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Neutrinos, dark matter, 
and baryogenesis

• Neutrino sector offers some clues for BSM physics and cosmology:
• Non-zero masses and mixings necessitate extending the SM
• Baryogenesis:

• Majorana masses for sterile neutrinos can violate lepton number

• Yukawa couplings between active & sterile neutrinos give new CP phases and 
possible departures from equilibrium

• Dark matter:
• Small Yukawa couplings and lack of SM gauge interactions make sterile neutrinos 

excellent dark matter candidates

• In fact, a minimal model with SM + three sterile neutrinos (and nothing 
else) is capable of simultaneously accounting for neutrino masses, DM, 
baryogenesis!

• “Neutrino minimal SM” (νMSM)
• Asaka, Shaposhnikov 2005; Asaka, Blanchet, Shaposhnikov 2005...
• All new physics below weak scale
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Neutrinos, dark matter, and 
baryogenesis

• How does this work for each phenomenon?
• Neutrino masses: Type-I see-saw mechanism

• Two LH neutrino masses are generated through see-saw couplings to two 
sterile neutrinos

• Baryogenesis: Lepton asymmetry created through scattering & oscillations of the 
heaviest 2 sterile neutrinos; transferred to baryons through B + L anomaly

• Requires at least 2 sterile neutrinos with masses ~ GeV
• Mass degeneracy + Yukawa tuning ~ 105 - 106 or more (usually more)

• Dark matter: Lightest sterile neutrino is dark matter; created through mixing with 
SM neutrino

• Requires lightest sterile neutrino ~ keV
• Nearly decoupled from SM for stability - 1 massless SM neutrino
• Mass degeneracy of other 2 sterile neutrinos ~ 1015 or more

mSM ⌫ =
F 2h�i2

M
LType�I = F L�N +

M
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• The “minimal model” has much more structure than one might 
expect in a truly minimal model

• One may explain this structure with new symmetries/
interactions in the sterile sector

• Challenging to probe

• Our approach: consider how new visible sector states and 
interactions can enhance the baryon asymmetry, give the correct 
DM abundance, and alleviate the tuning 

• For baryogenesis, this can be accomplished with an extended 
Higgs sector (specifically, a “leptophilic” Higgs)

• For sterile neutrino dark matter, this can be accomplished with a 
new light (MeV-GeV) gauge interaction

• The physics responsible for DM and baryogenesis are essentially 
independent from one another, so I consider each separately

Neutrinos and tuning
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1. Baryogenesis through neutrino oscillations: tale of 
N2 and N3

• Overview of mechanism
• Asymmetry and parameters for the minimal model
• Baryogenesis in a Two Higgs Doublet Model

2. Sterile neutrino dark matter: tale of N1

• Production and decay of sterile neutrino dark matter
• Sterile neutrinos and new, light gauge interactions
• Recent 3.6 keV X-ray line anomaly

Overview



6

• Baryogenesis occurs through the creation, oscillation, and re-scattering 
of the heavy sterile neutrino states, N2 and N3

• Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005.

• The !MSM satisfies the three Sakharov conditions for baryogenesis:
1. Baryon number violation. Lepton number is broken by N mass and couplings; 

lepton asymmetry is transferred to a baryons via the B + L anomaly

2. CP violation. Three new CP phases in the Yukawa matrix

3. Departure from thermal equilibrium. For small Yukawa couplings, N scattering is 
equilibrium for all T above the weak scale

Baryogenesis overview
L⌫MSM = F↵IL↵�NI +

MI

2
N2

I (m⌫)↵� = h�i2(F M�1
N FT)↵�
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Asymmetry Generation
• The physical mechanism for baryogenesis:

1. No primordial abundance of N2, N3; slowly populated by L! scattering, and subsequently 
scatter back into SM leptons (out of equilibrium)
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Asymmetry Generation
• The physical mechanism for baryogenesis:

1. No primordial abundance of N2, N3; slowly populated by L! scattering, and subsequently 
scatter back into SM leptons (out of equilibrium)

2. Sterile neutrinos are created in interaction eigenstates (i.e. coherent superpositions of mass 
states). N scatterings are out of equilibrium and so the neutrinos coherently oscillate

3. N scatter back into a different flavour L". 
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Asymmetry Generation
• The physical mechanism for baryogenesis:

3. N scatter back into a different flavour L". The interference of the different mass eigenstates 
gives an asymmetry:

4. When oscillation becomes rapid, the asymmetry produced from each scattering averages to 0.
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Asymmetry Generation
• The physical mechanism for baryogenesis:

3. N scatter back into a different flavour L". The interference of the different mass eigenstates 
gives an asymmetry:

4. When oscillation becomes rapid, the asymmetry produced from each scattering averages to 0.
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Asymmetry Generation
• So far, there is no net lepton asymmetry, and no baryon asymmetry

5. An asymmetry in L! automatically implies a faster rate for               than 

6. This results in a non-zero SM lepton number asymmetry, which is transferred to baryon 
number by sphalerons

7. The electroweak phase transition shuts off sphaleron processes, freezing in the baryon 
asymmetry

L↵ ! N L̄↵ ! N̄

�(L
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Symmetry Violation
• Through all of these interactions, a global L + N symmetry is preserved

• Equal and opposite asymmetries in L and N

• There is also explicit violation of this symmetry through the N Majorana mass, but 
effects are suppressed by (MN / T)2

• When N and L all come into equilibrium, the asymmetry is destroyed
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Asymmetry Generation
• What factors control the size of the final baryon asymmetry?

• Yukawa couplings. The larger the Yukawa couplings, the larger the scattering rates

• Larger F means larger individual lepton flavour asymmetries

• Rate of individual lepton flavour → total lepton asymmetry also faster
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Asymmetry Generation
• What factors control the size of the final baryon asymmetry?

• Mass splittings. The asymmetry is predominantly generated over the first oscillation. 
At later times, the Hubble expansion is slower, and so there is a longer time for an 
asymmetry to develop.
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Asymmetry Generation
• Put this all together: three time scales tosc, tw, teq

• Asymmetry at EW scale fixed to give observed baryon asymmetry

10-20 10-18 10-16 10-14 10-12 10-10
10-17

10-15

10-13

10-11

10-9

10-7

106 105 104 103 102

time HsecondsL

le
pt
on
as
ym
m
et
ry
»Y D

L
»

Temperature HGeVL

Tau
Muon
Electron

Total

Regime I

10-20 10-18 10-16 10-14 10-12 10-10
10-17

10-15

10-13

10-11

10-9

10-7

106 105 104 103 102

time HsecondsL
le
pt
on
as
ym
m
et
ry
»Y D

L
»

Temperature HGeVL

Tau
Muon
Electron

Total

Regime II

Regime I: tosc < tw < teq Regime II: tosc < teq ~ tw

teq ⇠ 1

|F |2T tw ⇡ (140 GeV)�1
t
osc

⇠
✓ p

M
Pl

M2

3

�M2

2

◆
2/3



16

Model Parameterization

• Naïvely, the masses determine the Yukawa coupling magnitudess
• The see-saw fixes       , not

• If there is a large cancellation between real/imaginary terms, then 

• Yukawa rates can be much larger than naïve see-saw values

• The Yukawa couplings can be parameterized by:

1. Two LH neutrino masses and two RH neutrino masses

2. Three LH real mixing angles and two LH CP phases: Majorana (η) and Dirac (δ)

3. One complex RH mixing angle (ω)

• Large Yukawa rates and small see-saw masses are only consistent due to intricate 
cancellations between different terms in the Yukawa matrix
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Numerical results
• Indeed, we find that the most generic parts of parameter space (∆MN ~ MN 

and |F|2 ~ FFT) do not produce enough of an asymmetry
• In fact, both mass degeneracy and tuned Yukawas are generally needed in the minimal model

• Ex: MN = 1 GeV
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Numerical results

• For each point in parameter space, we find ∆MN and Im(ω) needed to get 
observed baryon asymmetry

• No part of the parameter space is more generic than 1 part in 105

• Most of the parameter space is much more so
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• Changing MN also does not substantially affect the result
• Larger mass raises Yukawa coupling but requires more mass degeneracy (and vice-versa)
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Baryogenesis through 
neutrino oscillations

Two Higgs doublet model



Yukawas in a 2HDM

• Up until now, we have been assuming 
• Tuning required to increase Yukawa couplings for fixed masses

• If                     , the Yukawas are naturally larger than in the conventional see-
saw

• Our proposal: a leptophilic two Higgs doublet model
• “Leptophilic” - SM-like Higgs doublet couples to quarks, new Higgs doublet couples to 

leptons

• Smallness of charged lepton masses can be a consequence of small VEV for leptophilic Higgs

• This immediately alleviates some of the needed alignment. But we saw that, 
even when the Yukawa couplings were optimally tuned, we still needed 
degenerate sterile neutrinos

20
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Yukawas in a 2HDM

• In the asymmetry creation rate, there is a partial cancellation of the Yukawa 
couplings when the couplings are tuned to be large
• Related to the cancellation that ensures validity of the see-saw relation

• The asymmetry from tuned Yukawa couplings is not as large as you would 
expect
• Larger Yukawa couplings from a smaller Higgs VEV gives a quadratic enhancement of the 

baryon asymmetry over the tuned model
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Baryogenesis and a 2HDM

• Depending on leptophilic VEV, can get observed baryon asymmetry with:
• Non-degenerate spectrum

• No tuning of the Yukawa couplings needed

• Generic phases OK (1/2 - 1/3 of total parameter space)
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2HDM Phenomenology

• Connection between enhanced baryon asymmetry and extended Higgs 
sector

• Can probe through modification to the SM-like Higgs tau Yukawa coupling
• Current bound is 225 GeV; reach of 300 GeV with LHC 300/fb, 700 GeV with ILC

• Can also search directly for the heavy Higgs states
• A promising channel is same-sign dileptons + hadronic tau(s)

• Bound is MH ≳ 150 GeV  (Liu, Shuve, Weiner, Yavin 2013)

• There is also the possibility that the leptophilic Higgs only gives mass to the 
neutrinos
• Heavy Higgs states decay through the neutrino Yukawa to mu/tau + neutrino

• Bound of MH ≳ 300 GeV from slepton searches

23



Baryogenesis Summary

• Baryogenesis through neutrino oscillations is an interesting possibility with 
different parametric dependence than other baryogenesis mechanisms

• Baryogenesis in the minimal νMSM involves alignments and/or tuning of 
parameters to greater than one part in 105 (usually more)

• However, nothing inherent to the mechanism requires mass degeneracy

• The baryon asymmetry can be greatly enhanced in models with two Higgs 
doublets if the Higgs coupling to sterile neutrinos has a small VEV

• Generic spectra give the observed baryon asymmetry in a 2HDM, and there 
are also improved prospects for detection
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Sterile neutrino 
dark matter

Minimal model
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• The lightest sterile neutrino (N1) is the dark matter
• The production and decay in the minimal model is completely 

determined by its mass and mixing with LH neutrinos
• Production:

• N1  is produced through mixing whenever SM leptons undergo weak 
interactions (Dodelson, Widrow 1992)

• At the time of N1  production, the mixing angle is modified by MSW 
medium effects due to SM neutrino propagation through the thermal 
bath (Wolfenstein 1978; Mikheyev, Smirnov 1985)
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• The SM neutrino propagating modes have contributions to the
finite-T potential from weak interactions (Nötzold, Raffelt 1988)

• Competing temperature effects from scattering rate & mixing (no asym.)
• Ex: 1 keV sterile neutrino,

no lepton asymmetry
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• Decay: Sterile neutrino also decays through the same (vacuum) mixing
• If N1 makes up all DM, most constrained decay is to neutrino + photon 

(ex. Abazajian, Fuller, Tucker 2001)
• Monochromatic X-ray line at MN1/2
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FIG. 3: Here, to illustrate how difficult it is to distinguish
between atomic and anomalous line features with current de-
tectors, we show the statistical consistency of the 1.07 keV
Ne IX emission peak (Chandra data points in black) and the
decay signature of a 2.13 keV Majorana sterile neutrino (blue,
shaded region). The light blue band shows the 1 σ uncertainty
range associated with the Chandra data.

perature, etc. of the region(s) of the target galaxy being
examined. To make progress without such complications,
particularly at Eγ,s

<
∼ 1 keV, a new generation of much

higher spectral resolution detectors is required, as we dis-
cuss further in the Sec. V.

C. Exclusion Regions in the Mass-Mixing Plane

To determine the region of the ms − sin22θ (mass-
mixing) plane (Fig. 4) that is excluded by the unresolved
X-ray spectrum of Andromeda, we convert Eqn. (2) to
Counts/sec/keV:
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and adopt the analog of Eqn. (8) as our exclusion crite-
rion:

dNγ,s

dEγ,sdt

(

sin2 2θ
)

≥ ∆F . (10)

Just as we found two mass limits, we also derived two
exclusion regions for Dirac and Majorana sterile neutri-

FIG. 4: Here we present constraints on ms as a function of
mixing angle, sin22θ, assuming that all dark matter is com-
prised of sterile neutrinos (Ωs = 0.24). For L ! 10−10, the
thick, solid line corresponds to ΩDW

s = 0.24 ± 0.04 in the
Dodelson-Widrow (DW) scenario (Eqn. 3), while the region
to the right corresponds to ΩDW

s > 0.28. Three density-
production relationships associated with Ωs = 0.3 and (left
to right) L = 0.1, 0.01, and 0.003 are also shown (dotted)
[13], as is the Shi-Fuller density-production relationship com-
puted in Ref. [55] (dashed). The three previous radiative de-
cay upper limits (all 95% C.L.) are based on Integral mea-
surements of the unresolved X-ray emission from the Milky
Way halo [77, 78], HEAO-1 and XMM-Newton observations of
the Cosmic X-ray Background (CXB)[61], and the most strin-
gent constraints [66] from the many limits imposed by nearby
galaxies and clusters [13, 44, 63, 66, 69, 70, 76]. The magenta
line shows the recalculated boundary of this exclusion region
for Majorana sterile neutrinos (see text), allowing for direct
comparison between our results and those of Ref. [66]. The
most restrictive radiative decay limits, from the present work
(also 95% C.L.), are based on Chandra observations of the
Andromeda galaxy.

nos. The most restrictive region, which was determined
by comparing the Chandra unresolved X-ray spectrum
to the Majorana sterile neutrino decay flux, is shown in
Fig. 4. The “indentation” of our exclusion region at the
highest masses comes about because the effective area of
the ACIS-I detector falls even more steeply than the spec-
tral data at the highest photon energies. As discussed in
the conclusion, a new instrument with a much larger ef-
fective area and superior spectral energy resolution will
be required to dramatically improve upon the radiative
decay constraints presented here.
In addition to our new Andromeda bounds, (the dis-

Taken from Watson, Li, Polley 2012 
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Sterile neutrino production
• The mixing angles giving the observed DM abundance are ruled out 

by X-ray constraints for MN ≫ keV
• For mass ~ keV, sterile neutrinos are warm DM

• Small-scale structure constraints: Lyman-α, sub-halo counting, etc.

• Thermally produced sterile neutrinos conservatively ruled out below ~8.8 keV 
(Horiuchi et al. 2013) for Dodelson-Widrow production

• Dodelson-Widrow mechanism is completely excluded!
7

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. 2013 
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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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p
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potential can be neglected, then

εres ≈
δm2 cos 2θ

(

4
√

2ζ(3)/π2
)

GFT 4L
(7.10)

≈ 0.1245

(

δm2 cos 2θ

1 keV2

)(

10−2

L

)(

100 MeV

T

)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

2εTres

sin2 2θ

cos 2θ

(

4
Ṫ

T
+

L̇
L

)−1

(7.12)

≈
3
√

5ζ(3)3/4

217/8π3

(

δm2
)1/4

mpl G3/4
F L3/4

g1/2ε1/4
∣

∣

∣
1 − L̇/4HL

∣

∣

∣

sin2 2θ

cos7/4 2θ

≈
( ms

1 keV

)1/2
(

10.75

g

)1/2( L
10−2

)3/4 1
∣

∣

∣
1 − L̇/4HL

∣

∣

∣

×
(

1

εres

)1/4{ sin2 2θ

7.5 × 10−10

}

, (7.13)

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 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.
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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 BSM physics



Sterile neutrino 
dark matter

New SM neutrino interactions
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• Much recent attention on the possibility
of new, light forces

• If the new forces couple to LH leptons,
we automatically get N production as well
(à la Dodelson-Widrow)

• Our proposal: Consider a new force coupled to the SM-like neutrinos that 
is stronger than the weak interactions

• Can produce more sterile neutrinos while satisfying mixing angle bounds

• For concreteness, we consider a new anomaly-free U(1)’ gauge interaction
• We use U(1)"-#; different currents simply change constraints on gauge boson

• For concreteness, we assume mixing is predominantly between N and #$

New interactions

10-3 10-2 10-1 110-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA' HGeVL

e

A' Æ Standard Model

U70

E137

E141

E774

CHARM

am, 5s

am,±2s favored

ae

BaBar

KLOEWASA

SN

LSND

APEXêMAMI
Test Runs

Orsay

10-3 10-2 10-1 1

10-5

10-4

10-3

10-2

mA' HGeVL

e

A' Æ Standard Model

APEXêMAMI
Test Runs

U70

E141

E774

am, 5s

am,±2s favored

ae

BaBar

KLOEWASA

Orsay HPS

APEX
DarkLight

VEPP-3

MESA

MAMI

FIG. 6. Parameter space for dark photons (A0) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A0 can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of ✏. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for ✏ > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller ✏. While there is no clear minimum

for ✏, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A0 is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A0 could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di↵erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Taken from Adrian et al. 2013 
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• There are two limits to consider:
• Heavy Z’ (> few GeV): contact interaction

• Need G’ ≫ GF, ruled out by muon g - 2

• Lighter Z’ (< few GeV): on-shell degrees of freedom present when LH-sterile 
neutrino mixing becomes large for T ≲ few hundred MeV

• On-shell limit:
• Sterile neutrino abundance dominated by interactions that are 1 ↔ 2

Sterile neutrinos from Z’

να N1

#−#−

Z ′

N1

ν̄

�1$2

�2$2
⇠ MZ0

g2Z0T
� 1Z’

• Similarity to models with production mechanisms in the sterile sector
• Shaposhnikov, Tkachev 2006; Petraki, Kusenko 2008; ...

• Our model: force couples directly to SM fields and proceeds through mixing 
(larger coupling/better detection prospects)
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• As before, we have to consider the thermally corrected mixing angle
• Can have resonance without lepton asymmetry

• Resonance develops if:

Sterile neutrinos from Z’
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• However, oscillations of active → sterile neutrinos on-resonance are 
suppressed by the Quantum Zeno effect

• Rapid interactions mediated by Z’ suppress wavefunction overlap that gives 
oscillation between SM and sterile neutrinos

• Resonance does not substantially contribute to final N abundance
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• Dominant contribution to N abundance from non-resonant Z’ decays
• Simplified version of Boltzmann equation (used full BE for numerical analysis)

• Largest production time at x ~ 1-3

• From dimensional analysis and coupling power counting, 

Sterile neutrinos from Z’

• This is approx. scaling unless the SM thermal corrections suppress the 
mixing angle (large Z’ mass), or Z’ thermal corrections suppress the 
mixing angle (large coupling)

dYN

dx
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xh�Z0!N i
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YZ0 Y ⌘ n

s
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Results

7 keV, sin2(2!) = 6 × 10-11 

30 keV, sin2(2!) = 5 × 10-12

50 keV, sin2(2!) = 1.25 × 10-15

100 keV, sin2(2!) = 2.5 × 10-17 

• Select mixing angles near X-ray bounds for a variety of N masses

10-3 10-2 10-1 1

10-3

10-2

10-4

10-5

10-6

MZ ' HGeVL

g Z
'

7 keV
30 keV
50 keV
100 keV



Results
• Non-resonant production:

• 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
• I used same mixing angles as before
• Sensitivity to QCD phase transition and thermal effects
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• Mass:
• Since the Z’ decays into neutrinos, constraints on the effective number of 

neutrino species imply MZ’ ≳ 2 MeV

• The mixing angle is suppressed for T ≳ GeV, so for sufficient decays of Z’ into 
sterile neutrinos, MZ’ ≲ few GeV

• Coupling:
• Muon g - 2

• Contributions to gauge and meson decay widths

• N lifetime (by mediating N to 3 neutrino decay)

• If Z’ also couples to electrons: neutrino-electron scattering constraints, dark photon 
searches

Z’ constraints
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Z’ constraints

• Future probes:
• For models with coupling to electrons and

baryons, future experiments (APEX, HPS)
will probe interesting parameter space

• Muon trident production (neutrino beams)

• Rare decays (mesons, taus)
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FIG. 6. Parameter space for dark photons (A0) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A0 can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of ✏. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for ✏ > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller ✏. While there is no clear minimum

for ✏, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A0 is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A0 could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di↵erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic
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• New gauge interaction must be consistent with see-saw Yukawa couplings
• Depending on charges of Higgs, sterile neutrinos, not all entries of 

are allowed  %
• Constrain model-building possibilities: baryogenesis, neutrino mixings 

should still be OK

• One possible example for U(1)"-#:
• Introduce new scalar $ carrying U(1)"-#; new doublet Dirac fermions X2, X3

• Low-energy effective theory can give same neutrino Yukawa couplings
after $ breaks U(1)"-#

• New fields can be at/above weak scale
• Baryogenesis can proceed as before, except with scattering through X 

states

Model building

L�N

L = �2L2⌃X2 + �3L3⌃
⇤X3 + f1L1HNI + f2X̄2HNI + f3X̄3HNI f ⌧ �



Sterile neutrino 
dark matter

Recent anomaly
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• Two groups have recently announced evidence for an X-ray line in 
observations of Andromeda and various galaxy clusters (Chandra & XMM)

• Seen in several different data sets, but line detection is close to 
experimental sensitivity and several other nearby faint background lines

• 3.57 keV X-ray line = 7.15 keV sterile neutrino
• Below small-scale structure constraints! (MN > 8.8 keV)

• Consistent with resonant production in the presence of a large lepton 
asymmetry, which generally produces colder neutrinos (Shi-Fuller scenario)

• Best-fit: sin2(2θ) ~ 7 × 10-11

3.6 keV X-ray line
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Figure 6. 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the Perseus cluster. The figures show
the energy band, where a new spectral feature at 3.57 keV is detected. The Gaussian lines with peak values of the flux normalizations of
K xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after a Gaussian line is added, indicating that the unidentified spectral line
can be modeled with a Gaussian.

fits.

3.3. Stacked Spectra of the Nearby Bright Clusters;
Centaurus + Coma + Ophiuchus

We now check the MOS and PN spectra of the three
dominant nearby clusters, Coma, Ophiuchus, and Cen-
taurus. A total of 525.3 ks of good stacked MOS and
168 ks good stacked PN exposure times were obtained
for this sub-sample. The total source counts obtained in
the MOS and PN spectra were 3.2 ⇥ 106 and 2.1 ⇥ 106,
respectively.
We performed the fits as above. The best determina-

tions for the continuum temperature and normalizations
and the fluxes of the S xvi, Ca xix, and Ca xx are given
in Table 2. We detected an excess emission feature in
the same band, i.e. 3.4 � 3.7 keV as in the stacked MOS
spectra. To determine the flux of the emission line at 3.57
keV, we estimated the maximum fluxes of the K xviii, K
xix, and Ar xvii lines using the AtomDB and the mea-
sured fluxes of S xvi, Ca xix, and Ca xx as described
in §3.1. Using the 0.1 and 3 times these fluxes as lower
and upper limits, we found that the unidentified line has
a flux of 15.9+3.4

�3.8 (+6.7
�5.5) ⇥ 10�6 photons cm�2 s�1 in the

stacked MOS observations. Adding this Gaussian to the
model improves the fit by ��2 of 17.1 for an additional
degree of freedom for the stacked MOS spectrum.
We then allowed the energy of the additional Gaus-

sian model to vary to test whether the energy measured
from two di↵erent samples are the same. The best-fit
energy obtained from the stacked MOS observations of
Coma, Centaurus, and Ophiuchus clusters was 3.56 ±

0.02 (0.03), with a flux of 1.6+0.52
�0.44 (+0.81

�0.70) ⇥ 10�5 pho-
tons cm�2 s�1. This measurement is consistent with the
energy measured in the MOS observations of the full sam-
ple. The sterile neutrino mixing angle that corresponds
to this flux is sin2(2✓) = 18.2+4.4

�3.9 (+12.6
�11.5) ⇥ 10�11, con-

sistent at 2� with the full-sample value.
The fits to the stacked PN observations did not need an

additional Gaussian line, and resulted in a non-detection.
This could be due to the low count statistics of the

stacked PN observations (168 ks clean time). A 90%
upper limit on the flux of this line at 3.57 keV is 9.5
⇥ 10�6 photons cm�2 s�1 from this spectrum; the upper
limit on the mixing angle from this flux limit is consistent
with the full-sample and MOS detections.

3.4. Perseus

Initially, we extracted the spectrum of the Perseus clus-
ter using the entire MOS and PN field-of-view. We have
co-added the XMM-Newton MOS and PN observations
of the Perseus cluster in the cluster’s frame. The total
exposure time in the stacked MOS spectrum was 317 ks
with a total of 7⇥106 source counts in the 2 � 10 keV
band and 38 ks total exposure with 2⇥106 source counts
in the stacked PN observations.
Following the same approach we used for modeling the

full cluster sample, we first fit the MOS and PN observa-
tions with the line-free apec model and additional Gaus-
sian models. Count-weighted responses were used to fit
the plasma emission lines and the continuum emission.
Probing the 3�4 keV band the MOS observations re-
vealed residuals around 3.57 keV, at the same energy
band where we detected line emission in the previous
samples. The left panel of Figure 6 shows the detection
in the co-added MOS observations of the Perseus cluster.
Using the limits on the K and Ar lines (Table 3) as above
and adding a Gaussian model to the MOS spectrum at
the fixed energy of 3.57 keV improved the fit by ��2 of
15.7. The best-fit flux at 3.57 keV was 5.2+2.41

�1.52 (+3.70
�2.13)

⇥ 10�5 photons cm�2 s�1.
This flux corresponds to a mixing angle of sin2(2✓) =

5.5+2.6
�1.6 (

+3.9
�2.3) ⇥10�10. This angle is not only an outlier in

our measurements from the other samples, it is also not
consistent with the upper limits on the mixing angle at
this value of ms from the previous studies (e.g., Horiuchi
et al. 2013).
We were unable to detect the line in the short (38 ks

clean time) PN observation of Perseus and placed a 90%
upper limit on the flux of the line of 17.7 photons cm�2

s�1, which corresponds to an upper limit of sin2(2✓) <

3

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).
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FIG. 2: The line’s brightness profile in M31 (left) and the Perseus cluster (right). An NFW DM distribution is assumed, the scale rs is fixed to
its best-fit values from [22] (M31) or [23] (Perseus) and the overall normalization is adjusted to pass through the left-most point.

For the Perseus cluster the observations can be grouped in
3 radial bins by their off-center angle. For each bin we fix
the line position to its average value across Perseus (3.47 ±

0.07 keV). The obtained line fluxes together with 1σ errors
are shown in Fig. 2. For comparison, we draw the expected
line distribution from dark matter decay using the NFW pro-
file of [23] (best fit value rs = 360 kpc, black solid line; 1σ
upper bound rs = 872 kpc, black dashed line). The isother-
mal β-profile from [26] is shown in magenta. The surface
brightness profile follows the expected DM decay line’s dis-
tribution in Perseus.

Finally, we compare the predictions for the DM lifetime from
the two objects. The estimates of the average column den-
sity within the central part of M31 give S(rs) ∼ 200 −

600M!/pc2 [13]. The column density of clusters follows
from the c − M relation [27–29]. Considering the uncer-
tainty on the profile and that our observations of Perseus go
beyond rs, the average column density in the region of interest
is within S̄ ∼ 100− 600M!/pc2. Therefore the signal from
Perseus can be both stronger and weaker than that of M31, by
0.2 − 3.0. This is consistent with the ratio of measured flux
from Perseus to M31 0.7− 2.7.

If DM is made of right-handed (sterile) neutrinos [30], the
lifetime is related to its interaction strength (mixing angle):

τDM =
1024π4

9αG2
F
sin2(2θ)m5

DM

7.2× 1029 sec

[

10−8

sin2(2θ)

] [

1 keV
mDM

]5

.

Using the data from M31 we obtain the mass mDM = 7.06 ±
0.05 keV and the mixing angle in the range sin2(2θ) = (2.2−
20) × 10−11. This value is consistent with previous bounds,
Fig. 4. This means that sterile neutrinos should be produced
resonantly [31–33], which requires the presence of significant
lepton asymmetry in primordial plasma at temperatures few
hundreds MeV. This produces restrictions on parameters of
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FIG. 3: Blank sky spectrum and residuals.

the νMSM.

The position and flux of the discussed weak line are inevitably
subject to systematical uncertainties. There are two weak in-
strumental lines (K Kα at 3.31 keV and Ca Kα at 3.69 keV),
although formally their centroids are separated by more than
4σ. Additionally, the region below 3 keV is difficult to model
precisely, especially at large exposures, due to the presence of
the absorption edge and galactic emission. However, although
the residuals below 3 keV are similar between theM31 dataset
(Fig. 1) and the blank sky dataset (Fig. 3), the line is not de-
tected in the latter. Although the count rate at these energies
is 4 times larger for M31, the exposure for the blank sky is 16
times larger. This disfavors the interpretation of the line as due
to a wiggle in the effective area. The properties of this line are
consistent (within uncertainties) with the DM interpretation.
To reach a conclusion about its nature, one will need to find
more objects that give a detection or where non-observation of
the line will put tight constraints on its properties. The forth-
coming Astro-H mission [34] has sufficient spectral resolution
to spectrally resolve the line against other nearby features and

Taken from Bulbul et al. 2014 Taken from Boyarsky et al. 2014 
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• Some more plots:

3.6 keV X-ray line
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Figure 4. Left Panel: Estimated line fluxes of the K xviii at the rest energies 3.47 keV, 3.51 keV, the Ar xvii at the rest energies 3.68
keV, and the K xix at the rest energy 3.71 keV as a function of plasma temperature.The line fluxes are calculated based on the observed
fluxes of S xvi, Ca xix, and Ca xx from the stacked XMM-Newton MOS observations of the full sample. The flux detection and 90% errors
on the flux of the unknown spectral feature measured from the stacked MOS observations of the full sample is shown with the red shaded
area. Right Panel: A comparison of emissivities of the Ar xvii triplet lines at 3.12 keV and Ar xvii DR line at 3.62 keV. The figure
shows that the flux ratio of the Ar xvii at 3.12 keV to the Ar xvii DR line at 3.62 keV could at most be 1% at the lowest temperature we
observe in our fits (T⇠ 2 keV indicated with the dashed line). This fraction was used as an upper limit to the flux of the Ar xvii DR line
in our spectral fits and given in Table 3 for each sample.

v2.0.2. The He-like Argon ‘triplet’ including four lines
(known either as w, x, y, z or R, I1, I2, and F) was
summed, since the components cannot be distinguished
at the CCD resolution. The two Ar xvii DR lines at 3.62
keV, known in AtomDB as 10077 ! 2 and 10078 ! 3,
and which are the result of a He-like Ar ion recombining
to Li-like Ar and emitting a photon at 3.62 keV, were
similarly extracted and summed. The right panel of the
Figure 4 shows the comparison of the emissivity of Ar
xvii DR and He-like Argon triplet at E ⇡ 3.12 keV. To
model the flux of the Ar xvii DR line in our spectral fits
in a conservative way, we set the lower and upper limits of
the flux to be 0.001 and 0.01 times the flux of the He-like
Ar. The upper limit corresponds to the highest flux that
Ar xvii DR can have for the ICM plasma temperatures
that we see in our spectra (this will be further discussed
in §3.4). The lower limit has been set to avoid problems
with the fitting procedure.
Once the lower and upper limits on flux estimates of

K xviii, Kxix, and Ar xvii lines are set, we performed
the fit in a narrower band 3 � 6 keV energy band (to
avoid strong S and Si lines below 3 keV and Fe lines
above 6 keV). This band is su�ciently wide to measure
the continuum accurately (to better than 1%). The weak
residual emission line at E ⇡ 3.57 keV was detected in
the fits. The excess emission after the Gaussian K and Ar
lines were included in the model at their maximum fluxes
(as described above) in MOS and PN spectra is shown
in Figure 5. We have then added a Gaussian model to
fit the remaining residuals, leaving its flux and energy to
vary. The fit was improved by ��2 of 22.8 for MOS and
��2 of 13.9 for PN for an additional two degrees of free-
dom (energy and normalization). The best-fit energy of
the added Gaussian line is 3.57 ± 0.02 (0.03) keV in the
stacked MOS and 3.51 ± 0.03 (0.04) keV in the stacked
PN observations. The line energies from MOS and PN
are in significant tension, 2.8� apart (Fig. 8). However,
given the systematic uncertainties of the fitting proce-
dure, we consider it acceptable; this tension disappears

once another level of complexity is introduced in model-
ing (see §3.5 below). The width of the new line is unre-
solved and broadened only by the instrumental response.
This is the only significant unidentified feature we have
detected in the 2–10 keV band of MOS and PN spectra.
To measure the flux of this line, we have to use a

statistically proper response file, which will depend on
the physical interpretation of the line. If the line were
coming from the thermal plasma, then the same spec-
tral responses that were used for the thermal components
are appropriate. However, there are no known thermal
plasma lines at this energy, so we explore a possible in-
terpretation of the detected line as a decay signature of
the sterile neutrino (see §1). In this interpretation, the
spectral fitting procedure has to be slightly modified. In
particular, when co-adding the instrumental responses
used for the DM line component, the individual cluster
responses should be weighted by the factor !dm propor-
tional to the estimated dark matter photon flux from
each cluster (as opposed to the X-ray flux used for the
response averaging so far). These response files will be
solely used to measure the flux of the detected 3.57 keV
line; for the rest of the components, clearly originating in
the ICM, the X-ray flux weighting is correct. The dark-
matter response weighting was done using the following
approach.
The surface brightness of the DM decay signal

is proportional to the DM column density SDM =R
l.o.s.

⇢DM (r)dr. The observed photon flux from the DM
decay into a solid angle ⌦FOV is given by

FDM =
MFOV

DM

4⇡D2
L

��

ms
(1 + z) photons cm�2 s�1. (3)

where �� and ms are the decay rate and mass of the
sterile neutrino (see eq. 1 and Pal & Wolfenstein (1982)),
MFOV

DM is the projected DM mass within the spectral ex-
traction region (Rext, which is either R500 or RFOV ),
and DL is the luminosity distance. The expected contri-
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Figure 12. Recent constraints on sterile neutrino production
models, assuming sterile neutrinos constitute dark matter (Abaza-
jian et al. 2007). Straight lines in black show theoretical predictions
assuming sterile neutrinos constitute the dark matter with lepton
number L = 0, L = 0.003, L = 0.01, L = 0.1. Constraints from the
cosmic X-ray background are shown in the solid (blue and hatched
regions). The region is solid green is excluded based upon obser-
vations of the di↵use X-ray background (Abazajian et al. 2007).
Individual galaxy cluster constraints from XMM-Newton observa-
tions of the Coma and Virgo clusters are shown in light blue (Bo-
yarsky et al. 2006). The horizontal pink band shows the mass scale
consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
at m

s

< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.

are unable to collisionally excite any Ar XVII lines, but
dielectronic recombination is still possible. Examining
the satellite line data in the AtomDB, taken from Vain-
shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.

2

FIG. 1. This illustrates the parameter space for Shi-Fuller reso-
nant production sterile neutrino models in the region of interest for
producing the unidentified 3.57 keV X-ray line. The filled colored
contours are the 1, 2 and 3� regions satisfying the best-determined
unidentified line flux in the 6 Ms XMM-Newton 73 stacked-cluster
sample of Bulbul et al. [10]. Systematic uncertainties on the flux
and mixing angle are of order the 2� uncertainties. The blue, ap-
proximately horizontal contours are labeled by the lepton number
L4, in units of 10�4, needed to produce ⌦DMh2 = 0.119. The con-
straint from X-ray observations of M31 from Horiuchi et al. [7] are
in dashed (green), with a notable upturn at the signal region. The
five stars are produce the phase space distributions shown in Fig. 2,
and the three solid stars produce the linear WDM power spectrum
transfer functions in Fig. 3. The contours change their orientation
because the primary temperature of resonant production of the
sterile neutrinos changes from prior to the quark-hadron transition
to after it with increasing lepton numbers, for the case of the stan-
dard cross-over quark-hadron transition at TQCD = 170 MeV [12].

The resonance in the production of the sterile neutrinos
has the momentum position of
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where ✏
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is the position of the resonance,
�m2 ⌘ m2
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, where m
2

is more identified with the
sterile neutrino. Here, L ⌘ (n⌫↵ � n⌫̄↵) /n� is the lepton
number of the Universe prior to resonant production, rel-
ative to the photon number n� . Since the lepton num-
bers of interest are of order 10�4, we define L

4

⌘ 104L.
Here, the calculation is done for the flavor ↵ = µ, but
the general features of the calculation are independent of
flavor. There are subtleties with the e↵ects of quantum-
Zeno-e↵ect damping in the full quantum kinetic equa-
tions (QKEs) in the case of resonance [17], but tests
with the full QKEs in the resonance find quasi-classical
quantum-Zeno treatment of production as adopted here
is appropriate [18]. Further tests of the production in
these models with the full QKEs is warranted, but be-
yond the scope of this brief Letter.

As discussed in Ref. [5], as the Universe expands and
cools with time, for a given �m2, the resonance will sweep

FIG. 2. Shown here are the distribution functions of the 7.14
keV models shown as stars in Fig. 1. The models with L4 =
4.2, 4.6, 7, 8, and 10 have, respectively, increasing average hp/T i,
and therefore larger-scale cuto↵s in the linear matter power spec-
trum for the fixed particle mass. The 4.2 and 4.4 models have
resonant production almost entirely prior to the quark-hadron
transition, and therefore significantly “colder” properties than the
remaining models, whose step-function-like features are due the
quasi-isotemperature evolution of the position of the resonance
during the quark-hadron transition. All distributions are ther-
mally cooler than the corresponding Dodelson-Widrow case, where
hp/T i ⇡ 3.15.

through the ⌫↵ energy distribution function from low to
high neutrino spectral parameter ✏. Before peak pro-

duction, the sweep rate is d✏/dt ⇡ 4✏H
⇣
1� L̇/4HL

⌘
,

where L̇ is the time rate of change of the lepton number
resulting from neutrino flavor conversion, and H is the
expansion of the Universe.
The dominant e↵ect on production is the value of the

lepton number, which in turn sets the required sin2 2✓
to get the cosmologically observed ⌦

DM

h2. Because of
this dependence, and since the production is largely in-
dependent of the sterile neutrino particle mass, we fix
ms = 7.14 keV, and explore how production changes
with di↵erent values of L

4

= 4.2, 4.6, 7, 8, and 10, shown
as stars in Fig. 1.

As discussed in Ref. [5], since the expansion rate scales
as H ⇠ T 2, the prospects for adiabaticity (e�ciency)
of the resonance are better at lower temperatures and
later epochs in the early Universe, all other parameters
being the same, up until the lepton number is depleted,
and conversion ceases. This produces the increasing peak
in the distribution function for L

4

= 4.2 and 4.6 models.
For larger lepton numbers, the resonance through the mo-
mentum distributions is at lower temperatures, partially
before and partially after the quark-hadron transition,
which is readily seen in the scaling of Eq. (1). The quasi-
isotemperature evolution of the Universe during and after
the quark hadron transition due to the heating of plasma
with quark, massive hadron and pion disappearance at
this time produces the step-function feature in the dis-
tribution functions seen in the L

4

= 7, 8, and 10 cases, as

Taken from Abazajian 2014
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• Models with sterile neutrinos can account for neutrino masses, dark matter, 
baryogenesis

• Minimal model (SM + 3 sterile neutrinos) can explain all three, but with a 
high degree of parameter alignment

• Models with new fields (Higgs, gauge interaction) below the weak scale can 
substantially enhance the dark matter abundance and baryon asymmetry, 
alleviating the above tuning

• Also can provide direct experimental probes!

• More work needed to determine the best way to constrain new forces and 
fields over the allowed range

Conclusions


