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The LSND and MiniBooNE results as well as the reactor and Gallium anomalies seem to indicate the
presence of a sterile neutrino with a mass of ~ 1 eV mixed with active neutrinos. Such sterile neutrino
can be produced in the early universe before the neutrino decoupling, leading to a contribution to the
effective number of neutrinos (N,sf) as well as to a contribution to the sum of neutrino masses which
are in tension with cosmological observations. We propose a scenario to relax this tension by a Yukawa

coupling of the sterile neutrinos to ultra-light scalar particles which contribute to the dark matter in the
background. The coupling induces an effective mass for v which prevents its production in the early
universe. We discuss the implications for the upcoming KATRIN experiment and future relic neutrino
search experiments such as PTOLEMY. We also briefly comment on certain non-renormalizable forms of
interaction between vs and the scalar and their consequences for the vs production in the early universe.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The 3 neutrino mass and mixing scheme has been established
as the standard paradigm to explain the results from various so-
lar, atmospheric, long baseline and reactor neutrino experiments.
However, there are a few hints that may point out the existence
of a fourth sterile neutrino (vs) with a mass of ~ 1 eV mixed with
active neutrinos. This is the essence of the so-called 3 + 1 neu-
trino scheme which has been invoked to explain the LSND [1] and
MiniBooNE [2] as well as the Gallium and reactor neutrino anoma-
lies [3-5,8]. To explain the LSND and MiniBooNE anomalies, v,
should partially convert en-route into ve which implies that the
sterile neutrino has to be mixed with ve and v, simultaneously.
From ICECUBE and MINOS+, strong bounds are derived on the vg
mixing with v, shedding doubt on the 3 4 1 oscillation solution
to the LSND and MiniBooNE anomalies [6,7,9]. However, the reac-
tor [4,5,8] and Gallium [3] anomalies (the observation that at short
baselines P(ve — Ve), P(Ve — Ve) < 1) can be explained even if v
mixes only with v, so this solution is not ruled out by the ICECUBE
or MINOS+ results which are based on the v, — v, observation. A
recent analysis shows that the solutions to the Gallium and reactor

* Correspondence to: Physics school, Institute for Research in Fundamental Sci-
ences (IPM), P.O. Box 19395-5531, Tehran, Iran.
E-mail address: yasaman@theory.ipm.ac.ir.

https://doi.org/10.1016/j.physletb.2019.134911

anomalies are compatible with each other within the 3 + 1 neu-
trino mixing scheme with |Ues|? ~ 0.01 — 0.02 [10]. What makes
this possibility even more exciting is that a sterile neutrino mixed
with ve will lead to observable kinks in the spectrum of beta de-
cay [11]. The upcoming KATRIN results can test the 3 4+ 1 solution
to reactor and Gallium anomalies [12].

On the other hand, the mixing of vs with v, implies that in
the early universe before neutrinos decouple from the plasma, the
neutrino oscillation brings the sterile neutrinos to thermal equilib-
rium with the active ones [13]. This means the effective relativistic
degrees of freedom will increase by 1 unit (N.sf =4) which is
disfavored by the CMB data [14] as well as by the Big Bang Nucle-
osynthesis (BBN). Moreover, the production of vs with a mass of 1
eV in the early universe will violate the upper bound on the sum
of neutrino masses which are derived by combining the CMB and
BAO results [14].

To avoid the bounds from cosmology, various models for
self-interaction of vs has been proposed [15-19]. (See, however,
[20-22].) The essence of all these scenarios is that the self-
interaction of vs will induce an effective mass for v at T > MeV
which will suppress the effective mixing and will therefore de-
crease the v, to vs oscillation probability, P(v; — vs). Notice that
within these scenarios, the generated effective mass itself is given
by the vs density. That is in order for the mechanism to be effi-
cient, a nonzero vs density is required in the first place. This way
the bound on Nefs can be satisfied but the bound on the sum of

0370-2693/© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.


https://doi.org/10.1016/j.physletb.2019.134911
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:yasaman@theory.ipm.ac.ir
https://doi.org/10.1016/j.physletb.2019.134911
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2019.134911&domain=pdf

2 Y. Farzan / Physics Letters B 797 (2019) 134911

masses cannot be avoided. A recent thorough study shows that by
adding the BAO data, the self-interaction scenario of vs character-
ized by an effective four-Fermion interaction will be still ruled out
by the BAO data [23]. However, if the scenario involves light states
coupled to v4 which open up the possibility of the removal of vy
by annihilation [24] or decay before the onset of structure forma-
tion (before the matter radiation equality) the BAO+CMB bound
can be avoided, too. An alternative remedy is the late phase tran-
sition scenario proposed in [25]. A non-renormalizable coupling of
Vs to background scalar is suggested in [26] and its consequences
for the vs abundance is discussed.

Ref. [27] proposes a U(1) gauge model with a gauge boson of
mass 10 eV coupled to vs as well as to asymmetric dark matter.
The coupling creates an effective mass for vg proportional to dark
matter density which is sizable even for vanishing vs density. The
effective mixing at T > MeV will be then suppressed, preventing
the vs production. Moreover, the new gauge interaction opens up
the possibility of relatively fast decay of the v4 components of the
active neutrinos before the onset of structure formation. As a re-
sult, both the bound on Nefs from CMB and BBN and the bound on
the sum of neutrino masses from BAO and CMB can be satisfied.

In this letter, we propose a scenario for making the 3 + 1 so-
lution to the short baseline anomalies compatible with cosmology
based on a Yukawa coupling of vs to ultra-light real scalar which
may be considered as dark matter. In section 2, we describe the
scenario and demonstrate how it solves the tensions with cos-
mology. In section 3, we discuss the implications for KATRIN and
PTOLEMY and formulate strategies to combine various observations
to eventually elucidate the mechanism behind the absence of vs in
the early universe. Section 4 summarizes our results.

2. The model

It is well-known that if dark matter (or a component of it)
is of bosonic type, it can be as light as ~ 10~2! eV. Despite its
small mass, the ultra-light dark matter is considered to be cold
because its production is non-thermal. These particles can be non-
relativistic even at high temperatures. Recently such dark matter
has gained popularity in the literature as it has been advocated as
a solution to the small scale structure tensions within the WIMP
scenario [28]. As long as their de Broglie wavelength is larger than
their average distance with each other, they can be described by
a classical field. In particular, a real ultra-light scalar dark matter
can be described as

V20
m

¢ = cos(Mmgt — Py - X) (1)
where |pg| < mg. For t 3> 1/mg, pg (like in the case of other non-
relativistic relics) scales as T3. For t « 1/my, it can be shown that
pg¢ (the 00 element of the energy-momentum tensor, T, ) is equal
to minus the pressure, —pgy (Tj;). Thus, the relation T;’f)v =0 or
equivalently oy +3H(pg + py) =0 implies that for t < 1/my, pg
and therefore the amplitude of ¢ remains constant.

There is a vast literature discussing the production of such light
particles in the early universe with non-relativistic velocities; for a
review see [29]. In these mechanisms, ¢ is taken to be the phase
of a complex scalar, ® = |®|e!?/fo with a U(1) symmetry similar
to the axion of the Peccei-Quinn symmetry [30]. Once the sym-
metry becomes spontaneously broken, ¢ obtains a random value
in the range (— form, forr). If the symmetry breaking takes place
during the inflation, the whole patch within our horizon will have
the same value of initial ¢ (plus small fluctuations). The topologi-
cal defects between the patches of different constant ¢ will safely
be diluted away during inflation. It has been demonstrated in the

literature that with this mechanism ¢ (consequently, pgs) can be
large enough to account for all DM. As we shall see, our scenario
works even for smaller values of ¢. The quantum fluctuations dur-
ing inflation can provide the small variation in o4 which provides
the seeds for structure formation during the course of the history
of the universe. Such small variation of py is irrelevant to our dis-
cussion.

Refs. [31-33] assume a Yukawa coupling between ¢ and active
neutrinos and discuss the implication of the oscillatory behavior
of ¢ with time on the temporal modulation of various neutrino
beams. Ref. [34] assumes a gauge interaction between complex
ultra-light scalar DM and leptons and studies its impact on the
flavor ratios of cosmic neutrinos detected by ICECUBE. Here, we
assume a Yukawa coupling of the following form between real ¢
and vg

rpvlcvs +H.c. (2)

where ¢ is an asymmetric 2 x 2 matrix with components equal
to +1. Notice that this coupling is renormalizable and invariant
under the SM gauge group. As long as ¢ is lighter than the lightest
neutrino mass eigenstate, ¢ remains stable and therefore a suitable
dark matter candidate. Notice that we could write the interaction
of type ¢vsvs with similar results but to avoid adding new degrees
of freedom, we stick to this Majorana form which does not require
right-handed component for vy.

The coupling in Eq. (2) induces an effective mass for vg given
by

¢ cos(mgt). (3)

Meff = A
Taking mg <5 x 10717 eV =z, for up to after neutrino decou-
pling (to be precise until T ~ 0.22 MeV(mg/(5 x 10717 eV))1/2),
Meff Temains almost constant and equal to mesr = A Zp(’;‘t/m(p
where ,0(;”[ is the value of ps at t « 1/mg. Taking for exam-

ple pi* = pPy(0.22 MeVy/my/(5 x 10-17 eV)/T%)3 (where the
0 superscript denotes the values today), we find mefr = 2.3 x
10?4 eVaA(5 x 10717 eV/m,)'/4. Notice that the format of the ef-
fective mass that vs receives is of the Lorentz invariant Majorana
type which should be summed with the vs; mass in vacuum (m,,)
to obtain dispersion relation i.e., E3 — [Py, |* = (meff + my,)2. Us-
ing the superradiance argument, a vector dark matter with a mass
of 6 x 10720 —2 x 10717 eV is constrained [35] but these bounds
do not apply for the scalar dark matter. The superradiance bound
from M87* rules out only the scalar dark matter of mass of 1021
eV and lower [36].

Remember that in the case of the propagation of the active
neutrinos in matter, the Lorentz violating effective mass of active
neutrinos in medium (e.g., ZﬁGpnev;rve) is added to mlz,/(ZE,,)
to obtain the Hamiltonian governing the neutrino flavor evolution.
Here, the Lorentz conserving mess should be added to m,, rather
than to mﬁ/Ev. In the presence of megs > m,,, we can write the
effective active sterile mixing angle as

. . My
sin 26|t = sin 26
Meff
sin 26 at t<my’,
_ - 3/2
=1{ . it [ 022 MeV /my/5x10-17 ev 4 4
sin 26" T at t>»my-,

where 6 is the mixing angle in vacuum. At early universe when
T > 1 MeV, the active neutrinos undergo scattering off the neigh-
boring neutrinos and electrons. Each electroweak scattering will
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convert them to coherent active states without any v component.
To compute the oscillation probabilities, the evolution of full den-
sity matrix has to be computed [13] which is beyond the scope
of the present paper. However, for sin? 29%” « 1, a simplified esti-
mate can be made as follows [37]: The rate of v, to vs conversion,
I"yg—v,, €an be estimated as

sin? 26int
41,

Fvaavs =

where 7,71 is the interaction rate of neutrinos 7, ! ~ G2T. Thus,
the contribution to Nesf can be evaluated as

Timax ) 29““ Trmax 1
sim
8Nefr = / [y dt = Tm ‘L’_dt ,
"
Tmin Trmin

where Tnin is the neutrino decoupling temperature and Tpqy is the
maximum temperature for which (Am?/T)t < 1. Notice that we
use the fact that for my ~5 x 10717 eV up until Ty, mess and
therefore sin? 20" remain constant. Within the canonical 3 + 1
scheme (in the limit sin26; = sin26), Ref. [13] shows that for
sin?20 ~ 4 x 107% and Am? ~ 1 eV2, the contribution to Neff
is reduced to 0.1. Scaling these results, we conclude that taking
sin?26/" = 4 x 107>, the contribution will be less than 0(0.01)
and therefore negligible. For Am? ~ 3 eV? and |Ue4|2 ~ 2 x 1072
(a typical solution to the Gallium and reactor neutrino anomalies
[10] which is consistent with the most recent DANSS and STEREO

bounds [38]), sin*26;7* =4 x 10> can be achieved with m(y; >

40 eV which for p™ corresponding to ppy implies A > 2 x 10723,
That is taking A 22 x 10723 (my,/1 eV), the bound on Nesf can
be safely relaxed but below T ~ 0.01 MeV (well above the mat-
ter radiation equality era) as well as in the Milky Way, m.sf can
be neglected because p, and therefore the amplitude of ¢ will be
suppressed.

Let us now discuss how the bounds from BAO and CMB on
the sum of neutrino masses can be avoided. As we discussed, by
choosing A > 10723, the density of the v particles produced at

T < MeV can be reduced to an arbitrarily small value. The con-
tribution of them to the sum of the neutrino masses can be esti-
mated as §Nespmy,. Thus, as long as §Nesr < 0.01, the contribution
is well below the bound on the sum of neutrino masses, ), m,
[14].

For t ~ 1/my, the ¢ field will start oscillating so m.sf can
be even negative. This will have two dramatic consequences: (1)
At certain epochs, vs can become lighter than even mg, open-
ing the possibility of decay of ¢ to vs; (2) vs can become de-
generate with active neutrinos' paving the way for non-adiabatic
conversion of active neutrinos to v despite the fact that riesr =
MgMefs tan(mgt) <« my,. Let us discuss the consequences of each
case.

Even when vs becomes lighter than ¢, the perturbative life-
time of ¢ (i.e., 47 /A2m¢) will be greater than the age of universe,
however; as shown in [40], the ¢ field can convert into vs and Vg
pairs through a mechanism known as parametric resonance pro-
duction. During the epoch of our interest, the radiation dominates

! To be precise, the degeneracy between mass eigenstates will be broken by
AE =V, where V, is the effective potential for active neutrinos which at T < m,
is composed of a contribution from symmetric neutrino background ZSG%T5 plus a
contribution from the asymmetric electron background ~/2Gr (ne — nz) [39]. How-
ever, at these temperatures both of these quantities are very small, satisfying the

non-adiabaticity condition: 46y, / AE|resonance = /Zp;”f/(sinﬁcosev,,) > 1.

S0 Py K Py,- Thus, even if ¢ completely decays into vs, the effects
of the produced vs on cosmological observation will be negligi-
ble. If ¢ completely decays, another particle should play the role
of dark matter.

The non-adiabatic conversion of v{, v, and v3 to vg4 can
lead to a tension with the bounds from BAO and CMB on the
sum of neutrino masses. However, such tension can be solved
by opening up decay modes for v4. In fact, the A coupling
itself opens up a decay mode but the lifetime (being given
by (37, Usal?|Usi|>2? Am2,/(4mE4))~" will be longer than the
age of the universe. We can however introduce a new sin-
glet ¢’ with an SU3) x SU(2) x U(1) invariant coupling of
AM¢'vIcvs which can result in decay v; — vj¢’ with a rate of
)JZAm,.zj|Usj|2|Us,~|2/(47'rE,~) where we have neglected the ¢’ mass.
Notice that the lifetime of v; relative to that of v4 will be longer
by a factor of (Amﬁj|Us4|2)/(Aml2j|Usi|2). This means if we choose
A in a range that v4 decays during T = few eV-10 eV, the rest
of v; will be free streaming at the matter radiation equality era
[41]% but they can decay after recombination era. With a single
nonzero Ugys (o € {e, i, T}), the unitarity of the neutrino 4 x 4
mixing matrix implies that all elements Usy, Usy and Uz should
be nonzero so the coupling )»'¢'V5TCV5 leads to eventual decay of
all neutrinos to the lightest mass eigenstate; i.e.,, j =1 for normal
ordering and j =3 for inverted ordering. This also means that the
decay of lighter v; does not take place for cosmic neutrinos [41].
The required lifetime of v4 can be achieved with A’ =3.5 x 10712,
With such small A/, the lighter neutrino mass eigenstates, vy, V2
and v3 as well as the produced ¢’ will be free streaming dur-
ing 0.1 eV < T « MeV. Taking ¢’ massless or with a mass much
smaller than that of vy, its contribution to the ) m, measure-
ment from CMB and BAO will be negligible. The total energy in
the form of vy, v, v3 and ¢ will be equal to that of three neutri-
nos within the standard scheme leading to the same signatures as
the standard 3v scheme. Thus, the bounds from CMB and BAO can
be safely satisfied. With A’ = 3.5 x 10712, the lifetime of v4 will
be too long to be relevant for terrestrial, solar and even galactic
supernova neutrinos.

If instead of the renormalizable Yukawa coupling in Eq. (2),
we had taken a non-renormalizable coupling of form ¢2vST Cvs as
[26] or of form i(¢*du¢ — @3, P*)VyHv as [34], mesr could not
have become negative so the two consequences of my, +mesr — 0
enumerated above would not have applied. The active background
neutrinos at the start of the ¢ oscillation are mainly composed
of V1, U and v3, with a small contribution given by sin6p of
V4 where “~” emphasizes that these are the energy eigenstates
inside the (dark) matter medium. The neutrino propagation for
the aforementioned non-renormalizable coupling will remain adia-
batic so after the amplitude of ¢ diminishes due to the expansion,
the background will mainly consist of the vacuum mass eigen-
states vy, vy and vs with a small contribution from v4 given by
sin? 9,‘;;“ ~ 107>, As a result, the contribution from v, to > m, will
be negligible so satisfying the bounds from CMB and BAO on ) _m,
will not require a v4 decay mechanism.

Let us now discuss the stability of the ¢ mass in the presence
of the A coupling. This coupling is similar to the top Yukawa cou-
pling in the SM and will similarly induce a quadratically divergent
mass for ¢. Like the standard model, we assume that there is a yet
unknown mechanism (e.g., SUSY) which cancels this divergent con-
tribution. Still to have a “natural model”, we should check whether
the finite part of the contribution, Am,, /(47m) is smaller than my.
Taking A ~ 10723, we see that this condition is readily satisfied. At

2 However, see [42] which argues that the condition of free streaming might be
relaxed.
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T ~ 10 — 20 MeV when v, — vs may start, a “thermal” mass of
~ Anlsﬁ/\/ﬁ is induced in which n,, is the number density of the
produced vs. Remembering that 3/m, <« T ~ 10— 20 MeV, we find
the contribution is much smaller than (1/10723)10~17 eV which
is smaller than our benchmark value for mg. Similar consideration
holds valid for T < 0.1 MeV where vs can be resonantly populated.
As a result the thermal stability is guaranteed. For the larger val-
ues of A, the stability can be jeopardized and a more careful study
is required.

3. Prospects for KATRIN and PTOLEMY

The KArlsruhe TRItium Neutrino (KATRIN) experiment is de-
signed to measure the neutrino mass by studying the endpoint
of the spectrum of the emitted electron in the beta decay of
Tritium. The experiment, which will soon release its first data,
can be sensitive to the neutrino mass (or to be more precise to
my, =mq|Ue|? +mz|Ue|? +m3|Ues|? [43]) down to 0.2 eV [44].
On the other hand, in the framework of the ACDM and the stan-
dard model of particles (including neutrino mass) combining the
CMB and BAO [14] implies that neutrino mass should be smaller
than this threshold and KATRIN cannot therefore discern the shift
of the endpoint of the spectrum. However as shown in [45,46],
there are ways to relax the bounds from cosmology on the sum of
the neutrino masses opening up the hope for KATRIN to resolve a
sizable shift of the endpoint and to measure m,,,.

If ve has a v4 component with a mass of ~ 1 eV, it will show up
as a kink [11,12,47,48] in the spectrum of the emitted electron at
E. = Q —m,, where Q is the mass difference between the mother
and daughter nuclei. The height of the kink will be characterized
by |Ues|?. Within the 3 + 1 solution to the LSND and MiniBooNE
anomalies or the 3 + 1 solution to the reactor and Gallium anoma-
lies, the size of the kink can be large enough to be resolved [12].
Let us discuss the implications of KATRIN observations combined
with other observations within our scenario.

If future studies establish a deficit in the reactor v, flux com-
patible with the 3+ 1 scheme with Am? ~ 1 eV? and |Ues|? ~ 0.01
and on the other hand if KATRIN observes a kink with the corre-
sponding position and amplitude, this will be a strong hint in favor
of the 3 + 1 scheme. There is a similar concept to detect relic neu-
trinos by the v, capture on Tritium. The PTOLEMY experiment is
proposed to search for relic neutrinos invoking this concept [49].
Similarly to KATRIN, it can also study the beta decay spectrum.
Within the 3v mass scheme, we expect a peak further away from
the endpoint at E, = Q +m,,, due to the v, capture on Tritium. (To
be more precise, we expect three peaks at Q +m,,, Q +m,, and
Q +m,y, which overlap with each other, looking like a single peak.
Since within the 3v scheme, we expect Fy, : Fy, : Fyy, =1:1:1,
the heights of these three overlapping peaks are given by |Ueq |2,
[Ue2|? and |Ues|?.) Within the 3 + 1 scheme in addition to this
peak, there will be another peak at E. = Q + m,, but with a
height suppressed by |Ues|?. As we discussed in the previous sec-
tion, within our scenario neutrinos will eventually decay into the
lightest mass eigenstate; i.e., v; for the normal mass ordering and
v3 for the inverted mass ordering. Thus, we expect a single peak at
PTOLEMY-like setups at Q +m,, (Q +m,,) with a height enhanced
(suppressed) by a factor of 3|Ue1|? (a factor of 3|U3|?) relative to
the peak for the 3v scheme for normal (inverted) mass ordering
scheme. As a result, the presence of the kink at KATRIN results (or
at PTOLEMY itself) but the absence of a second peak in the v, cap-
ture experiments might be taken as an indication for the v4 decay
with a lifetime shorter than the age of the universe. We should
however notice that in a scenario with a non-renormalizable cou-
pling between v and ¢, as discussed in the previous section, the

contribution of v4 to the background will be also negligible so sim-
ilarly to our scenario, there will be no second peak. In this case
however the height of the peak will be the same as that in the
standard 3v scheme rather than being enhanced (suppressed) by
3|Ue1? (or by 3|Ues|).

4. Summary

We have proposed a scenario to make the 3 4+ 1 solution to
the short baseline neutrino anomalies compatible with the cos-
mological observations. The scenario is based on a small Yukawa
coupling between the sterile neutrino and ultra-light background
scalar with a mass of my <5 x 10717 eV. This coupling will in-
duce an effective mass for vs in the early universe when active
neutrinos are still in thermal equilibrium with plasma, suppressing
the effective active sterile mixing and therefore the vs production.
This way the bound on N,y is satisfied. Below T ~0.01 MeV (and
for sure at present) the effective mass induced by the coupling to
the dark matter is negligible.

After the neutrino decoupling when the ¢ field starts oscillat-
ing, the effective mass induced for vs (meff) can become negative,
canceling the vacuum mass, m,,. During the instants of total can-
cellation, active neutrinos can be resonantly converted to v, caus-
ing a tension with the total neutrino mass bounds from BAO and
CMB. A remedy is to open up the possibility of v4 decay before
matter radiation equality. This rather fast decay can be achieved
by coupling vs to another singlet scalar which is lighter than vy.
We have discussed the interpretation of possible results from fu-
ture observations of KATRIN and PTOLEMY within the framework
of the present scenario and compare it with the predictions of cer-
tain alternative frameworks.

Throughout this letter, our main focus was on the 3+ 1 solution
to the short baseline anomalies but these results can be applied to
even the 3 + 1 solution to the ANITA events [50] which relies on
nonzero |Ucy4| instead of nonzero |Ues| or |U,a4|. After this work
was submitted to the archive, Ref. [51] appeared which confirms
the suppression of §N,fs by the present scenario.

Acknowledgements

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No. 674896 and No. 690575. YF
has received partial financial support from Saramadan under con-
tract No. ISEF/M/98223. YF would like also to thank the ICTP staff
and the INFN node of the INVISIBLES network in Padova. The au-
thor is also grateful to M.M. Sheikh-Jabbari for useful discussions
and thanks P. Denton and J. Cline for fruitful remarks.

References

[1] A. Aguilar-Arevalo, et al., LSND Collaboration, Phys. Rev. D 64 (2001) 112007,
https://doi.org/10.1103/PhysRevD.64.112007, arXiv:hep-ex/0104049.

[2] A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 121 (22)
(2018) 221801, https://doi.org/10.1103/PhysRevLett.121.221801, arXiv:1805.
12028 [hep-ex].

[3] C. Giunti, M. Laveder, Y.F. Li, QY. Liu, HW. Long, Phys. Rev. D 86 (2012) 113014,
https://doi.org/10.1103/PhysRevD.86.113014, arXiv:1210.5715 [hep-ph];

C. Giunti, M. Laveder, Phys. Rev. C 83 (2011) 065504, https://doi.org/10.1103/
PhysRev(C.83.065504, arXiv:1006.3244 [hep-ph].

[4] T.A. Mueller, et al, Phys. Rev. C 83 (2011) 054615, https://doi.org/10.1103/
PhysRev(C.83.054615, arXiv:1101.2663 [hep-ex].

[5] P. Huber, Phys. Rev. C 84 (2011) 024617, https://doi.org/10.1103/PhysRevC.84.
024617, Phys. Rev. C 85 (2012) 029901, https://doi.org/10.1103/PhysRevC.85.
029901 (Erratum), arXiv:1106.0687 [hep-ph].

[6] P. Adamson, et al, MINOS+ Collaboration, Phys. Rev. Lett. 122 (9)
(2019) 091803, https://doi.org/10.1103/PhysRevLett.122.091803, arXiv:1710.
06488 [hep-ex].


https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1103/PhysRevD.86.113014
https://doi.org/10.1103/PhysRevC.83.065504
https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.85.029901
https://doi.org/10.1103/PhysRevLett.122.091803
https://doi.org/10.1103/PhysRevC.83.065504
https://doi.org/10.1103/PhysRevC.83.054615
https://doi.org/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.85.029901

Y. Farzan / Physics Letters B 797 (2019) 134911 5

[7] BJ.P. Jones, IceCube Collaboration, EP] Web Conf. 207 (2019) 04005, https://
doi.org/10.1051/epjconf/201920704005, arXiv:1902.06185 [hep-ex].

[8] G. Mention, M. Fechner, T. Lasserre, T.A. Mueller, D. Lhuillier, M. Cribier, A. Le-
tourneau, Phys. Rev. D 83 (2011) 073006, https://doi.org/10.1103/PhysRevD.83.
073006, arXiv:1101.2755 [hep-ex].

[9] S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, E.M. Zavanin, ]J. Phys. G 43
(2016) 033001, https://doi.org/10.1088/0954-3899/43/3/033001, arXiv:1507.
08204 [hep-ph].

[10] J. Kostensalo, ]. Suhonen, C. Giunti, P.C. Srivastava, arXiv:1906.10980 [nucl-th].

[11] Y. Farzan, O.L.G. Peres, A.Y. Smirnov, Nucl. Phys. B 612 (2001) 59, https://doi.
0rg/10.1016/S0550-3213(01)00361-3, arXiv:hep-ph/0105105;

S.M. Bilenky, S. Pascoli, S.T. Petcov, Phys. Rev. D 64 (2001) 113003, https://
doi.org/10.1103/PhysRevD.64.113003, arXiv:hep-ph/0104218.

[12] A. Esmaili, O.L.G. Peres, Phys. Rev. D 85 (2012) 117301, https://doi.org/10.1103/
PhysRevD.85.117301, arXiv:1203.2632 [hep-ph].

[13] S. Gariazzo, PF. de Salas, S. Pastor, arXiv:1905.11290 [astro-ph.CO].

[14] N. Aghanim, et al., Planck Collaboration, arXiv:1807.06209 [astro-ph.CO].

[15] S. Hannestad, R.S. Hansen, T. Tram, Phys. Rev. Lett. 112 (3) (2014) 031802,
https://doi.org/10.1103/PhysRevLett.112.031802, arXiv:1310.5926 [astro-ph.
CoJ.

[16] X. Chu, B. Dasgupta, M. Dentler, J. Kopp, N. Saviano, J. Cosmol. Astropart. Phys.
1811 (11) (2018) 049, https://doi.org/10.1088/1475-7516/2018/11/049, arXiv:
1806.10629 [hep-ph].

[17] B. Dasgupta, J. Kopp, Phys. Rev. Lett. 112 (3) (2014) 031803, https://doi.org/10.
1103/PhysRevLett.112.031803, arXiv:1310.6337 [hep-ph].

[18] X. Chu, B. Dasgupta, J. Kopp, J. Cosmol. Astropart. Phys. 1510 (10) (2015) 011,
https://doi.org/10.1088/1475-7516/2015/10/011, arXiv:1505.02795 [hep-ph].

[19] A. Paul, A. Ghoshal, A. Chatterjee, S. Pal, arXiv:1808.09706 [astro-ph.CO].

[20] A. Mirizzi, G. Mangano, O. Pisanti, N. Saviano, Phys. Rev. D 91 (2) (2015)
025019, https://doi.org/10.1103/PhysRevD.91.025019, arXiv:1410.1385 [hep-
ph].

[21] J.E. Cherry, A. Friedland, .M. Shoemaker, arXiv:1605.06506 [hep-ph].

[22] N. Saviano, O. Pisanti, G. Mangano, A. Mirizzi, Phys. Rev. D 90 (11) (2014)
113009, https://doi.org/10.1103/PhysRevD.90.113009, arXiv:1409.1680 [astro-
ph.CO]J.

[23] N. Song, M.C. Gonzalez-Garcia, ]. Salvado, J. Cosmol. Astropart. Phys. 1810 (10)
(2018) 055, https://doi.org/10.1088/1475-7516/2018/10/055, arXiv:1805.08218
[astro-ph.CO].

[24] M. Archidiacono, S. Hannestad, R.S. Hansen, T. Tram, Phys. Rev. D 91 (6)
(2015) 065021, https://doi.org/10.1103/PhysRevD.91.065021, arXiv:1404.5915
[astro-ph.CO].

[25] L. Vecchi, Phys. Rev. D 94 (11) (2016) 113015, https://doi.org/10.1103/
PhysRevD.94.113015, arXiv:1607.04161 [hep-ph].

[26] Y. Zhao, Phys. Rev. D 95 (11) (2017) 115002, https://doi.org/10.1103/PhysRevD.
95.115002, arXiv:1701.02735 [hep-ph].

[27] PB. Denton, Y. Farzan, .M. Shoemaker, Phys. Rev. D 99 (3) (2019) 035003,
https://doi.org/10.1103/PhysRevD.99.035003, arXiv:1811.01310 [hep-ph].

[28] L. Hui, J.P. Ostriker, S. Tremaine, E. Witten, Phys. Rev. D 95 (4) (2017) 043541,
https://doi.org/10.1103/PhysRevD.95.043541, arXiv:1610.08297 [astro-ph.CO];
W. Hu, R. Barkana, A. Gruzinov, Phys. Rev. Lett. 85 (2000) 1158, https://doi.org/
10.1103/PhysRevLett.85.1158, arXiv:astro-ph/0003365;

L. Amendola, R. Barbieri, Phys. Lett. B 642 (2006) 192, https://doi.org/10.1016/
j.physletb.2006.08.069, arXiv:hep-ph/0509257.

[29] DJ.E. Marsh, Phys. Rep. 643 (2016) 1, https://doi.org/10.1016/j.physrep.2016.06.
005, arXiv:1510.07633 [astro-ph.CO].

[30] J. Preskill, M.B. Wise, F. Wilczek, Phys. Lett. B 120 (1983) 127;

L.F. Abbott, P. Sikivie, Phys. Lett. B 120 (1983) 133;
M. Dine, W. Fischler, Phys. Lett. B 120 (1983) 137.

[31] A. Berlin, Phys. Rev. Lett. 117 (23) (2016) 231801, https://doi.org/10.1103/
PhysRevLett.117.231801, arXiv:1608.01307 [hep-ph].

[32] G. Krnjaic, P.A.N. Machado, L. Necib, Phys. Rev. D 97 (7) (2018) 075017, https://
doi.org/10.1103/PhysRevD.97.075017, arXiv:1705.06740 [hep-ph].

[33] V. Brdar, J. Kopp, J. Liu, P. Prass, X.P. Wang, Phys. Rev. D 97 (4) (2018) 043001,
https://doi.org/10.1103/PhysRevD.97.043001, arXiv:1705.09455 [hep-ph].

[34] Y. Farzan, S. Palomares-Ruiz, Phys. Rev. D 99 (5) (2019) 051702, https://doi.org/
10.1103/PhysRevD.99.051702, arXiv:1810.00892 [hep-ph].

[35] M. Baryakhtar, R. Lasenby, M. Teo, Phys. Rev. D 96 (3) (2017) 035019, https://
doi.org/10.1103/PhysRevD.96.035019, arXiv:1704.05081 [hep-ph].

[36] H. Davoudiasl, P.B. Denton, Phys. Rev. Lett. 123 (2) (2019) 021102, https://doi.
org/10.1103/PhysRevLett.123.021102, arXiv:1904.09242 [astro-ph.CO].

[37] Section 7.3 of Gorbunov and Rubakov, Introduction to the Theory of the Early
Universe, second edition, World Scientific;

A.D. Dolgov, Phys. Rep. 370 (2002) 333, https://doi.org/10.1016/S0370-1573(02)
00139-4, arXiv:hep-ph/0202122.

[38] I. Alekseev, et al., DANSS Collaboration, Phys. Lett. B 787 (2018) 56, https://
doi.org/10.1016/j.physletb.2018.10.038, arXiv:1804.04046 [hep-ex];

Slides by Mikhail Danilov and by Pablo del Amo Sanchez presented at EPS-HEP
2019 meeting on 11 July 2019.

[39] D. Notzold, G. Raffelt, Nucl. Phys. B 307 (1988) 924.

[40] J.H. Traschen, R.H. Brandenberger, Phys. Rev. D 42 (1990) 2491;

L. Kofman, A.D. Linde, A.A. Starobinsky, Phys. Rev. Lett. 73 (1994) 3195, https://
doi.org/10.1103/PhysRevLett.73.3195, arXiv:hep-th/9405187;

Y. Shtanov, J.H. Traschen, R.H. Brandenberger, Phys. Rev. D 51 (1995) 5438,
https://doi.org/10.1103/PhysRevD.51.5438, arXiv:hep-ph/9407247;

L. Kofman, A.D. Linde, X. Liu, A. Maloney, L. McAllister, E. Silverstein, ]. High
Energy Phys. 0405 (2004) 030, https://doi.org/10.1088/1126-6708/2004/05/030,
arXiv:hep-th/0403001;

A.A. Abolhasani, M.M. Sheikh-Jabbari, arXiv:1903.05120 [astro-ph.CO].

[41] S. Hannestad, G. Raffelt, Phys. Rev. D 72 (2005) 103514, https://doi.org/10.1103/
PhysRevD.72.103514, arXiv:hep-ph/0509278.

[42] N.F. Bell, E. Pierpaoli, K. Sigurdson, Phys. Rev. D 73 (2006) 063523, https://
doi.org/10.1103/PhysRevD.73.063523, arXiv:astro-ph/0511410.

[43] Y. Farzan, A.Y. Smirnov, Phys. Lett. B 557 (2003) 224, https://doi.org/10.1016/
S0370-2693(03)00207-7, arXiv:hep-ph/0211341.

[44] A. Osipowicz, et al., KATRIN Collaboration, arXiv:hep-ex/0109033.

[45] Y. Farzan, S. Hannestad, ]. Cosmol. Astropart. Phys. 1602 (02) (2016) 058,
https://doi.org/10.1088/1475-7516/2016/02/058, arXiv:1510.02201 [hep-ph].

[46] LM. Oldengott, G. Barenboim, S. Kahlen, J. Salvado, D.J. Schwarz, ]J. Cosmol. As-
tropart. Phys. 1904 (04) (2019) 049, https://doi.org/10.1088/1475-7516/2019/
04/049, arXiv:1901.04352 [astro-ph.CO].

[47] AS. Riis, S. Hannestad, ]J. Cosmol. Astropart. Phys. 1102 (2011) 011, https://
doi.org/10.1088/1475-7516/2011/02/011, arXiv:1008.1495 [astro-ph.CO].

[48] A. Abada, A. Hernandez-Cabezudo, X. Marcano, J. High Energy Phys. 1901
(2019) 041, https://doi.org/10.1007/JHEP01(2019)041, arXiv:1807.01331 [hep-
ph].

[49] M.G. Betti, et al., PTOLEMY Collaboration, arXiv:1902.05508 [astro-ph.CO].

[50] J.E. Cherry, .M. Shoemaker, Phys. Rev. D 99 (6) (2019) 063016, https://doi.org/
10.1103/PhysRevD.99.063016, arXiv:1802.01611 [hep-ph].

[51] J.M. Cline, arXiv:1908.02278 [hep-ph].


https://doi.org/10.1051/epjconf/201920704005
https://doi.org/10.1103/PhysRevD.83.073006
https://doi.org/10.1088/0954-3899/43/3/033001
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib47616Cs1
https://doi.org/10.1016/S0550-3213(01)00361-3
https://doi.org/10.1103/PhysRevD.64.113003
https://doi.org/10.1103/PhysRevD.85.117301
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib47617269617A7A6F3A32303139677969s1
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib506C616E636Bs1
https://doi.org/10.1103/PhysRevLett.112.031802
https://doi.org/10.1088/1475-7516/2018/11/049
https://doi.org/10.1103/PhysRevLett.112.031803
https://doi.org/10.1088/1475-7516/2015/10/011
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib5061756C3A323031386E6A6Ds1
https://doi.org/10.1103/PhysRevD.91.025019
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib4368657272793A323031366A6F6Cs1
https://doi.org/10.1103/PhysRevD.90.113009
https://doi.org/10.1088/1475-7516/2018/10/055
https://doi.org/10.1103/PhysRevD.91.065021
https://doi.org/10.1103/PhysRevD.94.113015
https://doi.org/10.1103/PhysRevD.95.115002
https://doi.org/10.1103/PhysRevD.99.035003
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1016/j.physrep.2016.06.005
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib7531s1
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib7531s2
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib7531s3
https://doi.org/10.1103/PhysRevLett.117.231801
https://doi.org/10.1103/PhysRevD.97.075017
https://doi.org/10.1103/PhysRevD.97.043001
https://doi.org/10.1103/PhysRevD.99.051702
https://doi.org/10.1103/PhysRevD.96.035019
https://doi.org/10.1103/PhysRevLett.123.021102
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/j.physletb.2018.10.038
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib4E6F747A6F6C643A31393837696Bs1
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib547261736368656E3A313939307377s1
https://doi.org/10.1103/PhysRevLett.73.3195
https://doi.org/10.1103/PhysRevD.51.5438
https://doi.org/10.1088/1126-6708/2004/05/030
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib547261736368656E3A313939307377s5
https://doi.org/10.1103/PhysRevD.72.103514
https://doi.org/10.1103/PhysRevD.73.063523
https://doi.org/10.1016/S0370-2693(03)00207-7
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib6B617472696Es1
https://doi.org/10.1088/1475-7516/2016/02/058
https://doi.org/10.1088/1475-7516/2019/04/049
https://doi.org/10.1088/1475-7516/2011/02/011
https://doi.org/10.1007/JHEP01(2019)041
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib42657474693A323031396F7566s1
https://doi.org/10.1103/PhysRevD.99.063016
http://refhub.elsevier.com/S0370-2693(19)30633-1/bib436C696E653A3230313973656Fs1
https://doi.org/10.1051/epjconf/201920704005
https://doi.org/10.1103/PhysRevD.83.073006
https://doi.org/10.1016/S0550-3213(01)00361-3
https://doi.org/10.1103/PhysRevD.64.113003
https://doi.org/10.1103/PhysRevD.85.117301
https://doi.org/10.1103/PhysRevLett.112.031803
https://doi.org/10.1103/PhysRevD.94.113015
https://doi.org/10.1103/PhysRevD.95.115002
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1016/j.physletb.2006.08.069
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1103/PhysRevLett.117.231801
https://doi.org/10.1103/PhysRevD.97.075017
https://doi.org/10.1103/PhysRevD.99.051702
https://doi.org/10.1103/PhysRevD.96.035019
https://doi.org/10.1103/PhysRevLett.123.021102
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/j.physletb.2018.10.038
https://doi.org/10.1103/PhysRevLett.73.3195
https://doi.org/10.1103/PhysRevD.72.103514
https://doi.org/10.1103/PhysRevD.73.063523
https://doi.org/10.1016/S0370-2693(03)00207-7
https://doi.org/10.1088/1475-7516/2019/04/049
https://doi.org/10.1088/1475-7516/2011/02/011
https://doi.org/10.1103/PhysRevD.99.063016

	Ultra-light scalar saving the 3+1 neutrino scheme from the cosmological bounds
	1 Introduction
	2 The model
	3 Prospects for KATRIN and PTOLEMY
	4 Summary
	Acknowledgements
	References


