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from Canetti et al. 2012

• Other sources of asymmetry
possible with new beyond-SM 
physics



Results
• Show dependence on mixing angle (7 keV sterile neutrino shown here)

• Complementarity between direct and astrophysical probes
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Results
• Sterile neutrinos can be hot, warm, or cold
• Sterile neutrino spectrum from Z’ is often colder than thermal
• Sensitivity to QCD phase transition and thermal effects

• We show spectrum relative to photon bath at T = 1 MeV
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