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-  to generate neutrino mass for explaining the oscillation of 
the active neutrinos

-  to explain possible anomalies in the neutrino oscillation in 
the short baseline experiments

-  to explain the asymmetry of matter-antimatter in the 
Universe such as leptogenesis

Motivation for sterile neutrino

-  to explain the non-relativistic matter component in the Universe
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I. INTRODUCTION

Neutrino oscillation is a phenomenon in which a neu-
trino can be detected as a di↵erent weak eigenstate than
initially produced after traveling some distance to its
detection point. It arises due to the mixing between
neutrino mass and flavor eigenstates and existence of
nonzero mass di↵erences between the mass states. The
e↵ect is confirmed by a variety of measurements of neu-
trinos produced in the Sun [1–6], in the atmosphere [7–
9], at nuclear reactors [10–13], and at particle accelera-
tors [14–17]. The data from these experiments are of-
ten interpreted within the framework of three weakly
interacting neutrino flavors, where each is a superposi-
tion of three neutrino mass states. However, not all data
from neutrino experiments are consistent with this pic-
ture. An excess of electron neutrinos in a muon neu-
trino beam was found at the Liquid Scintillator Neutrino
Detector (LSND) [18] and MiniBooNE experiments [19].
In addition, the rates of some reactor [20] and radio-
chemical [21] experiments are in tension with predictions
involving three neutrino mass states. The tension be-
tween data and theory can be resolved by adding new
families of neutrinos with mass di↵erences �m

2 ⇠ 1 eV2.
However, the measurement of the Z0 boson decay width
at the Large Electron-Positron (LEP) collider limits the
number of the weakly interacting light neutrino states to
three [22]. This implies that new neutrino species must
be “sterile” and not take part in the standard weak inter-
action. The simplest sterile neutrino model is a “3+1”
model, which includes three standard weakly interact-
ing (active) neutrino flavors and one heavier1 sterile neu-
trino. The addition of this fourth neutrino mass state
modifies the active neutrino oscillation patterns.

The IceCube Neutrino Observatory [23] is a cubic kilo-
meter Cherenkov neutrino detector located at the geo-
graphic South Pole. It is designed to detect high-energy
atmospheric and astrophysical neutrinos with an energy
threshold of about 100 GeV [24–28]. DeepCore [29] is
a more densely instrumented subdetector located in the
bottom part of the main IceCube array. The denser
instrumentation lowers the energy detection threshold
to ⇠ 10 GeV, allowing precision measurements of neu-
trino oscillation parameters a↵ecting atmospheric muon
neutrinos as reported in [30], where the standard three-
neutrino hypothesis is used. This work presents a search
for sterile neutrinos within the “3+1” model framework
using three years of the IceCube DeepCore data taken
between May 2011 and April 2014.

An overview of sterile neutrino mixing and its im-
pact on atmospheric neutrino oscillations is presented in
Sec. II of this article. Section III describes the IceCube
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Neutrino observatory and the DeepCore sub-array used
to detect the low energy neutrinos of interest. The selec-
tion and reconstruction of atmospheric neutrino events
are presented in Sec. IV. A description of the simulation
chain, fitting procedure and treatment of systematic un-
certainties considered is provided in Sec. V. Section VI
presents the results of the search for sterile neutrino mix-
ing. Finally, Sec. VII addresses the impact of various as-
sumptions made in the analysis of the data, and places
the results of this search into the global picture of sterile
neutrino physics.

II. STERILE NEUTRINO MIXING

The neutrino flavor eigenstates of the weak interaction
do not coincide with the mass states, which describe the
propagation of neutrinos through space [31]. The con-
nection between the bases can be expressed as

|⌫↵i =
X

U
⇤
↵k |⌫ki , (1)

where |⌫↵i are the weak states, |⌫ki are the mass states
with mass mk and U↵k are the elements of Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) mixing matrix [31, 32]
in the standard three-neutrino scenario. For Dirac neu-
trinos the mixing matrix is parametrized with three mix-
ing angles (✓12, ✓13, ✓23) and one CP-violating phase.
Two additional phases are present if neutrinos are Majo-
rana particles, however they play no role in neutrino os-
cillations. Muon neutrinos are the main detection chan-
nel for DeepCore and are the focus of this study. For
the standard three-neutrino model in the energy range
of interest for this analysis the muon neutrino survival
probability can be approximated as

P (⌫µ ! ⌫µ) ⇡ 1 � sin2 (2✓23) sin2

✓
�m

2
32

L

4E⌫

◆
, (2)

where �m
2
32 ⌘ m

2
3 � m

2
2 is the mass splitting between

states 3 and 2, ✓23 is the atmospheric mixing angle, L

is the distance traveled from the production point in the
atmosphere and E⌫ is the neutrino energy. The diam-
eter of the Earth and size of the atmosphere define the
baselines that range between 20 and 12700 km.

The addition of a single sterile neutrino, ⌫s, with cor-
responding mass eigenstate denoted as ⌫4, modifies the
mixing matrix in Eq. (1) as

U ⌘

0

B@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CA . (3)

A single sterile neutrino family adds six new parame-
ters [33]: three mixing angles ✓14, ✓24, ✓34, two CP-
violating phases �14, �34 and one mass di↵erence �m

2
41.

IceCube has no sensitivity to CP-violating phases and,

weak interaction states mass states

(production, detection) (propagation)

SUN

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

are produced

Earth

⌫1
<latexit sha1_base64="71bHXfWsKQt8QpU4sV/hL5V8ovs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k91TW9/qVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx+HL45/</latexit>

⌫2
<latexit sha1_base64="3ZZQtkh1pBr4xUBm+D2eyUenITA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k91TWr/crVbfmzkFWiVeQKhRo9itfvUHCspgrZJIa0/XcFIOcahRM8mm5lxmeUjamQ961VNGYmyCfHzsl51YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+gmyIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz+Is46A</latexit>

⌫3
<latexit sha1_base64="sVw8ovM5AO4MIdaxAiHe5Os2Wbs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv6eyfr1frrhVdwGyTrycVCBHs1/+6g0SlsVcIZPUmK7nphhMqUbBJJ+VepnhKWVjOuRdSxWNuQmmi2Nn5MIqAxIl2pZCslB/T0xpbMwkDm1nTHFkVr25+J/XzTC6CaZCpRlyxZaLokwSTMj8czIQmjOUE0so08LeStiIasrQ5lOyIXirL6+TVq3q1au1h6tK4zaPowhncA6X4ME1NOAemuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHijeOgQ==</latexit>

detection through
interaction
⌫e, ⌫µ, ⌫⌧

<latexit sha1_base64="Ne/3FA44IIDpAZ4sf46EoN8oQ1k=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCCykzVdBl0Y3LCvYBnWHIpJk2NMkMeQilduGvuHGhiFt/w51/Y6adhbYeSO7hnHvJzYkzRpX2vG9naXlldW29tFHe3Nre2XX39lsqNRKTJk5ZKjsxUoRRQZqaakY6mSSIx4y04+FN7rcfiFQ0Ffd6lJGQo76gCcVIWylyDwNhInKW3wE3s6qRidyKV/WmgIvEL0gFFGhE7lfQS7HhRGjMkFJd38t0OEZSU8zIpBwYRTKEh6hPupYKxIkKx9P9J/DEKj2YpNIeoeFU/T0xRlypEY9tJ0d6oOa9XPzP6xqdXIVjKjKjicCzhxLDoE5hHgbsUUmwZiNLEJbU7grxAEmEtY2sbEPw57+8SFq1qn9erd1dVOrXRRwlcASOwSnwwSWog1vQAE2AwSN4Bq/gzXlyXpx352PWuuQUMwfgD5zPH+WZlgY=</latexit>

⌫e, ⌫µ, ⌫⌧
<latexit sha1_base64="Ne/3FA44IIDpAZ4sf46EoN8oQ1k=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCCykzVdBl0Y3LCvYBnWHIpJk2NMkMeQilduGvuHGhiFt/w51/Y6adhbYeSO7hnHvJzYkzRpX2vG9naXlldW29tFHe3Nre2XX39lsqNRKTJk5ZKjsxUoRRQZqaakY6mSSIx4y04+FN7rcfiFQ0Ffd6lJGQo76gCcVIWylyDwNhInKW3wE3s6qRidyKV/WmgIvEL0gFFGhE7lfQS7HhRGjMkFJd38t0OEZSU8zIpBwYRTKEh6hPupYKxIkKx9P9J/DEKj2YpNIeoeFU/T0xRlypEY9tJ0d6oOa9XPzP6xqdXIVjKjKjicCzhxLDoE5hHgbsUUmwZiNLEJbU7grxAEmEtY2sbEPw57+8SFq1qn9erd1dVOrXRRwlcASOwSnwwSWog1vQAE2AwSN4Bq/gzXlyXpx352PWuuQUMwfgD5zPH+WZlgY=</latexit>

⌫1
<latexit sha1_base64="71bHXfWsKQt8QpU4sV/hL5V8ovs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k91TW9/qVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx+HL45/</latexit>

⌫2
<latexit sha1_base64="3ZZQtkh1pBr4xUBm+D2eyUenITA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k91TWr/crVbfmzkFWiVeQKhRo9itfvUHCspgrZJIa0/XcFIOcahRM8mm5lxmeUjamQ961VNGYmyCfHzsl51YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+gmyIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz+Is46A</latexit>

⌫3
<latexit sha1_base64="sVw8ovM5AO4MIdaxAiHe5Os2Wbs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4rmLbQhrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Hd3O//cS1EYl6xEnKg5gOlYgEo2glv6eyfr1frrhVdwGyTrycVCBHs1/+6g0SlsVcIZPUmK7nphhMqUbBJJ+VepnhKWVjOuRdSxWNuQmmi2Nn5MIqAxIl2pZCslB/T0xpbMwkDm1nTHFkVr25+J/XzTC6CaZCpRlyxZaLokwSTMj8czIQmjOUE0so08LeStiIasrQ5lOyIXirL6+TVq3q1au1h6tK4zaPowhncA6X4ME1NOAemuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHijeOgQ==</latexit>

, ,



5

9 14. Neutrino Masses, Mixing, and Oscillations

where
Xij =

(m2

i ≠ m
2

j )L
4E

= 1.267
∆m

2

ij

eV2

L/E

m/MeV . (14.40)

If we had made the same derivation for antineutrino states, we would have ended with a similar
expression but with the exchange U æ U

ú. Consequently, we conclude that the first term in the
right-hand-side of Eq.(14.39) is CP conserving since it is the same for neutrinos and antineutrinos,
while the last one is CP violating because it has opposite signs for neutrinos and antineutrinos.

Table 14.1: Characteristic values of L and E for experiments performed
using various neutrino sources and the corresponding ranges of |∆m

2| to
which they can be most sensitive to flavour oscillations in vacuum. SBL
stands for Short Baseline, VSBL stands for Very Short Baseline , MBL
stands for Medium Baseline, and LBL for Long Baseline.

Experiment L (m) E (MeV) |∆m
2
| (eV2)

Solar 1010 1 10≠10

Atmospheric 104
≠ 107 102–105 10≠1

≠ 10≠4

Reactor VSBL–SBL–MBL 10 ≠ 103 1 1 ≠ 10≠3

LBL 104
≠ 105 10≠4

≠ 10≠5

Accelerator SBL 102 103–104
> 0.1

LBL 105
≠ 106 103

≠ 104 10≠2
≠ 10≠3

Equation (14.39) is oscillatory in distance with oscillation lengths

L
osc

0,ij = 4fiE

|∆m
2

ij |
, (14.41)

and with amplitudes proportional to products of elements in the mixing matrix. Thus, neutrinos
must have di�erent masses (∆m

2

ij ”= 0) and they must have not vanishing mixing (U–iU—i ”= 0)
in order to undergo flavour oscillations. Also, from Eq.(14.39) we see that the Majorana phases
cancel out in the oscillation probability. This is expected because flavour oscillation is a total lepton
number conserving process.

Ideally, a neutrino oscillation experiment would like to measure an oscillation probability over
a distance L between the source and the detector, for neutrinos of a definite energy E. In practice,
neutrino beams, both from natural or artificial sources, are never monoenergetic but have an energy
spectrum Õ(E). In addition, each detector has a finite energy resolution. Under these circumstances
what is measured is an average probability

ÈP–—Í =
s

dE
dÕ
dE ‡(E)P–—(E)‘(E)

s
dE

dÕ
dE ‡CC(E)‘(E)

= ”–— ≠ 4
nÿ

i<j

Re[U–iU
ú
—iU

ú
–jU—j ]Èsin2

XijÍ + 2
nÿ

i<j

Im[U–iU
ú
—iU

ú
–jU—j ]Èsin 2XijÍ .

(14.42)

‡ is the cross-section for the process in which the neutrino flavour is detected, and ‘(E) is the
detection e�ciency. The minimal range of the energy integral is determined by the energy resolution
of the experiment.

It is clear from the above expression that if (E/L) ∫ |∆m
2

ij | (L π L
osc

0,ij) so sin2
Xij π 1, the

oscillation phase does not give any appreciable e�ect. Conversely, if L ∫ L
osc

0,ij , many oscillation
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to make an order of O(1) inside sine-function

Oscillation Probability
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I. INTRODUCTION

Neutrino oscillation is a phenomenon in which a neu-
trino can be detected as a di↵erent weak eigenstate than
initially produced after traveling some distance to its
detection point. It arises due to the mixing between
neutrino mass and flavor eigenstates and existence of
nonzero mass di↵erences between the mass states. The
e↵ect is confirmed by a variety of measurements of neu-
trinos produced in the Sun [1–6], in the atmosphere [7–
9], at nuclear reactors [10–13], and at particle accelera-
tors [14–17]. The data from these experiments are of-
ten interpreted within the framework of three weakly
interacting neutrino flavors, where each is a superposi-
tion of three neutrino mass states. However, not all data
from neutrino experiments are consistent with this pic-
ture. An excess of electron neutrinos in a muon neu-
trino beam was found at the Liquid Scintillator Neutrino
Detector (LSND) [18] and MiniBooNE experiments [19].
In addition, the rates of some reactor [20] and radio-
chemical [21] experiments are in tension with predictions
involving three neutrino mass states. The tension be-
tween data and theory can be resolved by adding new
families of neutrinos with mass di↵erences �m

2 ⇠ 1 eV2.
However, the measurement of the Z0 boson decay width
at the Large Electron-Positron (LEP) collider limits the
number of the weakly interacting light neutrino states to
three [22]. This implies that new neutrino species must
be “sterile” and not take part in the standard weak inter-
action. The simplest sterile neutrino model is a “3+1”
model, which includes three standard weakly interact-
ing (active) neutrino flavors and one heavier1 sterile neu-
trino. The addition of this fourth neutrino mass state
modifies the active neutrino oscillation patterns.

The IceCube Neutrino Observatory [23] is a cubic kilo-
meter Cherenkov neutrino detector located at the geo-
graphic South Pole. It is designed to detect high-energy
atmospheric and astrophysical neutrinos with an energy
threshold of about 100 GeV [24–28]. DeepCore [29] is
a more densely instrumented subdetector located in the
bottom part of the main IceCube array. The denser
instrumentation lowers the energy detection threshold
to ⇠ 10 GeV, allowing precision measurements of neu-
trino oscillation parameters a↵ecting atmospheric muon
neutrinos as reported in [30], where the standard three-
neutrino hypothesis is used. This work presents a search
for sterile neutrinos within the “3+1” model framework
using three years of the IceCube DeepCore data taken
between May 2011 and April 2014.

An overview of sterile neutrino mixing and its im-
pact on atmospheric neutrino oscillations is presented in
Sec. II of this article. Section III describes the IceCube

1
The e↵ects of the sterile neutrino mixing in the energy range of

this study are independent of the sign of �m2
41. Therefore the

results presented here are also valid for “1+3”, where the sterile

state is the lightest.

Neutrino observatory and the DeepCore sub-array used
to detect the low energy neutrinos of interest. The selec-
tion and reconstruction of atmospheric neutrino events
are presented in Sec. IV. A description of the simulation
chain, fitting procedure and treatment of systematic un-
certainties considered is provided in Sec. V. Section VI
presents the results of the search for sterile neutrino mix-
ing. Finally, Sec. VII addresses the impact of various as-
sumptions made in the analysis of the data, and places
the results of this search into the global picture of sterile
neutrino physics.

II. STERILE NEUTRINO MIXING

The neutrino flavor eigenstates of the weak interaction
do not coincide with the mass states, which describe the
propagation of neutrinos through space [31]. The con-
nection between the bases can be expressed as

|⌫↵i =
X

U
⇤
↵k |⌫ki , (1)

where |⌫↵i are the weak states, |⌫ki are the mass states
with mass mk and U↵k are the elements of Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) mixing matrix [31, 32]
in the standard three-neutrino scenario. For Dirac neu-
trinos the mixing matrix is parametrized with three mix-
ing angles (✓12, ✓13, ✓23) and one CP-violating phase.
Two additional phases are present if neutrinos are Majo-
rana particles, however they play no role in neutrino os-
cillations. Muon neutrinos are the main detection chan-
nel for DeepCore and are the focus of this study. For
the standard three-neutrino model in the energy range
of interest for this analysis the muon neutrino survival
probability can be approximated as

P (⌫µ ! ⌫µ) ⇡ 1 � sin2 (2✓23) sin2

✓
�m

2
32

L

4E⌫

◆
, (2)

where �m
2
32 ⌘ m

2
3 � m

2
2 is the mass splitting between

states 3 and 2, ✓23 is the atmospheric mixing angle, L

is the distance traveled from the production point in the
atmosphere and E⌫ is the neutrino energy. The diam-
eter of the Earth and size of the atmosphere define the
baselines that range between 20 and 12700 km.

The addition of a single sterile neutrino, ⌫s, with cor-
responding mass eigenstate denoted as ⌫4, modifies the
mixing matrix in Eq. (1) as

U ⌘

0

B@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CA . (3)

A single sterile neutrino family adds six new parame-
ters [33]: three mixing angles ✓14, ✓24, ✓34, two CP-
violating phases �14, �34 and one mass di↵erence �m

2
41.

IceCube has no sensitivity to CP-violating phases and,
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with
¸k = (V ¸†

¸
I
L)k + (V ¸

R
†
¸

I
R)k . (14.30)

Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are

¸
I
Li = PL

3ÿ

j=1

V
¸

ij¸j . i = 1, 2, 3 (14.31)

From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:

Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =

Q

ca
1 0 0
0 c23 s23

0 ≠s23 c23

R

db ·

Q

ca
c13 0 s13e

≠i”CP

0 1 0
≠s13e

i”CP 0 c13

R

db ·

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db ·

Q

ca
e

i÷1 0 0
0 e

i÷2 0
0 0 1

R

db , (14.33)

where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =

Q

ca
c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
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Propagation and oscillation probability

The neutrino state after a time T and a distance L

with E_j and p_j for the j-th mass eigenstates

The oscillation probability

Then the phase term is approximated as

~

Therefore
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LSND Anomaly
stopped pion decay

Liquid Scintillator Neutrino detector

at Los Alamos National Laboratory

(1993-1998)

detector

30 meters

green, red: background

blue: predicted signal from
 oscillation due to sterile neutrino

[LSND, PRD (2001), hep-ex/0104049]
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Figure 2: Production and transport of the neutrino beam at MiniBooNE.

The proton and Beryllium interactions produce a stream of charged mesons (kaons and pions). The mesons decay
in flight into the neutrino beam seen by the detector : K+/π+ → µ+ +νµ, µ+ → e+ +νe + ν̄µ, where the νµ comprise
the neutrino beam seen at MiniBooNE. These mesons decay in flight in our vacuum decay region. Following the
decay region is an absorber, put in place to stop any muons and undecayed mesons. The neutrino beam then travels
through approximately 450 meters of dirt before entering the MiniBooNE detector.

MiniBooNE is a 12.2 meter diameter sphere. The detector is filled with pure mineral oil and lined with photo-
multiplier tubes (PMTs). There are two regions of the MiniBooNE detector : an inner light-tight region, which has
a 10% coverage in PMTs, and an optically isolated outer region, known as the veto region, which aids in vetoing
cosmic backgrounds.

2.2. How we detect neutrinos

Neutrinos interact with material in the detector. It’s the outcome of these interactions that we look for. Neutrinos
can interact with an electron in the atomic orbit, the nucleus as a whole, a free proton or nucleon bound in the
nucleus, or a quark. Starting with the lowest energy and moving to the highest energy the interactions neutrinos can
engage in are : elastic scattering, quasi-elastic scattering, single pion production, and deep inelastic scattering.

In elastic scattering the target particle is left intact and does not change its type or flavor. The neutrino imparts
recoil energy to the target, which is used to observe these interactions.

In quasi-elastic scattering the neutrino interacts with the target, changes the target type, and emits a charged
lepton. For example consider an electron neutrino scattering from a neutron. Through the exchange of a W boson
the neutrino is turned into an electron and the neutron is turned into a proton. These are higher energy interactions;
there must be enough center of mass energy to make the outgoing particles.

Single pion production can be broken down into resonant and coherent production. In resonant production the
neutrino scatters from a nucleon. A resonance of the nucleon is excited, and in the process of decaying back into the
ground state the resonance emits one or more mesons. In coherent production the neutrino scatters from the entire
nucleus. The nucleus does not break up, so these interactions require a low momentum transfer. In coherent pion
production there is no transfer of charge.

The highest energy neutrino interaction is deep inelastic scattering. This is scattering with very large momentum
transfers, and is similar to the quasi elastic interactions. Here the W boson also mediates the neutrino turning into
its partner lepton. However, the nucleon the neutrino scatters from is blown to bits due to the high momentum
transfer. The W instead interacts with the quarks in the nucleon. The quarks shower into a variety of hadrons,
dissipating the energy carried by the W boson.

We look for the products of these neutrino interactions in our detector. The passage of charged particles through
the MiniBooNE detector leaves a distinct mark in the form of Cerenkov light [6] and scintillation light. Cerenkov
light is produced when a charged particle moves through the detection medium with a velocity greater than the speed
of light in the medium (v > c/n). This produces an electro-magnetic shock wave, similar to a sonic boom. The shock
wave is conical and produces a ring of light which is detected by the PMTs. We can use Cerenkov light to measure
the particle’s direction and to reconstruct the interaction vertex. This effect occurs immediately with the particle’s
creation and is known as a prompt light signature.
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In the short-baseline limit,

: standard model oscillations have not been developed yet.

The oscillation can be solely due to sterile neutrino mixing as

thus, the effective mixing is defined as
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Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.

ders of magnitude in the sterile mass-squared splitting �m2

41
.

These limits are the world’s most stringent over 5 orders of
magnitude, for �m2

41
. 10 eV2.

The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and

(�)

⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.
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Figure 3. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 90% CLs limit on sin22✓µe to the LSND and
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to the right of the red contour are excluded. The regions excluded
at 90% C.L. by the KARMEN2 Collaboration [53] and the NOMAD
Collaboration [54] are also shown. The combined limit also excludes
the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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FIG. 1. The muon neutrino survival probability for (top) the
standard three-neutrino oscillations and (bottom) “3+1” ster-
ile neutrino model as function of true muon neutrino energy
and the cosine of the true neutrino zenith angle ✓z. Values
�m2

32 = 2.51 · 10�3 eV2, sin2 ✓23 = 0.51 are assumed for the
standard atmospheric mixing parameters.

therefore, they are assumed absent in this study. In this
case the 4⇥4 mixing matrix can be parametrized [33] as

U = U34U24U23U14U13U12, (4)

where Uij is a rotation matrix by an angle ✓ij in the
ij-plane.

The mixing angle ✓14 a↵ects mainly electron neutrinos,
which have only a minor impact on this study. Therefore
the mixing matrix can be simplified further by setting
✓14 to zero. These assumptions simplify the elements of
U describing the mixing of the active states to the sterile
neutrino state [34]:

|Ue4|2 = 0,

|Uµ4|2 = sin2
✓24,

|U⌧4|2 = cos2 ✓24 · sin2
✓34.

(5)

This additional sterile neutrino state modifies the muon
neutrino oscillation pattern [35, 36].

The propagation of neutrinos is described by the

Schrödinger equation

i
d

dx
 ↵ = ĤF ↵, (6)

where x is a position along the neutrino trajectory,  ↵ =
(⌫e, ⌫µ, ⌫⌧ , ⌫s)T , and ĤF is an e↵ective Hamiltonian

ĤF =
1

2E⌫
UM̂

2U† + V̂int, (7)

where U is the mixing matrix described in Eq. (4), M̂2

is the neutrino mass matrix, and V̂int is an interaction
potential. For neutrinos passing though neutral matter,
the interaction part of the Hamiltonian in Eq. (7) can
be expressed as

V̂int ⌘ ±GFp
2

diag(2Ne, 0, 0, Nn), (8)

where the sign +(�) corresponds to neutrinos (antineu-
trinos), GF is Fermi’s constant, and Ne and Nn are the
densities of the electrons and the neutrons in matter, re-
spectively.

All active neutrinos have a matter potential due to
weak neutral current (NC) interaction while sterile neu-
trinos do not interact with matter at all. This can be
expressed as an e↵ective matter potential for the ster-
ile neutrino states equal to the matter potential of NC
interactions for active neutrinos with an opposite sign.

The probability of a ⌫↵ to ⌫� transition is calculated
as

P↵� = P (⌫↵ ! ⌫�) = |h⌫� |⌫↵(x)i|2 , (9)

where ⌫↵(x) is a solution of Eq. (6). It is nontriv-
ial to solve Eq. (6) analytically for atmospheric neu-
trinos crossing the Earth. Therefore, the probabilities
are calculated numerically including all mixing parame-
ters in a “3+1” model using the 12-layer approximation
of the Preliminary Reference Earth Model (PREM) [37]
and the General Long Baseline Experiment Simulator
(GLoBES) [38, 39].

The upper panel of Fig. 1 shows the survival proba-
bility for atmospheric muon neutrinos as a function of
true energy and zenith angle, ✓z, in the case of the stan-
dard three-neutrino oscillations. For the neutrinos cross-
ing the Earth by the diametral trajectory (cos ✓z = �1)
the minimum survival probability is at approximately 25
GeV. The atmospheric neutrino mixing is close to max-
imal (✓23 ⇠ 45�), which leads to almost complete disap-
pearance of muon neutrinos. The minimum of the oscil-
lation pattern follows Eq. (2) and does not change its
depth or show discontinuities between di↵erent arrival
directions.

The addition of a sterile neutrino state modifies the
neutrino oscillations in two ways that are relevant for this
analysis. The first is connected to vacuum oscillations
into the sterile neutrino state. These fast oscillations
cannot be resolved at the final analysis level and instead

3

I. INTRODUCTION

Neutrino oscillation is a phenomenon in which a neu-
trino can be detected as a di↵erent weak eigenstate than
initially produced after traveling some distance to its
detection point. It arises due to the mixing between
neutrino mass and flavor eigenstates and existence of
nonzero mass di↵erences between the mass states. The
e↵ect is confirmed by a variety of measurements of neu-
trinos produced in the Sun [1–6], in the atmosphere [7–
9], at nuclear reactors [10–13], and at particle accelera-
tors [14–17]. The data from these experiments are of-
ten interpreted within the framework of three weakly
interacting neutrino flavors, where each is a superposi-
tion of three neutrino mass states. However, not all data
from neutrino experiments are consistent with this pic-
ture. An excess of electron neutrinos in a muon neu-
trino beam was found at the Liquid Scintillator Neutrino
Detector (LSND) [18] and MiniBooNE experiments [19].
In addition, the rates of some reactor [20] and radio-
chemical [21] experiments are in tension with predictions
involving three neutrino mass states. The tension be-
tween data and theory can be resolved by adding new
families of neutrinos with mass di↵erences �m

2 ⇠ 1 eV2.
However, the measurement of the Z0 boson decay width
at the Large Electron-Positron (LEP) collider limits the
number of the weakly interacting light neutrino states to
three [22]. This implies that new neutrino species must
be “sterile” and not take part in the standard weak inter-
action. The simplest sterile neutrino model is a “3+1”
model, which includes three standard weakly interact-
ing (active) neutrino flavors and one heavier1 sterile neu-
trino. The addition of this fourth neutrino mass state
modifies the active neutrino oscillation patterns.

The IceCube Neutrino Observatory [23] is a cubic kilo-
meter Cherenkov neutrino detector located at the geo-
graphic South Pole. It is designed to detect high-energy
atmospheric and astrophysical neutrinos with an energy
threshold of about 100 GeV [24–28]. DeepCore [29] is
a more densely instrumented subdetector located in the
bottom part of the main IceCube array. The denser
instrumentation lowers the energy detection threshold
to ⇠ 10 GeV, allowing precision measurements of neu-
trino oscillation parameters a↵ecting atmospheric muon
neutrinos as reported in [30], where the standard three-
neutrino hypothesis is used. This work presents a search
for sterile neutrinos within the “3+1” model framework
using three years of the IceCube DeepCore data taken
between May 2011 and April 2014.

An overview of sterile neutrino mixing and its im-
pact on atmospheric neutrino oscillations is presented in
Sec. II of this article. Section III describes the IceCube

1
The e↵ects of the sterile neutrino mixing in the energy range of

this study are independent of the sign of �m2
41. Therefore the

results presented here are also valid for “1+3”, where the sterile

state is the lightest.

Neutrino observatory and the DeepCore sub-array used
to detect the low energy neutrinos of interest. The selec-
tion and reconstruction of atmospheric neutrino events
are presented in Sec. IV. A description of the simulation
chain, fitting procedure and treatment of systematic un-
certainties considered is provided in Sec. V. Section VI
presents the results of the search for sterile neutrino mix-
ing. Finally, Sec. VII addresses the impact of various as-
sumptions made in the analysis of the data, and places
the results of this search into the global picture of sterile
neutrino physics.

II. STERILE NEUTRINO MIXING

The neutrino flavor eigenstates of the weak interaction
do not coincide with the mass states, which describe the
propagation of neutrinos through space [31]. The con-
nection between the bases can be expressed as

|⌫↵i =
X

U
⇤
↵k |⌫ki , (1)

where |⌫↵i are the weak states, |⌫ki are the mass states
with mass mk and U↵k are the elements of Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) mixing matrix [31, 32]
in the standard three-neutrino scenario. For Dirac neu-
trinos the mixing matrix is parametrized with three mix-
ing angles (✓12, ✓13, ✓23) and one CP-violating phase.
Two additional phases are present if neutrinos are Majo-
rana particles, however they play no role in neutrino os-
cillations. Muon neutrinos are the main detection chan-
nel for DeepCore and are the focus of this study. For
the standard three-neutrino model in the energy range
of interest for this analysis the muon neutrino survival
probability can be approximated as

P (⌫µ ! ⌫µ) ⇡ 1 � sin2 (2✓23) sin2

✓
�m

2
32

L

4E⌫

◆
, (2)

where �m
2
32 ⌘ m

2
3 � m

2
2 is the mass splitting between

states 3 and 2, ✓23 is the atmospheric mixing angle, L

is the distance traveled from the production point in the
atmosphere and E⌫ is the neutrino energy. The diam-
eter of the Earth and size of the atmosphere define the
baselines that range between 20 and 12700 km.

The addition of a single sterile neutrino, ⌫s, with cor-
responding mass eigenstate denoted as ⌫4, modifies the
mixing matrix in Eq. (1) as

U ⌘

0

B@
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Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4
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A single sterile neutrino family adds six new parame-
ters [33]: three mixing angles ✓14, ✓24, ✓34, two CP-
violating phases �14, �34 and one mass di↵erence �m

2
41.

IceCube has no sensitivity to CP-violating phases and,
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graphic South Pole. It is designed to detect high-energy
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threshold of about 100 GeV [24–28]. DeepCore [29] is
a more densely instrumented subdetector located in the
bottom part of the main IceCube array. The denser
instrumentation lowers the energy detection threshold
to ⇠ 10 GeV, allowing precision measurements of neu-
trino oscillation parameters a↵ecting atmospheric muon
neutrinos as reported in [30], where the standard three-
neutrino hypothesis is used. This work presents a search
for sterile neutrinos within the “3+1” model framework
using three years of the IceCube DeepCore data taken
between May 2011 and April 2014.
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presents the results of the search for sterile neutrino mix-
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sumptions made in the analysis of the data, and places
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do not coincide with the mass states, which describe the
propagation of neutrinos through space [31]. The con-
nection between the bases can be expressed as
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where |⌫↵i are the weak states, |⌫ki are the mass states
with mass mk and U↵k are the elements of Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) mixing matrix [31, 32]
in the standard three-neutrino scenario. For Dirac neu-
trinos the mixing matrix is parametrized with three mix-
ing angles (✓12, ✓13, ✓23) and one CP-violating phase.
Two additional phases are present if neutrinos are Majo-
rana particles, however they play no role in neutrino os-
cillations. Muon neutrinos are the main detection chan-
nel for DeepCore and are the focus of this study. For
the standard three-neutrino model in the energy range
of interest for this analysis the muon neutrino survival
probability can be approximated as
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states 3 and 2, ✓23 is the atmospheric mixing angle, L

is the distance traveled from the production point in the
atmosphere and E⌫ is the neutrino energy. The diam-
eter of the Earth and size of the atmosphere define the
baselines that range between 20 and 12700 km.

The addition of a single sterile neutrino, ⌫s, with cor-
responding mass eigenstate denoted as ⌫4, modifies the
mixing matrix in Eq. (1) as
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A single sterile neutrino family adds six new parame-
ters [33]: three mixing angles ✓14, ✓24, ✓34, two CP-
violating phases �14, �34 and one mass di↵erence �m
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41.

IceCube has no sensitivity to CP-violating phases and,

weak states mass states

Standard 3 neutrino + one sterile neutrino

⌫↵ =
X

U↵j⌫j
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In the short-baseline limit,

: standard model oscillations have not been developed yet.

The oscillation is solely due to sterile neutrino mixing as

with the effective mixing angle can be define as

Similar to the muon neutrino disappearance searches, in the short-baseline
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Figure 1. The Feldman-Cousins (FC) exclusion region at 90% C.L.
from the analysis of 1230 days of Daya Bay data is shown as the solid
blue line. The 90% C.L. median sensitivity is shown as the dashed
red line, along with 1� and 2� bands. The excluded region for the
original Bugey-3 limit with the raster scan technique is shown in
green, while the resulting CLs contour from Daya Bay and its com-
bination with the reproduced Bugey-3 results with adjusted fluxes are
shown in grey and black, respectively. The regions to the right of the
curves are excluded at the 90% CLs or 90% C.L.

calorimeters composed of steel-scintillator planes read out by
multi-anode photomultiplier tubes [44]. The NuMI neutrino
beam is produced by colliding 120 GeV protons accelerated
by the Main Injector complex at Fermilab with a graphite
target. The emerging secondary beam of mostly ⇡ and K
mesons is focused by two parabolic electromagnetic horns
and allowed to decay in a 675 m long helium-filled pipe, re-
sulting in a neutrino beam composed predominantly of ⌫µ,
with a 1.3% contamination of ⌫e [45]. The detectors accumu-
lated a 10.56 ⇥ 1020 POT beam exposure during the MINOS
neutrino runs, with the observed neutrino energy spectrum
peaked at 3GeV. In the MINOS+ phase, the detectors sampled
a higher-intensity NuMI beam, upgraded as part of the NOvA
experiment [46], with the neutrino energy peaked at 7 GeV.
The higher-energy neutrino beam, although less favorable for
three-flavor oscillation measurements (for MINOS’ baseline
and three-neutrino standard oscillations, the muon neutrino
disappearance maximum occurs at E⌫ ⇡ 1.6GeV), provides
greater sensitivity to sterile-induced muon neutrino disappear-
ance by increasing the statistics in regions of L/E⌫ where os-
cillations driven by large mass-squared splittings would occur.
A new search for sterile neutrino mixing using an additional
exposure of 5.80 ⇥ 1020 POT of MINOS+ data has been re-
cently published [28]. Unlike the previous MINOS analysis
that was based on the ratio between the measured neutrino

energy spectra in the two detectors (Far-over-Near ratio) [47–
50] and that was limited by the statistical error of the lower-
statistics FD sample, the new analysis employs a two-detector
fit method, simultaneously fitting the reconstructed neutrino
energy spectra in both detectors [51]. The new technique ex-
ploits the full power of the large ND statistics for L/E⌫ re-
gions probed by the ND baseline.

The analysis employs both the charged-current (CC) ⌫µ and
the NC data samples from MINOS and MINOS+. The CC
⌫µ disappearance channel has sensitivity to ✓24 and �m2

41
, in

addition to the three-flavor oscillation parameters �m2

32
and

✓23. The NC sample adds nontrivial sensitivity to ✓34, ✓24
and �m2

41
, albeit with a worse energy resolution (due to the

missing energy carried by the outgoing final-state neutrino)
than in the CC case, as well as lower statistics due to the lower
NC interaction cross section. As detailed in Refs. [28, 51], the
analysis is approximately independent of the angle ✓14 and
the phases �13, �14, and �24, so these parameters are all set to
zero in the fit. The MINOS and MINOS+ combined search
for sterile neutrinos places the most stringent limit to date on
the mixing parameter sin2 ✓24 for most values of the sterile
neutrino mass-splitting �m2

41
> 10�4 eV2.

Following the same approach used in the first joint analysis
by MINOS and Daya Bay [24], the CLs contours for the new
two-detector fit of MINOS and MINOS+ data are obtained us-
ing a similar prescription to the one used by Daya Bay, but
where the test statistics ��2

3⌫ and ��2

4⌫ are approximated
by MC simulations of pseudo-experiments without assuming
they have Gaussian distributions. The consistency with the
published Feldman-Cousins corrected limits is displayed in
Fig. 2. The new MINOS and MINOS+ limits are combined
with the Daya Bay and Bugey-3 limits described above to ob-
tain a new improved limit on anomalous ⌫µ to ⌫e oscillations,
as discussed below.

The disappearance measurements from the three exper-
iments are combined using the same methodology as in
Ref. [24]. For each fixed value of �m2

41
, the ��2

obs
value and

the ��2

3⌫ and ��2

4⌫ distributions for each (sin2 2✓14, �m2

41
)

point from the Daya Bay and Bugey-3 combination are paired
with those for each (sin2 ✓24, �m2

41
) point from the MINOS

and MINOS+ experiments, resulting in specific (sin2 2✓µe,
�m2

41
) combinations according to Eq. 7. Since systematic un-

certainties of accelerator and reactor experiments are largely
uncorrelated, the combined values of ��2

obs
are obtained by

simply summing the corresponding values from the reactor
and accelerator experiments. Similarly, the combined ��2

3⌫

and ��2

4⌫ distributions are calculated by random sampling the
distributions from each experiment and summing. Since sev-
eral different combinations of (sin2 2✓14, sin2 ✓24) can yield
the same sin2 2✓µe, the combination with the largest CLs

value is conservatively selected to be used in the final result.
The new combined 90% and 99% CLs limits from searches

for sterile neutrino mixing in MINOS, MINOS+, Daya Bay,
and Bugey-3 in the 3+1 neutrino model are shown in Figs. 3
and 4, respectively. Constraints on the sin2 2✓µe electron
(anti)neutrino appearance parameter are provided over 7 or-

[DAYA BAY, MINOS+ collaboration, PRL (2020), 2002.00301]

disappearance of e-antineutrino,
disappearance of 

mu-neutrino, mu-antineutrino



19

6

3−10 2−10 1−10 1

24θ2sin

4−10

3−10

2−10

1−10

1

10

210

310

)2
 (e

V
412

m
Δ

MINOS/MINOS+
Excluded FC 90% C.L.

)σ and 2σSensitivity FC 90% C.L. (median, 1

SExcluded 90% CL

Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.

ders of magnitude in the sterile mass-squared splitting �m2

41
.

These limits are the world’s most stringent over 5 orders of
magnitude, for �m2

41
. 10 eV2.

The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and

(�)

⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.
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Figure 3. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 90% CLs limit on sin22✓µe to the LSND and
MiniBooNE 90% C.L. allowed regions. Regions of parameter space
to the right of the red contour are excluded. The regions excluded
at 90% C.L. by the KARMEN2 Collaboration [53] and the NOMAD
Collaboration [54] are also shown. The combined limit also excludes
the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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the likelihood has been computed using the GLoBES software [23], in order to take into

account also matter e↵ects and the non-zero value of �m2
21. The likelihood has been

profiled also on the �m2
31 value. More details on the analysis are available in [22]. In

figure 4 the 90% CL exclusion plot is reported in the �m2
41 vs sin2 2✓µ⌧ parameter space.

The most stringent limits of direct searches for ⌫µ ! ⌫⌧ oscillations at short-baselines

obtained by the NOMAD [13] and CHORUS [14] experiments are also shown. Our analysis

stretches the limits on �m2
41 down to 10�2 eV2, extending the values explored with the ⌧

appearance searches by about two orders of magnitude at large mixing, for sin2 2✓µ⌧ & 0.5.

For maximal mixing, the 90% CL excluded region extends down to �m2
41 = 7.4 (5.2)

⇥10�3 eV2 for normal (inverted) hierarchy of the three standard neutrino masses, with a

10% systematic error deriving from the uncertainties on the ⌧ detection e�ciency and ⌫⌧
interaction cross section.
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Figure 4. OPERA 90% CL exclusion limits in the �m2
41 vs sin2 2✓µ⌧ parameter space for the

normal (NH, dashed red) and inverted (IH, solid blue) hierarchy of the three standard neutrino
masses. The exclusion plots by NOMAD [13] and CHORUS [14] are also shown. Bands are drawn
to indicate the excluded regions.

A narrow region is excluded at 90% CL at �m2
41 ⇡ 10�3 eV2 for the normal hierarchy

of the three standard neutrinos. It arises from a suppression of the ⌫µ ! ⌫⌧ oscillation

probability due to the presence of the sterile neutrino. Instead, the oscillation probability

is enhanced at full mixing and high �m2
41 values. For a number of ⌧ neutrino candidates

equal to the expectation in the three neutrino framework, the excluded region at �m2
41 ⇡

10�3 eV2 would disappear.

The analysis was performed assuming �m2
41 > 0. Since present limits on the sum of

neutrino masses from cosmological surveys do not exclude small negative values for �m2
41,

the analysis was repeated following this assumption. The exclusion plots obtained in this

way are similar to those of figure 4, but with hierarchies exchanged. It is worth underlining

that the results obtained in the 3+1 model, shown in figures 2 and 3, are independent of

the sign of �m2
41, as is the probability in equation 4.2.

Assuming CP conservation, that implies sin�µ⌧ = 0, and neglecting terms in sin2�31

– 6 –

3 Search for ⌫⌧ interactions

Bricks selected as candidates to contain CNGS neutrino interactions are analysed following

the procedure described in detail in [5]. Here we just recall the main steps of the analysis.

The brick where a neutrino interaction occurred is predicted by the electronic detectors

and extracted from the target by an automatic brick manipulator system. Two extra low

background emulsion films (Changeable Sheets, CS) [18] located downstream of the brick

act as an interface between the brick and the electronic detectors. If the measurement of

the CS yields tracks related to the neutrino interaction, the emulsion films of the brick are

developed. Their analysis provides the three dimensional reconstruction of the neutrino

interaction and of the possible decay vertices of short-lived particles [19] with micrometric

accuracy.

This procedure has led to the detection of four ⌫⌧ CC interaction candidates. The total

expected background in the analysed sample amounts to 0.23± 0.05 events. The absence

of a ⌫µ ! ⌫⌧ oscillation signal, i.e. the hypothesis of the four events being background, is

excluded with a significance of 4.2 � [7].

4 Sterile neutrino search via ⌫µ ! ⌫⌧ oscillations

In [7] the detection of four ⌫⌧ CC events is compared to the expectation for ⌫µ ! ⌫⌧
oscillations in the atmospheric sector, computed within a simplified two-flavour scheme

assuming full mixing and |�m2
32| = 2.32⇥ 10�3 eV2 [20]. The expected number of events

is 2.30 ± 0.46 (2.21 ± 0.44) assuming normal (inverted) hierarchy of neutrino masses; the

number is obtained by rescaling the value given in [7] for |�m2
32| ⇡ |�m2

31| ⇡ |�m2| =
2.43 ⇥ 10�3 eV2 (|�m2| = 2.38 ⇥ 10�3 eV2) [2], where �m2 is defined as m2

3 �
(m2

1+m2
2)

2 .

By including the background, 2.53 ± 0.46 (2.44 ± 0.44) events are expected in total. The

error, which is dominated by the uncertainty on the ⌧ detection e�ciency and on the

⌫⌧ interaction cross section, also takes into account the experimental precision on the

atmospheric oscillation parameters. The observation of four events is compatible with

these expectations. Despite the limited statistics, an excess or a deficit of ⌫⌧ interactions

due to ⌫µ ! ⌫⌧ oscillations induced by the mixing with a sterile neutrino can be evaluated.

In presence of a fourth sterile neutrino with mass m4, the oscillation probability is a

function of the 4 ⇥ 4 mixing matrix U and of the three squared mass di↵erences. Defining

C = 2|Uµ3||U⌧3|, �ij = 1.27 �m2
ij L/E (i,j = 1,2,3,4), �µ⌧ = Arg(Uµ3U⇤

⌧3U
⇤
µ4U⌧4) and

sin 2✓µ⌧ = 2|Uµ4||U⌧4|, the ⌫µ ! ⌫⌧ oscillation probability P(E) can be parametrised as:

P (E) = C2 sin2�31 + sin2 2✓µ⌧ sin2�41

+
1

2
C sin 2✓µ⌧ cos�µ⌧ sin 2�31 sin 2�41

� C sin 2✓µ⌧ sin�µ⌧ sin2�31 sin 2�41

+ 2 C sin 2✓µ⌧ cos�µ⌧ sin2�31 sin2�41

+ C sin 2✓µ⌧ sin�µ⌧ sin 2�31 sin2�41

(4.1)
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Figure 2. (a) 90% CL exclusion limits in the �µ⌧ vs sin2 2✓µ⌧ parameter space for normal (NH,
dashed red) and inverted (IH, solid blue) hierarchies assuming �m2

41 > 1 eV2. Bands are drawn
to indicate the excluded regions. (b) Log likelihood ratio as a function of sin2 2✓µ⌧ for �µ⌧ = 0
(dashed line) and for the profile likelihood (continuous line).
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Figure 3. 90% CL exclusion limits (blue line) in the |U⌧4|2 vs |Uµ4|2 plane assuming �m2
41 >

1 eV2. The unitarity bound (grey line) is also shown. Bands are drawn to indicate the excluded
regions.

Given the definition of sin2 2✓µ⌧ in terms of Uµ4 and U⌧4, it is possible to translate the

upper limit on sin2 2✓µ⌧ into an exclusion curve in the |Uµ4|2 vs |U⌧4|2 plane, as shown in

figure 3 together with the unitarity bound (|Uµ4|2 + |U⌧4|2  1).

To extend the search for a possible fourth sterile neutrino down to small �m2
41 values,

– 5 –

: tau neutrino appearance

[OPERA, JHEP (2015), 1503.01876]

where�m2
31 and�m2

41 are expressed in eV2, L in km and E in GeV. Given the long baseline

and the average CNGS neutrino energy, P(E) is independent of�m2
21, since�21 ⇡ 4⇥10�3.

The terms proportional to sin�µ⌧ are CP-violating, while those proportional to sin 2�31

are sensitive to the mass hierarchy of the three standard neutrinos, normal (�m2
31 > 0) or

inverted (�m2
31 < 0). Matter e↵ects have been checked to be negligible for �m2

41 > 1 eV2.

Observed neutrino oscillation anomalies [21], if interpreted in terms of one additional

sterile neutrino, suggest |�m2
41| values at the eV2 scale (the so-called 3+1 model). In the

following, unless stated otherwise, the analysis will be restricted only to positive �m2
41

values, since negative values are disfavoured by results on the sum of neutrino masses

from cosmological surveys [12]. For �m2
41 > 1 eV2, at the concerned domain of L/E and

taking into account the finite energy resolution, sin 2 �41 and sin2�41 average to 0 and 1
2 ,

respectively. The oscillation probability P (E) can thus be approximated to [21]:

P (E) = C2 sin2�31 +
1

2
sin2 2✓µ⌧

+ C sin 2✓µ⌧ cos�µ⌧ sin2�31

+
1

2
C sin 2✓µ⌧ sin�µ⌧ sin 2�31.

(4.2)

In order to obtain an upper limit on sin2 2✓µ⌧ at high values of �m2
41, the likelihood

is defined as L(�µ⌧ , sin2 2✓µ⌧ , C2)= e�µ µn/n!, where n = 4 is the number of ⌫⌧ candidate

events and µ is the expected number of events, µ = nb + A
R
�(E)P (E)�(E)✏(E) dE.

nb = 0.23 is the expected number of background events [7], �(E) is the ⌫µ flux shown in

figure 1, P (E) is the oscillation probability given by equations (4.1) or (4.2), �(E) is the

⌫⌧ CC interaction cross section, ✏(E) is the ⌧ detection e�ciency and A is a normalisation

factor proportional to the fraction of the analysed sample and to the target mass.

The analysis presented here is based on the asymptotic �2 distribution of the log

likelihood ratio test statistics: q = �2 ln(eL(�µ⌧ , sin2 2✓µ⌧ )/L0 ), where L0 = e
�n

n
n/n!

and eL(�µ⌧ , sin2 2✓µ⌧ ) is the profile likelihood obtained by maximising L(�µ⌧ ,sin2 2✓µ⌧ , C2)

over C2. By definition, C2 ranges between 0 and 1, but for any pair of values of sin2 2✓µ⌧
and �µ⌧ , it is limited by the unitarity of the mixing matrix; the likelihood is maximised

accordingly. The value of |�m2
31| has been fixed to 2.43⇥10�3 eV2 for the normal hierarchy

and to 2.38⇥ 10�3 eV2 for the inverted hierarchy of the three standard neutrinos [2].

In figure 2(a) the 90% CL exclusion limits are presented for both normal and inverted

mass hierarchies in the parameter space of �µ⌧ vs sin2 2✓µ⌧ . The edge of the excluded region

ranges from 0.088 to 0.136 in sin2 2✓µ⌧ for both mass hierarchies of the three standard

neutrinos. For any fixed value of �µ⌧ , q is distributed according to a �2 statistics with one

degree of freedom. Profiling the likelihood also over �µ⌧ , as shown in figure 2(b), an upper

limit of 0.116 is obtained at 90% CL on sin2 2✓µ⌧ , almost independently of the hierarchy of

the three standard neutrino masses. A negligible di↵erence arises from the di↵erent |�m2
31|

value used in the analysis. The sin2 2✓µ⌧ upper limit is a↵ected by a 20% systematic error

from the uncertainties on the ⌧ detection e�ciency and ⌫⌧ interaction cross section.

– 4 –
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5. Background

It is also important to estimate the impact of the
background due to atmospheric muons reaching Deep-
Core. The rejection algorithms for atmospheric muons
are developed using Monte Carlo simulations produced
with CORSIKA [65]. However, producing enough muon
statistics at the final analysis level is computationally
intensive and cannot be performed with currently avail-
able resources. Therefore, the impact of the muon back-
ground is addressed using the data-driven template ex-
plained in Sec. IV. The muon template is then added to
the expected event rate from neutrino events to form a
total expectation. Its normalization is left unconstrained
to assess the impact from the atmospheric muon back-
ground. The selection of direct photons successfully re-
moves events from pure electronic noise, and, therefore,
such noise is not considered in this study.

VI. RESULTS

The data are found to be consistent with the stan-
dard three-neutrino hypothesis. Predictions from neu-
trino simulations and the atmospheric muon template fit
the experimental data well with a �

2 of 54.9. There are
64 data bins in total fitted with 13 parameters. Some
of the parameters e↵ectively contribute less than one de-
gree of freedom (d.o.f) due to priors and correlations.
The number of d.o.f. is estimated by fitting 2000 statis-
tical trials obtained by fluctuating the expectation from
the detector simulations and background. This exercise
provides a goodness of fit distribution that is then fit
with a �

2 distribution to extract the e↵ective number of
d.o.f. The resulting number of d.o.f. is estimated to be
56.3 ± 0.3 and the probability to obtain the observed �

2

is, therefore, 53%.
The agreement between the data and the expectation

at the best-fit point is shown in Fig. 6 for the bins used in
the fit. The bin-by-bin pulls of the data compared to the
expectation at the best-fit point are shown in Fig. 7. The
pulls are distributed in the way expected from statisti-
cal fluctuations without large deviations or clustering in
specific energy or zenith ranges.

The upper and lower parts of Fig. 8 depict distributions
of Ereco and cos ✓z,reco, respectively. It also shows the
expectation from the di↵erent components of the simula-
tions used in the fit. The dominant contribution comes
from ⌫µ CC interactions with some contamination from
⌫e, ⌫⌧ and NC interactions of all flavors. The atmospheric
muon contamination is fit to about 0.4 % and, therefore,
not shown in Fig. 8.

All nuisance parameters are fit near the nominal val-
ues; their values can be found in Table I. Inverted mass
ordering is marginally preferred in the fit. The best es-
timates of the sterile mixing parameters are given in Ta-
ble I. The di↵erence between the best fit and the stan-
dard three-neutrino hypothesis is �2� ln L = 0.8. Such a
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FIG. 9. The results of the likelihood scan performed in
the analysis. The solid lines in the larger panel show the
exclusion limits set in this study at 90-% (dark blue) and 99-
% C.L. (light blue) assuming the normal neutrino (NO) mass
ordering and using critical values from �2 with 2 d.o.f. The
dark (light) red dash-dotted lines represent the 90-% (99-%)
C.L. exclusions assuming an inverted mass ordering (IO). The
dashed lines show the exclusion from the Super-Kamiokande
experiment [66]. The top and right panels show the projection
of the likelihood on the mixing matrix elements |Uµ4|2 and
|U⌧4|2, respectively.

value is expected from statistical fluctuations of the data
with 30% probability estimated from the aforementioned
2000 trials.

Exclusion contours are obtained by scanning the likeli-
hood space in |Uµ4|2 vs |U⌧4|2 and are presented in Fig. 9.
The corresponding limits on the elements of the mixing
matrix are

|Uµ4|2 < 0.11 (90% C.L.),

|U⌧4|2 < 0.15 (90% C.L.),
(12)

where the confidence levels are obtained using Wilks’s
theorem.

The best-fit values for the standard neutrino mixing
parameters are �m

2
32 = 2.52 · 10�3 eV2 and sin2

✓23 =
0.541 (assuming normal neutrino mass ordering), which
are di↵erent from the results of [30]. The best-fit point
for �m

2
32 is now 1 � lower compared to the previous

measurement. Although the data set and analysis meth-
ods used in the two analyses are similar, there are a few
di↵erences responsible for the change. Since the publi-
cation of [30] the Monte Carlo simulation and event re-
construction have been improved. In particular, there is
a new charge calibration used for the PMTs in simula-
tion that leads to an update of the e↵ective energy scale
in the detector reconstruction. This leads to a change
in the reconstructed position of the muon disappearance
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J. G. Gonzalez,36 D. Grant,23 Z. Gri�th,30 C. Haack,1 A. Hallgren,50 F. Halzen,30 E. Hansen,20 T. Hansmann,1

K. Hanson,30 D. Hebecker,9 D. Heereman,12 K. Helbing,51 R. Hellauer,17 S. Hickford,51 J. Hignight,22 G. C. Hill,2

K. D. Ho↵man,17 R. Ho↵mann,51 K. Hoshina,30, ⇤ F. Huang,48 M. Huber,34 K. Hultqvist,42 S. In,44 A. Ishihara,15

E. Jacobi,52 G. S. Japaridze,4 M. Jeong,44 K. Jero,30 B. J. P. Jones,14 W. Kang,44 A. Kappes,35 T. Karg,52

A. Karle,30 U. Katz,24 M. Kauer,30 A. Keivani,48 J. L. Kelley,30 A. Kheirandish,30 J. Kim,44 M. Kim,44

T. Kintscher,52 J. Kiryluk,43 T. Kittler,24 S. R. Klein,8, 7 G. Kohnen,33 R. Koirala,36 H. Kolanoski,9 R. Konietz,1
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I. INTRODUCTION

Neutrino oscillation is a phenomenon in which a neu-
trino can be detected as a di↵erent weak eigenstate than
initially produced after traveling some distance to its
detection point. It arises due to the mixing between
neutrino mass and flavor eigenstates and existence of
nonzero mass di↵erences between the mass states. The
e↵ect is confirmed by a variety of measurements of neu-
trinos produced in the Sun [1–6], in the atmosphere [7–
9], at nuclear reactors [10–13], and at particle accelera-
tors [14–17]. The data from these experiments are of-
ten interpreted within the framework of three weakly
interacting neutrino flavors, where each is a superposi-
tion of three neutrino mass states. However, not all data
from neutrino experiments are consistent with this pic-
ture. An excess of electron neutrinos in a muon neu-
trino beam was found at the Liquid Scintillator Neutrino
Detector (LSND) [18] and MiniBooNE experiments [19].
In addition, the rates of some reactor [20] and radio-
chemical [21] experiments are in tension with predictions
involving three neutrino mass states. The tension be-
tween data and theory can be resolved by adding new
families of neutrinos with mass di↵erences �m

2 ⇠ 1 eV2.
However, the measurement of the Z0 boson decay width
at the Large Electron-Positron (LEP) collider limits the
number of the weakly interacting light neutrino states to
three [22]. This implies that new neutrino species must
be “sterile” and not take part in the standard weak inter-
action. The simplest sterile neutrino model is a “3+1”
model, which includes three standard weakly interact-
ing (active) neutrino flavors and one heavier1 sterile neu-
trino. The addition of this fourth neutrino mass state
modifies the active neutrino oscillation patterns.

The IceCube Neutrino Observatory [23] is a cubic kilo-
meter Cherenkov neutrino detector located at the geo-
graphic South Pole. It is designed to detect high-energy
atmospheric and astrophysical neutrinos with an energy
threshold of about 100 GeV [24–28]. DeepCore [29] is
a more densely instrumented subdetector located in the
bottom part of the main IceCube array. The denser
instrumentation lowers the energy detection threshold
to ⇠ 10 GeV, allowing precision measurements of neu-
trino oscillation parameters a↵ecting atmospheric muon
neutrinos as reported in [30], where the standard three-
neutrino hypothesis is used. This work presents a search
for sterile neutrinos within the “3+1” model framework
using three years of the IceCube DeepCore data taken
between May 2011 and April 2014.

An overview of sterile neutrino mixing and its im-
pact on atmospheric neutrino oscillations is presented in
Sec. II of this article. Section III describes the IceCube

1
The e↵ects of the sterile neutrino mixing in the energy range of

this study are independent of the sign of �m2
41. Therefore the

results presented here are also valid for “1+3”, where the sterile

state is the lightest.

Neutrino observatory and the DeepCore sub-array used
to detect the low energy neutrinos of interest. The selec-
tion and reconstruction of atmospheric neutrino events
are presented in Sec. IV. A description of the simulation
chain, fitting procedure and treatment of systematic un-
certainties considered is provided in Sec. V. Section VI
presents the results of the search for sterile neutrino mix-
ing. Finally, Sec. VII addresses the impact of various as-
sumptions made in the analysis of the data, and places
the results of this search into the global picture of sterile
neutrino physics.

II. STERILE NEUTRINO MIXING

The neutrino flavor eigenstates of the weak interaction
do not coincide with the mass states, which describe the
propagation of neutrinos through space [31]. The con-
nection between the bases can be expressed as

|⌫↵i =
X

U
⇤
↵k |⌫ki , (1)

where |⌫↵i are the weak states, |⌫ki are the mass states
with mass mk and U↵k are the elements of Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) mixing matrix [31, 32]
in the standard three-neutrino scenario. For Dirac neu-
trinos the mixing matrix is parametrized with three mix-
ing angles (✓12, ✓13, ✓23) and one CP-violating phase.
Two additional phases are present if neutrinos are Majo-
rana particles, however they play no role in neutrino os-
cillations. Muon neutrinos are the main detection chan-
nel for DeepCore and are the focus of this study. For
the standard three-neutrino model in the energy range
of interest for this analysis the muon neutrino survival
probability can be approximated as

P (⌫µ ! ⌫µ) ⇡ 1 � sin2 (2✓23) sin2

✓
�m

2
32

L

4E⌫

◆
, (2)

where �m
2
32 ⌘ m

2
3 � m

2
2 is the mass splitting between

states 3 and 2, ✓23 is the atmospheric mixing angle, L

is the distance traveled from the production point in the
atmosphere and E⌫ is the neutrino energy. The diam-
eter of the Earth and size of the atmosphere define the
baselines that range between 20 and 12700 km.

The addition of a single sterile neutrino, ⌫s, with cor-
responding mass eigenstate denoted as ⌫4, modifies the
mixing matrix in Eq. (1) as

U ⌘

0

B@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CA . (3)

A single sterile neutrino family adds six new parame-
ters [33]: three mixing angles ✓14, ✓24, ✓34, two CP-
violating phases �14, �34 and one mass di↵erence �m

2
41.

IceCube has no sensitivity to CP-violating phases and,

w/o sterile neutrino

[IceCube, PRD (2017), 1702.05160]
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Figure 5. Expected sensitivity projected in the θ24 − θ34 plane, for an active-sterile mass-squared
splitting ∆m2

41 = 10−4 eV2 (left panel) and for ∆m2
41 = 0.5 eV2 (right panel). The shaded regions

correspond to the expected confidence regions allowed at 90% C.L. (2 d.o.f.), for a simulation
assuming θi4 = 0 as true input values. The lines labeled as “10% sys” (“5% sys”) have been
obtained assuming 10% (5%) prior uncertainties for the signal (both shape and normalization) and
10% for the background (normalization only). For comparison, the right panel shows the latest
results from the NOvA experiment from a NC search [28] (gray region), and from atmospheric data
from the Super-Kamiokande experiment [4] and IceCube DeepCore data [18] (darker gray regions
labeled with red lines), also at the 90% C.L..

large enough to allow for an efficient cancellation in the probability. Thus, in this regime

DUNE could disfavor just the upper left and lower right corner of the parameter space.

Conversely, in the limit ∆m2
41 " ∆m2

31 the impact of the new CP-violating phase δ24 is

much milder and does not allow for a cancellation in the oscillation probability. A closed

contour is therefore obtained in this case.

NOvA has observed 95 neutral current events at the far detector while 83.5±9.7(stat.)±
9.4(syst.) events where expected in the three-flavor case. Since no evidence for an sterile

neutrino oscillation was found, they placed the following constraints (assuming cos2 θ14 = 1)

for the active-sterile mixings: θ24 < 20.8◦ and θ34 < 31.2◦ at 90% of C.L for a ∆m2
41 com-

patible with no oscillation at the near detector (0.05 eV2 ≤ ∆m2
41 ≤ 0.5 eV2). This results

correspond to an exposure-equivalent of 6.05 × 1020 POT and a total systematical errors

∼ 12% ref. [28]. Experiments observing atmospheric neutrinos like the Super-Kamiokande

experiment have also constrained the tau-sterile mixing angle. SK, after an analysis of

4, 438 live-days of data, found no evidence for sterile neutrinos constraining |Uµ4|2 < 0.041

and |Uτ4|2 < 0.18 for ∆m2
41 > 0.1 eV2 at 90% of C.L [4]. Similarly, IceCube, by the use of

three years of atmospheric neutrino data from the DeepCore detector, which was consistent

with three-flavor neutrinos, placed a bound on the active-sterile mixing: |Uµ4|2 < 0.11 and

|Uτ4|2 < 0.15 for ∆m2
41 = 1 eV2 at 90% of C.L [18]. For comparison, in the right panel of

figure 5 we show the currently allowed NOvA regions from ref. [28] as well as from atmo-

spheric data from the Super-Kamiokande experiment [4] and IceCube DeepCore data [18].7

7It is worth to notice that all constraints shown in the right panel of figure 5 are valid for an sterile mass

squared difference ∆m2
41 > 0.1 eV2 and therefore they do not apply to the case shown in left panel.

– 15 –

NOvA (PRD 2017, 1706.04592)

Coloma etal (JHEP 2018, 1707.05348): DUNE expectation

allowed region by 90% CL
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Although current hints of sterile-active neutrino mixing with νe and νµ occurs for a

∆m2 of 0.1 eV2, in this paper we consider a broader range of ∆m2 ’s similar to what Daya

Bay has performed for the νe disappearance search for sterile neutrinos, see ref. [19]. If a

sterile neutrino only mixes with ντ , then searches using νe and νµ disappearance as well as

νe appearance in a νµ beam will not constrain such sterile-tau mixing.

The manuscript is organized as follows. In section 2 we derive the oscillation proba-

bilities in the νµ → νs and ν̄µ → ν̄s oscillation channels at the far detector of long-baseline

experiments, and discuss the different limits of interest depending on the active-sterile

mass-squared splitting. Section 3 summarizes the main features of the DUNE experiment

and the details relevant to our numerical simulations. Our results are presented in section 4,

and in section 5 we summarize and draw our conclusions. Some useful expressions for the

elements of the mixing matrix using our parametrization can be found in appendix A.

2 Oscillation probabilities in the 3 + 1 framework

In this section we derive approximate expressions for the oscillation probabilities, which will

be useful in understanding the results of our numerical simulations later on. The mixing

matrix U that changes from the flavor to the mass basis in the 3 + 1 neutrino framework

is a 4× 4 unitary matrix:

να = U∗
αiνi ,

where α ≡ e, µ, τ, s and i ≡ 1, 2, 3, 4. In this work we are interested in the effect of

oscillations into sterile states on the event rates measured at the DUNE far detector.

Assuming that no oscillations have taken place at the near detector, this can be done

searching for a depletion in the number of neutral-current (NC) events at the far detector

with respect to the prediction obtained using near detector data. For a perfect beam of

muon neutrinos with flux φνµ (i.e., assuming no beam contamination from other neutrino

flavors), the number of NC events at the far detector can be expressed as:

NNC = N e
NC +Nµ

NC +N τ
NC = φνµ σ

NC
ν {P (νµ → νe) + P (νµ → νµ) + P (νµ → ντ )}

= φνµ σ
NC
ν {1− P (νµ → νs)} ,

(2.1)

and is therefore sensitive to oscillations in the νµ → νs channel. Here, σNC
ν is the neutral-

current cross section for the active neutrinos, which is independent of the neutrino flavor.

In the absence of a sterile neutrino, the NC event rates should be the same at the far

and near detectors up to a known normalization factor coming from the different distance,

detector mass, efficiency, and the different geometric acceptance of the beam at the two

sites. In fact, the combined fit between near and far detector data should provide a very

efficient cancellation of systematic errors associated to the flux and cross section in this

channel [28].

In addition to the standard solar and atmospheric mass-squared differences, in the 3+1

framework the oscillation probabilities depend on three new splittings ∆m2
4k ≡ m2

4 −m2
k,

with k = 1, 2, 3. Given the values of the neutrino energy and distance corresponding to

the far detector at DUNE, for illustration purposes we can effectively neglect the solar

– 3 –

muon neutrino flux is suppressed 
by the oscillation into sterile neutrino

neutral current interaction
:observe all 3-flavors

sin2 24 = 0.165
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Near detector Far detector

Initially muon neutrino and
assume no oscillation

Oscillation to sterile neutrino
as well as standard ones

Probing depletion into sterile neutrino

Then there will be depletion in the neutral current (NC)events since sterile 
does not have NC interaction. 

This is sensitive to the oscillations between muon and sterile neutrinos.

1,300 km
⌫µ ! ⌫⌧ , ⌫s
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Can we constrain the mixing of sterile neutrino
and tau neutrino directly 

using tau neutrinos?
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Search for Hidden Particles (SHiP) at ECN3
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BDF/SHiP at the ECN3 high-intensity beam facility 2
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Abstract 5

The BDF/SHiP collaboration has proposed a general-purpose intensity-frontier experi-
mental facility operating in beam-dump mode at the CERN SPS accelerator to search
for feebly interacting GeV-scale particles and to perform measurements in neutrino phys-
ics. CERN is uniquely suited for this programme owing to the proton energy and yield
available at the SPS. This puts BDF/SHiP in a unique position worldwide to make a
breakthrough in a theoretically and experimentally attractive range of the FIP para-
meter space that is not accessible to other experiments. The existing ECN3 experimental
facility makes it possible to implement BDF at a fraction of the cost of the original
proposal, without compromising on the physics scope and the physics reach. SHiP has
demonstrated the feasibility to construct a large-scale, versatile discovery experiment
capable of coping with 4⇥1019 protons per year at 400 GeV/c and ensuring a < 1-event
background for the FIP decay search even up to 6⇥ 1020 PoT. With the feasibility of the
facility and the detector proven, the BDF/SHiP collaboration are ready to proceed with
the TDR studies and commence implementation in CERN’s Long Shutdown 3. During
the operational lifetime of BDF/SHiP, several prominent opportunities for upgrades and
extensions are open, such as the use of a LAr TPC, a synergistic tau flavour violation
experiment, and exploiting the secondary mixed-field radiation from the proton target
for nuclear and astrophysics, as well as for material testing.
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Neutrino energy spectra at production Neutrino energy spectra at detection

Expected Neutrino Spectrum at SHiP

[SHiP collaboration, 2023]
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Efficiency for tau decay channels
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The number of events per GeV.

Uncertainty in the tau neutrino events



Neutrino Oscillation

Atmospheric neutrinos ~ DUNE far detector

E ~ GeV,  L ~10- 10,000 km,

Solar neutrinos

E ~ MeV,  L ~10^8 km,

SHiP : oscillations between active neutrino are suppressed.

E ~ 100GeV,  L ~ 100 m,

�ij ' 1.27

✓
�ijm2

eV2

◆✓
L

km

◆✓
GeV

E

◆
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Active neutrinos may disappear with sterile neutirno mixing! 

 L ~1,000 km, �m2 ⇠ 10�2eV2
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Figure 1. The survival probability of tau neutrinos (P⌧⌧ ) for a mixing parameter of |U⌧4|
2 = 0.1

across the 30 m baseline. Di↵erent scenarios are depicted: the green line for �m
2
41 = 500 eV2, the

blue line for �m
2
41 = 2000 eV2, and the dashed red line for �m

2
41 = 105 eV2, where the survival

probability averages over the neutrino energy. The dashed gray line represents P⌧⌧ = 1, indicating
no mixing between tau neutrinos and sterile neutrinos.

probability of tau neutrino P⌧⌧ is89
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2) sin2
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Therefore, by measuring P⌧⌧ , we can constrain |U⌧4| and �m
2
41.90

Figure 1 shows the survival probability of tau neutrino with |U⌧4|
2 = 0.1 under 30 m91

baseline for various �m
2
41. The green line shows P⌧⌧ when �m

2
41 = 400 eV2, the blue line92

shows P⌧⌧ when �m
2
41 = 1600 eV2, and the dashed red line shows the case when �m

2
41 is93

too large so that P⌧⌧ is averaged over the neutrino energy.94

In SHiP experiment, the dominant production mechanism for tau neutrinos is the decay95

of the charm meson, Ds, which results from the collision of the 400 GeV proton beam from96

SPS. Neutrinos generated from collisions propagates to SND located 30 m away from the97

proton target. We can detect these tau neutrinos using CC interaction in SND. To estimate98

the number of tau neutrino CC events, results from Ref. [15, 19] are used. Ref. [15, 19]99

estimated the number of ⌫⌧ CC events that are generated from pA ! DsX events, where p100

is the proton that is accelerated by SPS, A is the target, and X represents other hadrons.101

Including secondary production, the total number of charm meson is increased by a102

factor of 2.3 [20], but the detected number of ⌫⌧ CC events wouldn’t increase much since103

the angle and the energy of secondary tau neutrino is more dispersed than the primary104

tau neutrino. In this paper, we use the enhancement factor as fen = 1.3, as suggested by105

Ref. [21].106

Considering the survival probability of tau neutrino, the number of distinguished ⌫⌧107

CC events at tau neutrino energy E⌫ is written as108

dN

dE⌫
=

Z 33 m

l=30 m
nPb

LPb

LSND
fenP⌧⌧ (E⌫ , l)✏e↵ (�⌫⌧ �⌫⌧A + �⌫̄⌧ �⌫̄⌧A) dl, (2.3)

where nPb is the number density of lead atom in lead layers, LPb is total thickness of109

lead layers in SND, LSND is total length of SND, ✏e↵ is the detection e�ciency of tau110
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L = 30meters
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Figure 1. The survival probability of tau neutrinos (P⌧⌧ ) for a mixing parameter of |U⌧4|
2 = 0.1

across the 30 m baseline. Di↵erent scenarios are depicted: the green line for �m
2
41 = 500 eV2, the

blue line for �m
2
41 = 2000 eV2, and the dashed red line for �m

2
41 = 105 eV2, where the survival

probability averages over the neutrino energy. The dashed gray line represents P⌧⌧ = 1, indicating
no mixing between tau neutrinos and sterile neutrinos.

probability of tau neutrino P⌧⌧ is89

P⌧⌧ = 1 � 4|U⌧4|
2(1 � |U⌧4|

2) sin2

✓
�m

2
41L

4E⌫

◆
. (2.2)

Therefore, by measuring P⌧⌧ , we can constrain |U⌧4| and �m
2
41.90

Figure 1 shows the survival probability of tau neutrino with |U⌧4|
2 = 0.1 under 30 m91

baseline for various �m
2
41. The green line shows P⌧⌧ when �m

2
41 = 400 eV2, the blue line92

shows P⌧⌧ when �m
2
41 = 1600 eV2, and the dashed red line shows the case when �m

2
41 is93

too large so that P⌧⌧ is averaged over the neutrino energy.94

In SHiP experiment, the dominant production mechanism for tau neutrinos is the decay95

of the charm meson, Ds, which results from the collision of the 400 GeV proton beam from96

SPS. Neutrinos generated from collisions propagates to SND located 30 m away from the97

proton target. We can detect these tau neutrinos using CC interaction in SND. To estimate98

the number of tau neutrino CC events, results from Ref. [15, 19] are used. Ref. [15, 19]99

estimated the number of ⌫⌧ CC events that are generated from pA ! DsX events, where p100

is the proton that is accelerated by SPS, A is the target, and X represents other hadrons.101

Including secondary production, the total number of charm meson is increased by a102

factor of 2.3 [20], but the detected number of ⌫⌧ CC events wouldn’t increase much since103

the angle and the energy of secondary tau neutrino is more dispersed than the primary104

tau neutrino. In this paper, we use the enhancement factor as fen = 1.3, as suggested by105

Ref. [21].106

Considering the survival probability of tau neutrino, the number of distinguished ⌫⌧107

CC events at tau neutrino energy E⌫ is written as108

dN

dE⌫
=

Z 33 m

l=30 m
nPb

LPb

LSND
fenP⌧⌧ (E⌫ , l)✏e↵ (�⌫⌧ �⌫⌧A + �⌫̄⌧ �⌫̄⌧A) dl, (2.3)

where nPb is the number density of lead atom in lead layers, LPb is total thickness of109

lead layers in SND, LSND is total length of SND, ✏e↵ is the detection e�ciency of tau110
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(averaged)

dashed black w/o mixing

* neutrino oscillation between active neutrinos are negligible.
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Figure 2. Di↵erential number of distinguished ⌫⌧ CC events on SND with respect to the recon-
structed energy Erec, if a mixing parameter |U⌧4|

2 = 0.1. Di↵erent scenarios are depicted: the
green line for �m

2
41 = 600 eV2, the blue line for �m

2
41 = 2400 eV2, and the dashed red line for

�m
2
41 = 105 eV2, where the survival probability averages over the neutrino energy. The dashed

gray line represents P⌧⌧ = 1, indicating no mixing between tau neutrinos and sterile neutrinos.

neutrino, �⌫⌧ (�⌫̄⌧ ) is expected number of tau (anti) neutrinos passed through SND per E⌫111

if the number of accelerated protons is 2 ⇥ 1020, and �⌫A(�⌫̄A) is cross-section of (anti)112

neutrino-nucleus interaction.113

The energy spectrum of distinguished ⌫⌧ CC events is presented on Ref. [19]114

By following the design of SND through previous SHiP reports [14], LPb and LSND are115

estimated as 106.4 cm and 3 m, while the distance of SND from the front of the target is116

assumed to be 30 m, following the optimal muon shield design from the progress report. [13]117

The energy response of SND results in the smearing across the reconstructed neutrino118

energy spectrum for the given true energy of tau neutrinos. By considering the energy re-119

sponse, the di↵erential number of ⌫⌧ CC events over the reconstructed energy Erec becomes120

dN

dErec
=

Z 1

E⌫=0
f(Erec, E⌫)

dN

dE⌫
dE⌫ , (2.4)

where f(Erec, E⌫)⌘ P (Erec|E⌫) is the energy response function of SND between the true121

energy E⌫ and the reconstructed energy Erec. By considering the Gaussian response,122

f(Erec, E⌫) is defined as123

f(Erec, E⌫) ⌘
1

p
2⇡�

e
� (E⌫�Erec)

2

2�2 . (2.5)

Here, the energy classification from the hadron contribution determines �, which we124

used as 20% of E⌫ , i.e. � = 0.2E⌫ , following the result from the technical proposal of125

SND@LHC. [22]126

Apart from the energy response, the baseline uncertainty also exists. This uncertainty127

comes from the varying interaction lengths between the target and the protons from SPS.128

However, this uncertainty in the baseline will be ignored in our analysis, as it is relatively129

minor compared to the length of SND.130

Figure 2 shows the di↵erential number of event over the logarithmic scale of Erec,131

– 4 –

Observed Spectrum of tau neutrinos at SND 

dashed: w/o mixing

The energy spectrum can be used to observe or constrain the sterile neutrino.
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Figure 3. Number of expected event divided by the size of each bin under the condition of
|U⌧4|

2 = 0.1, and Rs/b = 10 for various �m
2
41. The left(right) figure represents the case when

�m
2
41 = 600(2400) eV2. For a comparison, blue plot shows the most-probable pseudo data O3⌫

that is used in Eq. (3.5).
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Figure 4. The expected sensitivity of 5 year observation on SND at SHiP with respect to
(�m

2
41, |U⌧4|

2) under the assumption of ✓14 = ✓24 = 0, for di↵erent signal-to-background ratio Rs/b.
The left(right) figure shows expected sensitivities when Rs/b is 10(1). Regions are separated based
on 90% C.L. with 2 DoF, which are presented as blue lines. Solid(Dashed) blue lines show cases when
�norm is 20%(10%). The red dot in the figure indicates point of (�m

2
41, |U⌧4|

2) = (600 eV2
, 0.1),

which is the assumption we used on from Fig. 1 to Fig. 3. To make a comparison with existing
⌫⌧ � ⌫s mixing, we draw black and gray dotted lines to show the existing constraints from Ice-
Cube [7] and Super-Kamiokande [6].
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which is the assumption we used on from Fig. 1 to Fig. 3. To make a comparison with existing
⌫⌧ � ⌫s mixing, we draw black and gray dotted lines to show the existing constraints from Ice-
Cube [7] and Super-Kamiokande [6].
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2
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that is used in Eq. (3.5).
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Figure 1. The survival probability of tau neutrinos (P⌧⌧ ) for a mixing parameter of |U⌧4|
2 = 0.1

across the 30 m baseline. Di↵erent scenarios are depicted: the green line for �m
2
41 = 500 eV2, the

blue line for �m
2
41 = 2000 eV2, and the dashed red line for �m

2
41 = 105 eV2, where the survival

probability averages over the neutrino energy. The dashed gray line represents P⌧⌧ = 1, indicating
no mixing between tau neutrinos and sterile neutrinos.

probability of tau neutrino P⌧⌧ is89

P⌧⌧ = 1 � 4|U⌧4|
2(1 � |U⌧4|

2) sin2

✓
�m

2
41L

4E⌫

◆
. (2.2)

Therefore, by measuring P⌧⌧ , we can constrain |U⌧4| and �m
2
41.90

Figure 1 shows the survival probability of tau neutrino with |U⌧4|
2 = 0.1 under 30 m91

baseline for various �m
2
41. The green line shows P⌧⌧ when �m

2
41 = 400 eV2, the blue line92

shows P⌧⌧ when �m
2
41 = 1600 eV2, and the dashed red line shows the case when �m

2
41 is93

too large so that P⌧⌧ is averaged over the neutrino energy.94

In SHiP experiment, the dominant production mechanism for tau neutrinos is the decay95

of the charm meson, Ds, which results from the collision of the 400 GeV proton beam from96

SPS. Neutrinos generated from collisions propagates to SND located 30 m away from the97

proton target. We can detect these tau neutrinos using CC interaction in SND. To estimate98

the number of tau neutrino CC events, results from Ref. [15, 19] are used. Ref. [15, 19]99

estimated the number of ⌫⌧ CC events that are generated from pA ! DsX events, where p100

is the proton that is accelerated by SPS, A is the target, and X represents other hadrons.101

Including secondary production, the total number of charm meson is increased by a102

factor of 2.3 [20], but the detected number of ⌫⌧ CC events wouldn’t increase much since103

the angle and the energy of secondary tau neutrino is more dispersed than the primary104

tau neutrino. In this paper, we use the enhancement factor as fen = 1.3, as suggested by105

Ref. [21].106

Considering the survival probability of tau neutrino, the number of distinguished ⌫⌧107

CC events at tau neutrino energy E⌫ is written as108

dN

dE⌫
=

Z 33 m

l=30 m
nPb

LPb

LSND
fenP⌧⌧ (E⌫ , l)✏e↵ (�⌫⌧ �⌫⌧A + �⌫̄⌧ �⌫̄⌧A) dl, (2.3)

where nPb is the number density of lead atom in lead layers, LPb is total thickness of109

lead layers in SND, LSND is total length of SND, ✏e↵ is the detection e�ciency of tau110
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Figure 2. Di↵erential number of distinguished ⌫⌧ CC events on SND with respect to the recon-
structed energy Erec, if a mixing parameter |U⌧4|2 = 0.1. Di↵erent scenarios are depicted: the
green line for �m

2
41 = 600 eV2, the blue line for �m

2
41 = 2400 eV2, and the dashed red line for

�m
2
41 = 105 eV2, where the survival probability averages over the neutrino energy. The dashed

gray line represents P⌧⌧ = 1, indicating no mixing between tau neutrinos and sterile neutrinos.

centralized overall uncertainty A 2 � and shape uncertainties ↵i 2 �, the expected number145

of signal events at the i-th bin is146

si;✓,� = (1 +A)(1 + ↵i)

Z Emax
i

Erec=Emin
i

dN

dErec
dErec, (3.2)

where E
min
i (Emax

i ) is the minimum(maximum) energy on the i-th bin. Here, A and ↵i147

mimics the behavior of uncertainties from parton distributions, factorization and renor-148

malization scale factor [17, 21, 26], and other experimental uncertainties. For P (A) and149

P (↵i), a normal distribution with the standard deviation �norm is used. That is,150

P (A) ⇠ Exp


� A

2

2�2
norm

�

P (↵i) ⇠ Exp


� ↵

2
i

2�2
norm

�
,

(3.3)

Prior probabilities of A and ↵i imply the assumed independence between nuisance param-151

eters. However, in a linear binning scale, significant correlation arises at higher Erec values152

due to the energy response of SND. To address this, we utilize a logarithmic scale for bin153

sizes. The first bin starts at 10 GeV and extends to 15 GeV, with each successive bin’s154

range increasing by a factor of 1.5, continuing until the seventh bin. This logarithmic155

binning scale e↵ectively reduces statistical correlations between bins, therefore it supports156

the assumption of independence among the nuisance parameters.157

The main source of background on tau neutrino CC events is the production of charm158

mesons from ⌫µ CC events, when the emitted muon is unidentified. [24, 27] We define the159

factor Rs/b as the signal-to-background ratio in the most probable case. In this study, we160

assume that Rs/b is the constant with respect to the deposited energy, and the mixing gives161

no e↵ect on the background. Therefore, the number of background events in the i-th bin162
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Sensitivity with SND + FSND
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Figure 4. The expected sensitivity of 5 year observation on SND at SHiP with respect to
(�m

2
41, |U⌧4|

2) under the assumption of ✓14 = ✓24 = 0, for di↵erent signal-to-background ratio Rs/b.
The left(right) figure shows expected sensitivities when Rs/b is 10(1). Regions are separated based
on 90% C.L. with 2 DoF, which are presented as blue lines. Solid(Dashed) blue lines show cases when
�norm is 20%(10%). The red dot in the figure indicates point of (�m

2
41, |U⌧4|

2) = (600 eV2
, 0.1),

which is the assumption we used on from Fig. 1 to Fig. 3. To make a comparison with existing
⌫⌧ � ⌫s mixing, we draw black and gray dotted lines to show the existing constraints from Ice-
Cube [7] and Super-Kamiokande [6].

– 7 –

red dot as reference
acceptance ratio of FSND to NSND

sensitivities of NSND and FSND were evaluated for cases where Rs/b equals 1 and 10, as194

in the previous section. For the realisation of FSND, potential issues from is there any195

potential issue?196

Possibility to reduce the flux uncertainty, since we measured the flux at NSND, though197

there is still oscillation e↵ect at NSND?198

Any changes on neutrino fluxes after passing through NSND are negligible, which199

means that NSND and FSND are independent each other. The likelihood in this case is200

the same as Eq. 3.1, except the set of bins in Eq. 3.1 has to be extended from NSND to201

FSND. The priors for nuisance parameters remain unchanged, following the same normal202

distribution with a standard deviation of �norm. To draw the NSND+FSND combined203

sensitivity, �norm was chosen as 10% and 20%.204

The NSND+FSND combined sensitivity depends on a design of FSND, so the expected205

number of events on FSND has to be chosen. In this study, we choose cases when206

RF/N = 10%, 20%, 50%, and 100%, where RF/N represents the ratio of expected events207

from FSND relative to NSND.208

Fig. 5 shows expected sensitivities to �m
2
41 and |U⌧4|2 in various �norm, signal to209

background ratios and ratios of expected events from FSND relative to NSND. Figures on210

the upper(lower) side show when �norm = 10%(20%), and figures on the left(right) side211

show when Rs/b = 10(1). For non-zero RF/N, FSND gives a new sight on the range of212

�m
2
41 ⇠ 102 eV2. For large RF/N, �norm does not change the combined sensitivity in the213

range of �m
2
41 . 104 eV2. In contrast, if �m

2
41 is large enough to make the oscillation214

averaged, the sensitivity does not change over RF/N.215

TheWilks’ theorem does not work in sinusoidal signal(evidence)(2111.12530, 2004.07577,216

2008.06083, 2006.13147).217

5 Conclusion218
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Summary

1. It is possible to constrain the sterile-tau neutrino 
mixing directly at SHiP experiment.

[Choi, Yoo, KSHiP, ongoing work]

2. With 5 years operation, SHiP has a sensitivity to 

|U⌧4|2 ⇠ 0.06
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for �m2
41 ⇠ 103 eV
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3. With additional FSND at the end of HS detector of SHiP

for �m2
41 ⇠ 103 eV
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|U⌧4|2 ⇠ 0.02
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Neutrino Minimal Standard Model (nuMSM)

additional symmetry-breaking sector in these models. That makes it difficult to explain m⌫ in
terms of a simple symmetry and a small number of parameters, and interest in anarchic mod-
els [235] with random values has grown. A more detailed overview of models that incorporate
sterile neutrinos with keV masses that could act as DM candidates is given in section 6. In
the following we briefly review the main features of the probably minimal and most studied
mechanism for neutrino masses, the (type I) seesaw mechanism. Is particularly important in
the present context because i) it predicts the existence of heavy sterile neutrinos, ii) these
heavy particles mix with ordinary neutrinos (which is the basis for many experimental and
astrophysical searches) ans iii) the type I seesaw is implemented in many theories of particle
physics, such as grand unified theories based on SO(10) or any other theories that involve a
(spontaneously broken) gauged B � L symmetry.

1.5.2 The seesaw mechanism

The type-I seesaw model is defined by adding n RH neutrinos ⌫R to the SM, i.e., singlet
fermions with RH chirality to the SM that couple to the SM neutrinos ⌫L in the same way
as the RH and LH components of the charged leptons. The Lagrangian reads

L = LSM + i⌫R /@⌫R � `LF⌫R�̃ � �̃†⌫RF †`L � 1

2
(⌫c

R
MM⌫R + ⌫RM †

M
⌫c

R). (1.25)

Here, flavor and isospin indices have been suppressed. LSM is the Lagrangian of the SM,
`L = (⌫L, eL)T are the LH lepton doublets, � is the Higgs doublet and �̃ = ✏�⇤, where ✏
is the antisymmetric SU(2)-invariant tensor, and F is a matrix of Yukawa interactions. An
explicit Majorana mass term MM is allowed for ⌫R because the ⌫R are gauge singlets. This is
a specific realization of the term mS in (1.21). It is often assumed that the eigenvalues MI of
MM are far above the electroweak scale. Then the ⌫R are experimentally unobservable. The
only effect they have on low energy physics is mediated by the dimension-5 operator [236]:

Le↵ = LSM +
1

2
¯̀
L�̃FM�1

M
F T �̃T `cL, (1.26)

as obtained by integrating out the fields ⌫R instead of (1.25). The Higgs mechanism generates
a Majorana mass term ⌫Lm⌫⌫c

L
, with m⌫ is given by

m⌫ = �v2FM�1
M

F T , (1.27)

where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
240], low-scale seesaw (e.g. [220–222]), or Coleman-Weinberg type models [216], see also
section 6. The full neutrino mass term after electroweak symmetry breaking reads

1

2
(⌫L ⌫c

R
)M

✓
⌫c

L

⌫R

◆
+ h.c. ⌘ 1

2
(⌫L ⌫c

R
)

✓
0 mD

mT

D
MM

◆✓
⌫c

L

⌫R

◆
+ h.c., (1.28)

where mD ⌘ Fv and v = 174 is the Higgs field vacuum expectation value. For MI � 1 eV
there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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a Majorana mass term ⌫Lm⌫⌫c
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, with m⌫ is given by
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F T , (1.27)

where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
240], low-scale seesaw (e.g. [220–222]), or Coleman-Weinberg type models [216], see also
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where mD ⌘ Fv and v = 174 is the Higgs field vacuum expectation value. For MI � 1 eV
there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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After electroweak symmetry breaking, the mass term

additional symmetry-breaking sector in these models. That makes it difficult to explain m⌫ in
terms of a simple symmetry and a small number of parameters, and interest in anarchic mod-
els [235] with random values has grown. A more detailed overview of models that incorporate
sterile neutrinos with keV masses that could act as DM candidates is given in section 6. In
the following we briefly review the main features of the probably minimal and most studied
mechanism for neutrino masses, the (type I) seesaw mechanism. Is particularly important in
the present context because i) it predicts the existence of heavy sterile neutrinos, ii) these
heavy particles mix with ordinary neutrinos (which is the basis for many experimental and
astrophysical searches) ans iii) the type I seesaw is implemented in many theories of particle
physics, such as grand unified theories based on SO(10) or any other theories that involve a
(spontaneously broken) gauged B � L symmetry.

1.5.2 The seesaw mechanism
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Here, flavor and isospin indices have been suppressed. LSM is the Lagrangian of the SM,
`L = (⌫L, eL)T are the LH lepton doublets, � is the Higgs doublet and �̃ = ✏�⇤, where ✏
is the antisymmetric SU(2)-invariant tensor, and F is a matrix of Yukawa interactions. An
explicit Majorana mass term MM is allowed for ⌫R because the ⌫R are gauge singlets. This is
a specific realization of the term mS in (1.21). It is often assumed that the eigenvalues MI of
MM are far above the electroweak scale. Then the ⌫R are experimentally unobservable. The
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as obtained by integrating out the fields ⌫R instead of (1.25). The Higgs mechanism generates
a Majorana mass term ⌫Lm⌫⌫c
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, with m⌫ is given by

m⌫ = �v2FM�1
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where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
240], low-scale seesaw (e.g. [220–222]), or Coleman-Weinberg type models [216], see also
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where mD ⌘ Fv and v = 174 is the Higgs field vacuum expectation value. For MI � 1 eV
there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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additional symmetry-breaking sector in these models. That makes it difficult to explain m⌫ in
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The hierarchy gives mass eigenvalues with

 three light active neutrinos and three heavy sterile neutrinos.

1.4 Sterile Neutrinos – General Introduction (Author: P. Langacker)

Sterile neutrinos, also known as singlet or right-handed neutrinos, are SU(2) ⇥ U(1)-singlet
leptons. They therefore have no ordinary charged or neutral current weak interactions except
those induced by mixing. Most extensions of the original standard model involve one or
more sterile neutrinos, with model-dependent masses which can vary from zero to extremely
large. One usually defines the right-chiral component of a sterile neutrino field as ⌫R, i.e., ⌫R
annihilates a right-chiral state, where chirality coincides with helicity in the massless limit.
The CP-conjugate field is then

(⌫R)c ⌘ C ⌫R
T , (1.19)

where we are following the notation in ref. [67]. In Eq. (1.19), C is the charge conjugation
matrix, given by = i�2�0 in the Weyl representation, and ⌫R ⌘ (⌫R)†�0 is the Dirac adjoint.
Note that the CP conjugate in Eq. (1.19) is always well-defined, independent of whether CP
is violated, and that (⌫R)c is the field which annihilates a left-chiral antineutrino.7

In contrast, an active (or doublet or ordinary) neutrino is in an SU(2) doublet with a
charged lepton, and it has conventional weak interactions. There are three known left-chiral
active neutrinos ⌫L,↵, where the flavor index ↵ = e, µ, ⌧ denotes the associated charged lepton.
The CP-conjugate (⌫L)c ⌘ C ⌫LT (suppressing the flavor index) is the field associated with a
right-chiral antineutrino. The number n of right chiral neutrinos is unknown (and could even
be zero, as there are alternative explanations of neutrino masses, see section 1.5.1). In the
remainder of this subsections we use an illustrative toy model with only one LH and one RH
neutrino flavour.

⌫L $ (⌫L)c and ⌫R $ (⌫R)c each describe two degrees of freedom and are known as
Weyl spinors. Fermion mass terms describe transitions between left and right-chiral states.
There are two possible types for neutrinos. A Dirac mass term connects the left and right
components of two different Weyl spinors. These are typically active and sterile, such as

LD = �mD (⌫L⌫R + ⌫R⌫L) , (1.20)

where we have chosen the phases of the fields so that mD is real. LD allows a conserved lepton
number L, but violates weak isospin by 1/2 unit. It can be generated by the Higgs mechanism,
as in fig. 6, and it is analogous to the quark and charged lepton masses. That is, mD = yDv,8
where v = 174 GeV is the expectation value of the neutral Higgs field. If eq. (1.20) is the
only neutrino mass term, then ⌫L and ⌫R can be combined to form a four-component Dirac
spinor ⌫D ⌘ ⌫L + ⌫R, with CP conjugate (⌫D)c ⌘ (⌫L)c + (⌫R)c.

Unlike quarks and charged leptons, neutrinos are not charged under any unbroken gauge
symmetries. They may therefore have Majorana mass terms, which connect a Weyl spinor
with its own CP conjugate. These could be present for either active or sterile neutrinos,

LM = �1

2
mT

�
⌫L⌫c

L + ⌫c

L
⌫L

�
� 1

2
mS

�
⌫R⌫c

R + ⌫c

R
⌫R

�
⌘ �1

2
mT (⌫a⌫a) � 1

2
mS (⌫s⌫s) , (1.21)

where ⌫a ⌘ ⌫L + (⌫L)c and ⌫s ⌘ ⌫R + (⌫R)c are active (a) and sterile (s) Majorana two-
component spinors. They are self-conjugate, i.e., ⌫a = C ⌫aT and ⌫s = C ⌫sT . Both mT and
ms violate lepton number by two units. The mass mT also violates weak isospin by one unit.
It can be generated by the expectation value of a Higgs triplet �T = (�0

T
, ��

T
, ���

T
)T , i.e.,

7Some authors use alternative notations, such as ⌫
c
R,L for C ⌫R,L

T .
8In the minimal seesaw model, (1.25), the number yD is to be identified with the matrix F .
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Three RH neutrinos with Majorana mass and Yukawa couplings.

[Asaka, Blanchet, Shaposhnikov, 2005]

(See-saw mechanism)
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Sterile Neutrinos and mixing

interaction 
eigenstates

mass 
eigenstates

negligible, however in the cosmological scale they may change the evolution of the Universe.

In this paper, we consider the magnetic moments between the right-handed sterile neu-

trinos in the context

II. MODEL

We consider a model with Lagrangian of standard model (SM) LSM and additional one

containing three right-handed neutrinos L⌫R as

L =LSM + L⌫R , (1)

where

L⌫R = �
1

2
⌫
c
RiM⌫Rij

⌫Rj + y⌫↵iL↵
e�⌫Ri + Cij⌫

c
Ri[�

µ
, �

⌫ ]⌫RjBµ⌫ + h.c.. (2)

Here Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ in the SM, L↵ are lepton

doublets with ↵ flavor, and � is the Higgs doublet and e� = ✏�⇤ with the superscript c and ⇤

for charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the above

dipole interaction is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by high

energy scale ⇤5 with anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫
c
Ri =(⇥†

U)ij⌫j + ⌫
c
si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and

Z-boson. We denote the mass eigenvalues of the light and heavy neutrinos as (m1, m2, m3)

and (ms1, ms2, ms3), respectively. Here, msj ' M⌫Rj due to the mass hierarchy.

The left- and right-handed neutrinos mix with each other parameterized by the mixing

matrix

⇥ = mDM
�1
⌫R

⌧ 1, (6)

3

After electroweak symmetry breaking, the mass eigenstates are

and the mixing parameter
with the Dirac mass (mD)↵i = y⌫↵iv/

p
2. In the right-handed side, ⌫i and ⌫si are the mass

eigenstates of light active neutrinos and heavy sterile neutrinos, respectively. The mass of

the light neutrinos are generated through the seesaw mechanism [1–4], and given by

m⌫ ' �mD
1

M⌫R

m
T
D = �⇥M⌫R⇥T

. (7)

The typical magnitude of the left-right mixing can be estimated as

⇥2
⇠

m⌫

M⌫R

. (8)

For the lightest sterile neutrino ⌫s ⌘ ⌫s1 being DM candidate, its lifetime should be long

enough compared to the age of the Universe. This is obtained when y⌫↵1 is practically zero

so that we consider the Yukawa coupling

y⌫ =

0

BBB@

0 y⌫e2 y⌫e3

0 y⌫µ2 y⌫µ3

0 y⌫⌧2 y⌫⌧3

1

CCCA
. (9)

However, with this Yukawa couplings, it is still possible to reproduce the light neutrino

masses to explain the observed neutrino oscillations [39]. Following the parametrization

of Casas and Ibarra [27], the Dirac mass term or the neutrino Yukawa coupling can be

expressed as

y⌫↵i
v

p
2

= iU(mdiag
⌫ )1/2⌦(M⌫R)1/2, (10)

with U
†
m⌫U

⇤ = diag(m1, m2, m3) = m
diag
⌫ and ⌦ being a complex orthogonal matrix with

⌦⌦T = 1. As an example, if we take the masses

M⌫R =O(M⌫R1 , 1, 10)GeV, (11)

with M⌫R1 ⌧ 1 GeV, and m1 = 0 assuming normal hierarchy, and ⌦ = I, we find Yukawa

matrix in the form of Eq. (9), with non-vanishing values of the order of O(10�7), and mixing

⇥ ⇠ 10�6. Explicitly,

y⌫ =

0

BBB@

0 9.3 ⇥ 10�9
i �5.0 ⇥ 10�8

� 1.9 ⇥ 10�9
i

0 �2.7 ⇥ 10�10 + 1.0 ⇥ 10�8
i 9.6 ⇥ 10�8

i

0 �2.4 ⇥ 10�10
� 9.8 ⇥ 10�9

i 8.4 ⇥ 10�8
i

1

CCCA
, (12)
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Figure 1. What is known about the square of the neutrino masses for the two atmospheric mass
orderings.

The mass splittings of the neutrinos are approximately [84]:

�m2
32 ' ±2.5 ⇥ 10�3eV2 and �m2

21 ' +7.5 ⇥ 10�5eV2, (1.4)

and the sum of the masses of the neutrinos satisfies
q

�m2
A

' 0.05 eV <
3X

i=1

mi < 0.5 eV. (1.5)

So the sum of neutrino masses ranges from 10�7 to 10�6 times me, however the mass of
the lightest neutrino, m, could be very small. If m ⌧

q
�m2

� ⇠ 0.01 eV2, then this is an
additional scale to be explained by a theory of neutrino masses and mixings.

The standard representation [85] of the PMNS mixing matrix is given as follows:

U =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1
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1

A
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A
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1

A
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0

@
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1

A

0

@
ei↵1 0 0
0 ei↵2 0
0 0 1

1

A , (1.6)

where sij = sin ✓ij and cij = cos ✓ij . The Dirac phase, �, allows for the possibility of CP
violation in the neutrino oscillation appearance channels. The Majorana phases ↵1 and ↵2

are unobservable in oscillations since oscillations depend on U⇤
↵i

U�i but they have observable,
CP conserving effects, in neutrinoless double beta decay. If the neutrinos are Dirac, then
neutrinoless double beta decay will be absent and the Majorana phases in the PMNS matrix

– 6 –

with PMNS matrix U

seesaw mechanism

Here, Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ, L↵ are lepton doublets with

↵ flavor, � is the Higgs doublet and forms e� = ✏�⇤ with the superscript c and ⇤ for

charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the dipole

interaction above is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is a dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by a

high energy scale ⇤5 with an anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫c
Ri = � (⇥†U)ij⌫j + ⌫c

si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and Z-

boson. ⌫i and ⌫si are the mass eigenstates of light active neutrinos with the mass eigenvalues

mi and those of sterile neutrinos with the mass eigenvalues msi, respectively. Here, i runs

from 1 to 3, and we have msj ' M⌫Rj due to the mass hierarchy. mi are eigenvalues of the

mass matrix of the light neutrinos, which is generated through the seesaw mechanism [1–4]

as

m⌫ ' �mD
1

M⌫R

mT
D = �⇥M⌫R⇥T , (6)

in the flavor basis. Those are related as mdiag
⌫ = diag(m1, m2, m3) = U †m⌫U⇤ through

the PMNS matrix U [36, 37]. The mixing between left- and right-handed neutrinos are

parameterized by the mixing matrix

⇥ = mDM�1
⌫R

⌧ 1, (7)

with the Dirac mass (mD)↵i = y⌫↵iv/
p

2. Naively, the typical magnitude of the left-right

mixing can be estimated as

⇥2
⇠

m⌫

M⌫R

. (8)

For the lightest sterile neutrino ⌫s ⌘ ⌫s1 being the DM candidate, its lifetime should be

long enough compared to the age of the Universe. This is obtained when y⌫↵1 is practically

4
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Interaction of RH Neutrino

RH sterile neutrinos can interact with SM sector through

- Mass mixing after electroweak symmetry breaking

- Yukawa interaction with Higgs and LH neutrino

The interaction induces

- Decay of sterile neutrinos into SM neutrino and photon (X-ray)

  

Sterile neutrinos as dark matterSterile neutrinos as dark matter

4   Sterile neutrinos are fermions and obey the exclusion principle. It is

     not possible to have an arbitrarily large ns number density.

     The observed DM density in dwarf galaxies implies a lower limit
     on the DM mass. 

5   Sterile neutrinos are not absolutely stable

X

negligible, however in the cosmological scale they may change the evolution of the Universe.

In this paper, we consider the magnetic moments between the right-handed sterile neu-

trinos in the context

II. MODEL

We consider a model with Lagrangian of standard model (SM) LSM and additional one

containing three right-handed neutrinos L⌫R as

L =LSM + L⌫R , (1)

where

L⌫R = �
1

2
⌫
c
RiM⌫Rij

⌫Rj + y⌫↵iL↵
e�⌫Ri + Cij⌫

c
Ri[�

µ
, �

⌫ ]⌫RjBµ⌫ + h.c.. (2)

Here Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ in the SM, L↵ are lepton

doublets with ↵ flavor, and � is the Higgs doublet and e� = ✏�⇤ with the superscript c and ⇤

for charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the above

dipole interaction is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by high

energy scale ⇤5 with anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫
c
Ri =(⇥†

U)ij⌫j + ⌫
c
si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and

Z-boson. We denote the mass eigenvalues of the light and heavy neutrinos as (m1, m2, m3)

and (ms1, ms2, ms3), respectively. Here, msj ' M⌫Rj due to the mass hierarchy.

The left- and right-handed neutrinos mix with each other parameterized by the mixing

matrix

⇥ = mDM
�1
⌫R

⌧ 1, (6)

3

zero so that we consider the Yukawa coupling

y⌫ =

0

BBB@

0 y⌫e2 y⌫e3

0 y⌫µ2 y⌫µ3

0 y⌫⌧2 y⌫⌧3

1

CCCA
. (9)

Even with this vanishing Yukawa coupling between the lightest sterile neutrino and the

active neutrinos, it is still possible to reproduce the light neutrino masses to explain the

observed neutrino oscillations [7]. Following the parametrization of Casas and Ibarra [38],

the Dirac mass term or the neutrino Yukawa coupling can be expressed as

y⌫↵i
v

p
2

= iU(mdiag
⌫ )1/2⌦(M⌫R)1/2, (10)

with ⌦ being a complex orthogonal matrix with ⌦⌦T = 1. For the normal ordering of

neutrino mass, an expression of the orthogonal matrix is

⌦ =

0

BBB@

1 0 0

0 cos ! � sin !

0 sin ! cos !

1

CCCA
, (11)

with ! being a complex parameter. If the imaginary values for the complex orthogonal

matrix are large, the components of Yukawa couplings (10) and mixings (7) can be enhanced

as

|⇥|
2 =

��(mdiag
⌫ )1/2⌦(M⌫R)�1/2

��2 ⇠
m⌫

M⌫R

exp(2Im!), (12)

which can be much larger than Eq. (8).

By substituting the decomposition in Eqs. (3), (4) and (5) into the Lagrangian, we obtain
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Sterile neutrino DM in nuMSM

To explain the two mass differences in the neutrino observations, 
two RH neutrinos are enough. The third RH neutrino, the lightest one 
around keV, can be DM candidate. 

[Dodelson, Widrow, 1994] [Dolgov, Hansen, 2002] [Asaka, Blanchet, Shaposhnikov, 2005]

Production of DM

Decay rate of DM

- Dodelson-Widrow mechanism (Non-resonant production)

- Shi-Fuller (Resonant production) with lepton asymmetry

18 K.N. Abazajian / Physics Reports 711–712 (2017) 1–28

to accurate characterizations of WDM particle mass limits in general. For the case of resonantly-produced Shi–Fuller sterile
neutrino dark matter the quasi-thermal momentum space distribution of Eq. (53) is invalid, with the momentum space
distribution highly nonthermal and ‘‘cooler’’ than thermal (Fig. 4). Therefore, the full momentum space distribution must be
employed in its effects on structure formation [104] and that then used for structure formation constraints [173,137].

One of the most potentially powerful constraints on the matter power spectrum at small scales affected by WDM is the
clustering of gas as measured along the line of sight to distant quasars in the Lyman-↵ forest [170,172–181]. The claimed
level of the most recent constraints by Ir≤i£ et al. [181] place an approximate limit on the ideal Dodelson–Widrowmass (Eq.
(55)) when mapped from the thermal WDM limits of mthermal � 5.3 keV to be mDW,ideal � 41 keV (95% CL). When combined
with X-ray limits, they strongly exclude Dodelson–Widrow sterile neutrino dark matter from being all of the dark matter.
These are considerably weakened when sterile neutrinos are only partially the dark matter [182]. The Lyman-↵ forest is a
potentially very powerful tool to measure the small-scale matter power spectrum. It relies on mapping the clustering of
neutral gas in one dimension to the 3-dimensional full matter power spectrum. For some time, this has been known to have
potential systematic problems in entangling the thermal history of the intergalactic medium – via the thermal broadening
and Jeans pressure-support of the gas – with the underlying matter power spectrum [183]. This has become more apparent
with very high resolution hydrodynamic simulations like those in Kulkarni et al. [184], where pressure support in the gas
was shown to greatly affect the flux power spectrum at high redshift, and the recovered nonlinear flux power spectrum
at late time varied greatly from the linear theory methods typically used in cosmological analyses like that done to probe
WDM. Kulkarni et al. also show the temperature –density relation has a dispersion that is highly non-Gaussian and that
temperature–density relation should be augmentedwith a third pressure smoothing scale parameter �F . The Lyman-↵ forest
is argued further to be best used as a probe of the epoch of cosmological reionization [185].

A potentially strong probe ofWDMvs. CDM is the formation of structure at high redshift probed by galaxy number counts
[186] as well as reionization [187]. The limits from reionization from the optical depth to the cosmic microwave background
as measured by Planck are at the level of mthermal & 1.3 keV [186], while recent limits from the luminosity function of high
redshift galaxies are at the level ofmthermal � 2.5 keV at 2� [156]. The sensitivity of the JamesWebb Space Telescope (JWST) to
galaxy counts at even higher redshift, which are even more sensitive to WDM suppression of structure formation, will push
to sensitivities to even higher thermal WDM particle masses [186]. JWST is planned to launch in October 2018.4 Detailed
observations of reionization, the Lyman-↵ forest and high-redshift galaxy counts could differentiate between the variations
of the shape of the suppression scales of different WDM production scenarios [188].

In studies of the formation of the small scale structure as probed in the Local Group of galaxies and the cores and central
densities of galaxies, there remain too-low of a central density profile compared to that expected in CDM of dwarf galaxies
that are satellites as well as in the field—i.e., not gravitationally bound to another galaxy [189]. This has been dubbed the too-
big-to-fail problem, and it can be alleviated byWDM of the proper free streaming scale, at approximately the free streaming
scale provided bymthermal ⇡ 2 keV [190,130]. Very significantly, itwas pointed out that this free streaming scalewasmatched
by sterile neutrino dark matter in the region of parameter space consistent with the 3.5 keV candidate dark matter decay
signal in the X-ray, discussed below [158,191]. Resonantly-produced Shi–Fuller sterile neutrino dark matter in the 7 keV,
sin2 2✓ ⇠ 10�10 region produce a range of cutoff scale consistent with 1.5 keV . mthermal . 3.0 keV [158,104].

The Milky Way’s Local Group satellite galaxy counts can also provide limits on the free streaming scale since the
free streaming suppresses dwarf galaxy formation [192,193,191,173]. As dwarf galaxies are discovered by deep all-sky
observations, the limits have increased to place tension with WDM suppression scales in the region consistent with
resonantly-produced 7.1 keV sterile neutrino dark matter in the region of the 3.55 keV signal [137]. This tension may make
more attractive the scenariowhere 10% to 20% of the darkmatter is Dodelson–Widrow sterile neutrino darkmatter, with the
rest being some other form. A 10% to 20% fraction of Dodelson–Widrow sterile neutrinos can produce the 3.55 keV signal,
with a mixing angle that is commensurately approximately five to then times larger, in order to continue to match the
observed flux in the signal with a smaller sterile neutrino dark matter mass in the field of view [29]. This case, where there
is a mixed cold plus warm dark matter, escapes constraints from galaxy counts and the Lyman-↵ forest [182], and may still
alleviate small-scale structure challenges [130].

7. keV sterile neutrino dark matter detectability in X-ray observations

7.1. Methods & current results

The fact that a light, neutral lepton, like a sterile neutrino, would have a radiative decay mode was first pointed out and
calculated by Shrock [194] and independently by Pal & Wolfenstein [195]. For the Majorana neutrino case, the decay rate is

�� (ms, sin2 2✓ ) ⇡ 1.36 ⇥ 10�30 s�1
✓
sin22✓
10�7

◆⇣ ms

1 keV

⌘5
, (56)

where ms is the mass eigenstate most closely associated with the sterile neutrino, and ✓ is the mixing angle between the
sterile and active neutrino. For the case of a Dirac sterile neutrino, the decay rate is reduced by a factor of two. The decay of
a nonrelativistic sterile neutrino into two (nearly) massless particles produces a line at energy E� = ms/2.

4 https://jwst.nasa.gov.

angles and small lepton asymmetry, the mixing angle can be approximated as

sin θm ≈
sin θ

1 + 0.27ζ
(

T
100MeV

)6 (keV2

∆m2

)
(16)

where ζ = 1.0 for mixing with the electron neutrino, and ζ = 0.30 for νµ and ντ .

Obviously, thermal effects suppress the effective mixing significantly for temperatures T >
150 (m/keV)1/3MeV. If the singlet neutrinos interact only through mixing, all the interaction
rates are suppressed by the square of the mixing angle, sin2 θm. It is easy to see that these
sterile neutrinos are never in thermal equilibrium in the early universe. Thus, in contrast
with the case of the active neutrinos, the relic population of sterile neutrinos is not a result
of a freeze-out 2 .

In the relevant range of parameters, one can roughly approximate the numerical results for
the amount of dark matter produced in this scenario [21,23,24,26,97,152]:

Ωs ∼ 0.2

(

sin2 θ

3× 10−9

)

(

ms

3 keV

)1.8

. (17)

The range of the masses and mixing angles consistent with dark matter and with the X-ray
bounds discussed below forces the mass of the sterile neutrino to be as low as 1-3 keV. The
much improved state-of-the-art calculations [30,152] reinforce this conclusion. However, the
Lyman-α bounds [91,92,123,101,94] appear to disfavor this mass range for the production via
neutrino oscillations 3 .

4.2 Lepton asymmetry and the Shi–Fuller scenario

The production scenario proposed by Dodelson and Widrow [21] is altered in the presence
of a lepton asymmetry of the universe, in which case the production of relic sterile neutri-
nos can be enhanced by MSW effect [148,149]. Shi and Fuller [22] showed that the MSW
resonance makes the production more efficient for small missing angles, hence opening up
some additional parameter space that is less constrained by the X-ray data. In addition, the
momentum distribution of non-thermal sterile neutrinos produced in this case is colder than
in the case of zero lepton asymmetry. [22,28,158]. This helps ameliorate the tension with the

2 One immediate consequence of this observation is that the Gershtein–Zeldovich bound [153,154]
and the Lee–Weinberg bound [155] do not apply to these sterile neutrinos.
3 Since different production mechanisms can can generate sterile neutrinos with very different free-
streaming properties for the same mass, the mass bounds from Refs. [92,123,94] do not apply to
models that consider production by other mechanisms, different from Dodelson–Widrow mecha-
nism. For example, if sterile dark matter is generated at the electroweak scale, the corresponding
mass bounds are relaxed by more than factor 3 [17,33,156,157].
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Production of sterile neutrino

Boltzmann equation

neutrino becomes non-relativistic and TNR can be written in terms of its mass and the
temperature of the sterile neutrino as

TNR = Ts,NR

✓
TNR

Ts,NR

◆
'

ms

3

✓
T

Ts

◆
, (24)

where Ts,NR is the temperature of the sterile neutrino when it becomes non-relativistic,
which is Ts,NR = ms/3 for thermally produced case, and in the second equality we used
that the temperature ratio of the sterile neutrino and the background does not change
after it becomes non-relativistic. Finally, by equating Ts,NR = Tw,NR, we can find the
relation

ms

Ts
=

mw

Tw
. (25)

Using the known relations

⌦wh
2 =

✓
Tw

T⌫

◆
3
mw

94 eV
,

Ts

T⌫
=

✓
10.75

g⇤(TNR)

◆
1/3

, (26)

we obtain the one-to-one correspondence between the lower bound on ms and the lower
bound on mw as

m
L�↵
s = 4.46 keV

✓
m

L�↵
w

keV

◆4/3✓
10.75

g⇤

◆
1/3✓ 0.12

⌦sh
2

◆
1/3

, (27)

where m
L�↵
w is given in Eq. (23).

5 Production with Dodelson-Widrow mechanism

In this section, we consider a popular model for the production of sterile neutrino called
Dodelson-Widrow mechanism [10], which demonstrates that oscillations between active
and sterile neutrinos can yield a sterile neutrino population abundant enough to comprise
all or part of the dark matter. In this mechanism, the sterile neutrinos are produced when
the active neutrinos are in thermal equilibrium (T � MeV). The Boltzmann equation for
the evolution of the distribution function of the sterile neutrino fs(E, t) is given by []

@fs(E, t)

@t
� HE

@fs(E, t)

@E
=

1

4
sin2(2✓M )�↵(f↵ � fs) (28)

where H =
p
⇡2g⇤/30T 2

/Mpl is Hubble parameter and in the radiation-dominated Uni-
verse, with reduced Planck mass Mpl = 2.4 ⇥ 1019GeV and g⇤ the effective degrees of
freedom of the relativistic particles in the thermal equilibrium. Here, the effective mixing
angle in the matter between the sterile and electron neutrino [40,52]

sin2(2✓M ) =
sin2(2✓)

sin2(2✓) + [cos(2✓) � 2E VT (T )/m2
s]
2
, �↵ ⇡ 1.27 ⇥ G

2

FT
4
E, (29)

with mixing angle ✓ in the vacuum and []

VT = �BT
4
E, and B ⇠

(
10.88 ⇥ 10�9 GeV�4

T > 2me

3.04 ⇥ 10�9 GeV�4
T < 2me

. (30)

8

neutrino becomes non-relativistic and TNR can be written in terms of its mass and the
temperature of the sterile neutrino as

TNR = Ts,NR

✓
TNR

Ts,NR

◆
'

ms

3

✓
T

Ts

◆
, (24)

where Ts,NR is the temperature of the sterile neutrino when it becomes non-relativistic,
which is Ts,NR = ms/3 for thermally produced case, and in the second equality we used
that the temperature ratio of the sterile neutrino and the background does not change
after it becomes non-relativistic. Finally, by equating Ts,NR = Tw,NR, we can find the
relation

ms

Ts
=

mw

Tw
. (25)

Using the known relations

⌦wh
2 =

✓
Tw

T⌫

◆
3
mw

94 eV
,

Ts

T⌫
=

✓
10.75

g⇤(TNR)

◆
1/3

, (26)

we obtain the one-to-one correspondence between the lower bound on ms and the lower
bound on mw as

m
L�↵
s = 4.46 keV

✓
m

L�↵
w

keV

◆4/3✓
10.75

g⇤

◆
1/3✓ 0.12

⌦sh
2

◆
1/3

, (27)

where m
L�↵
w is given in Eq. (23).

5 Production with Dodelson-Widrow mechanism

In this section, we consider a popular model for the production of sterile neutrino called
Dodelson-Widrow mechanism [10], which demonstrates that oscillations between active
and sterile neutrinos can yield a sterile neutrino population abundant enough to comprise
all or part of the dark matter. In this mechanism, the sterile neutrinos are produced when
the active neutrinos are in thermal equilibrium (T � MeV). The Boltzmann equation for
the evolution of the distribution function of the sterile neutrino fs(E, t) is given by []

@fs(E, t)

@t
� HE

@fs(E, t)

@E
=

1

4
sin2(2✓M )�↵(f↵ � fs) (28)

where H =
p
⇡2g⇤/30T 2

/Mpl is Hubble parameter and in the radiation-dominated Uni-
verse, with reduced Planck mass Mpl = 2.4 ⇥ 1019GeV and g⇤ the effective degrees of
freedom of the relativistic particles in the thermal equilibrium. Here, the effective mixing
angle in the matter between the sterile and electron neutrino [40,52]

sin2(2✓M ) =
sin2(2✓)

sin2(2✓) + [cos(2✓) � 2E VT (T )/m2
s]
2
, �↵ ⇡ 1.27 ⇥ G

2

FT
4
E, (29)

with mixing angle ✓ in the vacuum and []

VT = �BT
4
E, and B ⇠

(
10.88 ⇥ 10�9 GeV�4

T > 2me

3.04 ⇥ 10�9 GeV�4
T < 2me

. (30)

8

with mixing angle in the matter and the interaction rate with thermal particles

neutrino becomes non-relativistic and TNR can be written in terms of its mass and the
temperature of the sterile neutrino as
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4
E, and B ⇠

(
10.88 ⇥ 10�9 GeV�4

T > 2me

3.04 ⇥ 10�9 GeV�4
T < 2me

. (30)
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potential in matter

The maximum production rate happens at 

For fixed y ⌘ E/T , the equation is simplified as

HT

✓
@fs(y, T )

@T

◆

y⌘E/T

= �
1

4
sin2(2✓M )�↵(f↵ � fs)

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
, (31)

where the partial derivative about T in the left-hand side is evaluated for fixed y ⌘ E/T ,
to see the change due to the interaction in the RHS other than cosmic expansion. The
distribution function of the active neutrino f↵ is assumed to be in the thermal equilibrium
and constant with time for fixed E/T as f↵ = (exp(y) + 1)�1.

We can find the general solution for fs by redefining fs = f↵(1� e
�fs,0/f↵) in Eq. (31)

and solving differential equation for fs,0 which is given by

HT

✓
@fs,0(y, T )

@T

◆

y⌘E/T

= �
1

4
sin2(2✓M )�↵f↵

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
. (32)

The integral solution for fs,0 is

fs,0(y, T ) = �f↵

Z T

1

1

4HT
sin2(2✓M )

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
�↵dT. (33)

In fact, fs approaches to fs,0 for fs ⌧ f↵, which corresponds to the case when the sterile
neutrinos mixing is small enough. Here, we count g⇤ of the thermal particles in the standard
model [] and neglect the contribution from the sterile neutrino, which is subdominant. We
checked that our result is consistent with that using the program LASAGNA [].

Since the mixing in the matter is suppressed at high temperature, the sterile neutrino
is maximally produced at a temperature Tmax [10]

Tmax ' 108 MeV
⇣
ms

keV

⌘
1/3

, (34)

with ms the mass of the sterile neutrino. The numerical coefficient is slightly different
from that in [10] due to the change of the number in Eq. (30). Therefore, for T � Tmax,
the abundance becomes independent of the temperature and the relic density of the sterile
neutrino at present is given by [3, 11]

⌦sh
2

⌘
⇢sh

2

⇢c
⇡ 0.1

✓
sin2 ✓

3 ⇥ 10�9

◆⇣
ms

3 keV

⌘
1.8

, (35)

where ⇢s =
R
fs(y, T0)dy at present temperature T0 and ⇢c ⌘ 3M2

PH
2

0
' 10�5GeV cm�3

and the present Hubble parameter H0 = 100h km/(sec Mpc).
Once the present relic density of the non-relativistic sterile neutrino is given, we can

estimate the number density in the early Universe when the sterile neutrinos are relativis-
tic,

ns(a) =
⌦s⇢c

ms

⇣
a0

a

⌘
3

, (36)

where a is the scale factor and a0 is its value at present. Since the number density of the
active neutrino can be obtained in the same way we can write �Neff as

�Neff =
ns(a)

n⌫(a)
=

⌦sh
2
/ms

⌦⌫h
2/m⌫

< �N
max

eff , (37)
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width

� ' 0.50 ⇥ 10�6 g2
N

4
g2
⇤f

g2
⇤

ḡ1/2
⇤

M2
2

MPl

 
1 keV

M1

!2

. (32)

At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge

27

[Abazajian et al., 2012]
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Figure 4: The central region of Fig. 3, M1 = 0.3 . . .100.0 keV, compared with regions excluded
by various X-ray constraints [22, 25, 30, 31], coming from XMM-Newton observations of the Large
Magellanic Cloud (LMC), the Milky Way (MW), and the Andromeda galaxy (M31). SPI marks the
constraints from 5 years of observations of the Milky Way galactic center by the SPI spectrometer on
board the Integral observatory.

dark matter simulations, which have not been carried out with actual non-equilibrium spec-

tra so far. Nevertheless, adopting a simple recipe for estimating the non-equilibrium effects

(cf. Eq. (5.1)), the results of refs. [34, 35] can be re-interpreted as the constraints M1 >∼ 11.6

keV and M1 >∼ 8 keV, respectively (95% CL), at vanishing asymmetry [12]. Very recently

limits stronger by a factor 2–3 have been reported [36]. We return to how the constraints

change in the case of a non-zero lepton asymmetry in Sec. 5. We note, however, that the

most conservative bound, the so-called Tremaine-Gunn bound [52, 53], is much weaker and

reads M1 >∼ 0.3 keV [54], which we have chosen as the lower end of the horizontal axes in

Figs. 4, 6.

In Fig. 5 we show examples of the spectra, for a relatively small mass M1 = 3 keV (like

in Fig. 1), at which point the significant changes caused by the asymmetry can be clearly

identified. The general pattern to be observed in Fig. 5 is that for a small asymmetry, the

distribution function is boosted only at very small momenta. Quantities like the average

momentum 〈q〉s then decrease, as can be seen in Fig. 6. For large asymmetry, the resonance

affects all q; the total abundance is strongly enhanced with respect to the case without a

resonance, but the shape of the distribution function is less distorted than at small asymmetry,

so that the average momentum 〈q〉s returns back towards the value in the non-resonant case.

Therefore, for any given mass, we can observe a minimal value of 〈q〉s in Fig. 6, 〈q〉s >∼ 0.3〈q〉a.
This minimal value is remarkably independent of M1, but the value of asymmetry at which
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to accurate characterizations of WDM particle mass limits in general. For the case of resonantly-produced Shi–Fuller sterile
neutrino dark matter the quasi-thermal momentum space distribution of Eq. (53) is invalid, with the momentum space
distribution highly nonthermal and ‘‘cooler’’ than thermal (Fig. 4). Therefore, the full momentum space distribution must be
employed in its effects on structure formation [104] and that then used for structure formation constraints [173,137].

One of the most potentially powerful constraints on the matter power spectrum at small scales affected by WDM is the
clustering of gas as measured along the line of sight to distant quasars in the Lyman-↵ forest [170,172–181]. The claimed
level of the most recent constraints by Ir≤i£ et al. [181] place an approximate limit on the ideal Dodelson–Widrowmass (Eq.
(55)) when mapped from the thermal WDM limits of mthermal � 5.3 keV to be mDW,ideal � 41 keV (95% CL). When combined
with X-ray limits, they strongly exclude Dodelson–Widrow sterile neutrino dark matter from being all of the dark matter.
These are considerably weakened when sterile neutrinos are only partially the dark matter [182]. The Lyman-↵ forest is a
potentially very powerful tool to measure the small-scale matter power spectrum. It relies on mapping the clustering of
neutral gas in one dimension to the 3-dimensional full matter power spectrum. For some time, this has been known to have
potential systematic problems in entangling the thermal history of the intergalactic medium – via the thermal broadening
and Jeans pressure-support of the gas – with the underlying matter power spectrum [183]. This has become more apparent
with very high resolution hydrodynamic simulations like those in Kulkarni et al. [184], where pressure support in the gas
was shown to greatly affect the flux power spectrum at high redshift, and the recovered nonlinear flux power spectrum
at late time varied greatly from the linear theory methods typically used in cosmological analyses like that done to probe
WDM. Kulkarni et al. also show the temperature –density relation has a dispersion that is highly non-Gaussian and that
temperature–density relation should be augmentedwith a third pressure smoothing scale parameter �F . The Lyman-↵ forest
is argued further to be best used as a probe of the epoch of cosmological reionization [185].

A potentially strong probe ofWDMvs. CDM is the formation of structure at high redshift probed by galaxy number counts
[186] as well as reionization [187]. The limits from reionization from the optical depth to the cosmic microwave background
as measured by Planck are at the level of mthermal & 1.3 keV [186], while recent limits from the luminosity function of high
redshift galaxies are at the level ofmthermal � 2.5 keV at 2� [156]. The sensitivity of the JamesWebb Space Telescope (JWST) to
galaxy counts at even higher redshift, which are even more sensitive to WDM suppression of structure formation, will push
to sensitivities to even higher thermal WDM particle masses [186]. JWST is planned to launch in October 2018.4 Detailed
observations of reionization, the Lyman-↵ forest and high-redshift galaxy counts could differentiate between the variations
of the shape of the suppression scales of different WDM production scenarios [188].

In studies of the formation of the small scale structure as probed in the Local Group of galaxies and the cores and central
densities of galaxies, there remain too-low of a central density profile compared to that expected in CDM of dwarf galaxies
that are satellites as well as in the field—i.e., not gravitationally bound to another galaxy [189]. This has been dubbed the too-
big-to-fail problem, and it can be alleviated byWDM of the proper free streaming scale, at approximately the free streaming
scale provided bymthermal ⇡ 2 keV [190,130]. Very significantly, itwas pointed out that this free streaming scalewasmatched
by sterile neutrino dark matter in the region of parameter space consistent with the 3.5 keV candidate dark matter decay
signal in the X-ray, discussed below [158,191]. Resonantly-produced Shi–Fuller sterile neutrino dark matter in the 7 keV,
sin2 2✓ ⇠ 10�10 region produce a range of cutoff scale consistent with 1.5 keV . mthermal . 3.0 keV [158,104].

The Milky Way’s Local Group satellite galaxy counts can also provide limits on the free streaming scale since the
free streaming suppresses dwarf galaxy formation [192,193,191,173]. As dwarf galaxies are discovered by deep all-sky
observations, the limits have increased to place tension with WDM suppression scales in the region consistent with
resonantly-produced 7.1 keV sterile neutrino dark matter in the region of the 3.55 keV signal [137]. This tension may make
more attractive the scenariowhere 10% to 20% of the darkmatter is Dodelson–Widrow sterile neutrino darkmatter, with the
rest being some other form. A 10% to 20% fraction of Dodelson–Widrow sterile neutrinos can produce the 3.55 keV signal,
with a mixing angle that is commensurately approximately five to then times larger, in order to continue to match the
observed flux in the signal with a smaller sterile neutrino dark matter mass in the field of view [29]. This case, where there
is a mixed cold plus warm dark matter, escapes constraints from galaxy counts and the Lyman-↵ forest [182], and may still
alleviate small-scale structure challenges [130].

7. keV sterile neutrino dark matter detectability in X-ray observations

7.1. Methods & current results

The fact that a light, neutral lepton, like a sterile neutrino, would have a radiative decay mode was first pointed out and
calculated by Shrock [194] and independently by Pal & Wolfenstein [195]. For the Majorana neutrino case, the decay rate is

�� (ms, sin2 2✓ ) ⇡ 1.36 ⇥ 10�30 s�1
✓
sin22✓
10�7

◆⇣ ms

1 keV

⌘5
, (56)

where ms is the mass eigenstate most closely associated with the sterile neutrino, and ✓ is the mixing angle between the
sterile and active neutrino. For the case of a Dirac sterile neutrino, the decay rate is reduced by a factor of two. The decay of
a nonrelativistic sterile neutrino into two (nearly) massless particles produces a line at energy E� = ms/2.

4 https://jwst.nasa.gov.
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angles and small lepton asymmetry, the mixing angle can be approximated as

sin θm ≈
sin θ

1 + 0.27ζ
(

T
100MeV

)6 (keV2

∆m2

)
(16)

where ζ = 1.0 for mixing with the electron neutrino, and ζ = 0.30 for νµ and ντ .

Obviously, thermal effects suppress the effective mixing significantly for temperatures T >
150 (m/keV)1/3MeV. If the singlet neutrinos interact only through mixing, all the interaction
rates are suppressed by the square of the mixing angle, sin2 θm. It is easy to see that these
sterile neutrinos are never in thermal equilibrium in the early universe. Thus, in contrast
with the case of the active neutrinos, the relic population of sterile neutrinos is not a result
of a freeze-out 2 .

In the relevant range of parameters, one can roughly approximate the numerical results for
the amount of dark matter produced in this scenario [21,23,24,26,97,152]:

Ωs ∼ 0.2

(

sin2 θ

3× 10−9

)

(

ms

3 keV

)1.8

. (17)

The range of the masses and mixing angles consistent with dark matter and with the X-ray
bounds discussed below forces the mass of the sterile neutrino to be as low as 1-3 keV. The
much improved state-of-the-art calculations [30,152] reinforce this conclusion. However, the
Lyman-α bounds [91,92,123,101,94] appear to disfavor this mass range for the production via
neutrino oscillations 3 .

4.2 Lepton asymmetry and the Shi–Fuller scenario

The production scenario proposed by Dodelson and Widrow [21] is altered in the presence
of a lepton asymmetry of the universe, in which case the production of relic sterile neutri-
nos can be enhanced by MSW effect [148,149]. Shi and Fuller [22] showed that the MSW
resonance makes the production more efficient for small missing angles, hence opening up
some additional parameter space that is less constrained by the X-ray data. In addition, the
momentum distribution of non-thermal sterile neutrinos produced in this case is colder than
in the case of zero lepton asymmetry. [22,28,158]. This helps ameliorate the tension with the

2 One immediate consequence of this observation is that the Gershtein–Zeldovich bound [153,154]
and the Lee–Weinberg bound [155] do not apply to these sterile neutrinos.
3 Since different production mechanisms can can generate sterile neutrinos with very different free-
streaming properties for the same mass, the mass bounds from Refs. [92,123,94] do not apply to
models that consider production by other mechanisms, different from Dodelson–Widrow mecha-
nism. For example, if sterile dark matter is generated at the electroweak scale, the corresponding
mass bounds are relaxed by more than factor 3 [17,33,156,157].
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aggressive limits ⇠1% more stringent than the aggres-
sive Chandra constraints. Notably, at m⌫s ⇠ 7 keV, our
conservative constraints are just outside the collective
1� error range of the Bulbul et al. (2014), Boyarsky et
al. (2014), and Boyarsky et al. (2015) detections, pro-
viding evidence against the 3.5 keV line’s decaying DM
interpretation. However, even our aggressive constraints
remain consistent with Hofmann &Wegg (2019)’s detec-
tion, which means our results do not entirely eliminate
the 3.5 keV line’s decaying DM interpretation, though
Foster et al. (2021)’s results (which are stronger than
ours at m⌫s ⇠ 7 keV) are outside even the Hofmann &
Wegg (2019) 1� error range. The overall DM origin of
the 3.5 keV line also remains feasible in frameworks be-
sides the sterile neutrino that may be observed in clus-
ters but not galaxies (e.g., Cline et al. 2014; Cline &
Frey 2014a; Cline & Frey 2014b; Finkbeiner & Weiner
2016). While the Foster et al. (2021)’s XMM MWH
constraints are also more stringent overall than ours,
towards the aggressive end of our limits we were able
to match the XMM-Newton constraints at several m⌫s

values and improve upon XMM-Newton’s around ⇠6.7
and ⇠12 keV.
Therefore, the edge of the overall X-ray limits is now

formed by constraints from Swift in this work, XMM
in Foster et al. (2021), and NuSTAR in a combination
of Neronov et al. (2016a), Perez et al. (2017), Ng et al.
(2019), Roach et al. (2020), and Roach et al. (2022). To-
gether, these X-ray constraints have eliminated most of
the parameter space that remains above the big bang nu-
cleosynthesis (BBN) lower limits, which are theoretical
limits based on lepton asymmetry in the early Universe
(see Dolgov et al. 2002; Serpico & Ra↵elt 2005; Laine &
Shaposhnikov 2008; Boyarsky et al. 2009; Venumadhav
et al. 2016; Roach et al. 2020). According to Dekker
et al. (2021b), this small remainder of the parameter
has been ruled out nearly entirely up to m⌫s ⇠ 20 keV
based on that work’s study of small-scale structure for-
mation around the MWH, though those results are de-
pendent on systematics such as MWH mass, NFW pa-
rameters, and the extended Press-Schechter formalism
(EPS; Schneider 2015; Cherry & Horiuchi 2017).

4.3. Closing Thoughts

We have found no evidence of sterile neutrino DM
in the Swift-XRT MWH observations, and have used
our non-detections to constrain the 3.5 keV line’s galac-
tic intensity profile, as well as the sterile neutrino DM
sin2(2✓) vs. m⌫s parameter space. Our 3.5 keV line pro-
file upper-limits are the strongest to date across ⇠1/4
of the galaxy and our parameter space limits marginally
improve upon existing X-ray constraints. Swift has now

Figure 4. Constraints on the sin2(2✓) vs. m⌫s parame-
ter space. The red “MW Sat.” region represents Dekker et
al. (2021b)’s study of small-scale structure, the dark gray
“XMM” region indicates Foster et al. (2021), and the green
“NuSTAR” region represents Neronov et al. (2016a), Perez
et al. (2017), Ng et al. (2019), Roach et al. (2020), and Roach
et al. (2022). Dashed gold represents the conservative Sicil-
ian et al. (2020) Chandra constraint, while solid gold is the
more aggressive constraint, with the gap between them rep-
resenting NFW uncertainty. As described in the text, our
Swift constraints are plotted in a similar way, with the un-
certainty region appearing translucent while the region above
the dashed conservative limit is solid. Purple and cyan data
points show notable ⇠3.5 keV line detections. Adapted from
Ng et al. (2019), Roach et al. (2020), and Sicilian et al.
(2020).

joined Chandra, XMM-Newton, and NuSTAR on the
list of major X-ray observatories whose vast archives
have been harnessed in the search for decaying DM
emission lines in the MWH. Since the constraints ob-
tained from these observatories are fairly consistent, it
appears we have collectively pushed existing technology
and data to their limits, suggesting recent or future X-
ray missions such as XRISM will be necessary to resolve
lingering uncertainty on this topic. This sentiment is
evidenced by Dekker et al. (2021a)’s simulations indi-
cating eROSITA will achieve the required sensitivity to
do so. Until then, the door will remain nearly closed,
yet undeniably ajar, on sterile neutrino dark matter.

Now, Sterile neutrino 100% DM is ruled out?

[Dekker etal, 2111.13137]

[Sicilian etal, 2208.12271]
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