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a b s t r a c t

Neutrinos, being the only fermions in the Standard Model of Particle Physics that do not
possess electromagnetic or color charges, have the unique opportunity to communicate
with fermions outside the Standard Model through mass mixing. Such Standard Model-
singlet fermions are generally referred to as ‘‘sterile neutrinos’’. In this review article,
we discuss the theoretical and experimental motivation for sterile neutrinos, as well as
their phenomenological consequences. With the benefit of hindsight in 2020, we point
out potentially viable and interesting ideas. We focus in particular on sterile neutrinos
that are light enough to participate in neutrino oscillations, but we also comment on
the benefits of introducing heavier sterile states. We discuss the phenomenology of
eV-scale sterile neutrinos in terrestrial experiments and in cosmology, we survey the
global data, and we highlight various intriguing anomalies. We also expose the severe
tension that exists between different data sets and prevents a consistent interpretation
of the global data in at least the simplest sterile neutrino models. We discuss non-
minimal scenarios that may alleviate some of this tension. We briefly review the status
of keV-scale sterile neutrinos as dark matter and the possibility of explaining the matter–
antimatter asymmetry of the Universe through leptogenesis driven by yet heavier sterile
neutrinos.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

When Wolfgang Pauli proposed the existence of neutrinos in 1930, he called them a ‘‘desperate remedy’’ and
onsidered them undetectable [1,2]. Nowadays, particle physics has come a long way: experimentalists detect neutrinos on
daily basis, and theorists introduce new ‘‘invisible’’ particles at the same rate, showing sometimes the same desperation
s Pauli, but with much fewer qualms. Among the most popular invisible particles found in the literature are sterile
eutrinos: Standard Model singlet fermions that interact with ordinary matter only through mixing with the neutrinos.
The denomination ‘‘neutrino’’ refers to their fermionic nature and their electric charge neutrality, the adjective ‘‘sterile’’
ndicates their neutrality under weak interactions.)

Sterile neutrinos are the topic of this review article, with particular focus on relatively light (eV-scale) sterile states.
terile neutrinos are theoretically well-motivated, with the main arguments in their favor being the following:

1. Singlet fermions naturally appear in the dark sector. There is overwhelming evidence for the existence of new,
extremely weakly interacting particles in the Universe that constitute about 80% of its total matter content. Given
strong experimental constraints on this ‘‘dark matter’’, it very likely does not carry Standard Model gauge charges.
In most models, the dark matter particle comes with a ‘‘dark sector’’ of additional Standard Model singlet particles.
Any dark sector fermion will mix with neutrinos, unless the corresponding coupling — a Yukawa coupling of the
form

L ⊃ y (iσ 2H∗)LN (1.1)

is forbidden by extra symmetries.1 In fact, the dark matter itself could be in the form of sterile neutrinos.

1 In our notation, L is a Standard Model lepton doublet, N is the sterile neutrino, H is the Higgs doublet, σ 2 is a Pauli matrix, and y is a
dimensionless coupling constant. All fermions are interpreted as Weyl spinors. See Section 3 for details.
2
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2. The neutrino portal coupling from Eq. (1.1) is the only possible renormalizable coupling between SM particles
and new singlet fermions. Observational constraints restrict dark matter from interacting too strongly with the
Standard Model, but they also require that such interactions cannot be too weak, otherwise it would be difficult
to understand how dark matter is produced in the early Universe. At the renormalizable level, there are only three
possible ‘‘portal’’ interactions: Eq. (1.1) for fermions, the ‘‘kinetic mixing portal’’ ϵFµνF ′µν for gauge bosons, and
the ‘‘Higgs portal’’ λ (φ†φ)(H†H) for scalars. (Here, Fµν and F ′µν are the field strength tensors of electromagnetism
and of a new dark sector U(1)′ symmetry, respectively; φ is a dark sector scalar field; and ϵ, λ are dimensionless
coupling constant.) This shows how generic the neutrino portal interaction is.

3. Sterile neutrinos generically appear in models that explain the smallness of neutrino masses. This is particularly
true for the famous ‘‘seesaw mechanism’’ and its variants. We will dive deeper into this topic in Section 3.

This review is organized as follows: in Section 2, we will introduce various anomalies observed in neutrino oscillation
experiments that have sparked interest in eV-scale sterile neutrinos for more than two decades already. We will then
focus on more theoretical aspects in Section 3 and discuss sterile neutrinos from a model-building point of view. Section 4
will be devoted to the rich phenomenology of light sterile neutrinos in terrestrial experiments, in particular oscillation
experiments, precision measurements of beta decay kinematics, and neutrinoless double beta decay searches. We will
see that the oscillation anomalies introduced earlier cannot be consistently explained in the simplest ‘‘3 + 1’’ sterile
neutrino models, but we will also review several scenarios involving decaying sterile neutrinos that have the potential to
alleviate this tension. In Section 5 we will review sterile neutrino cosmology. We will in particular show how Big Bang
nucleosynthesis (BBN), the Cosmic Microwave Background (CMB), and large scale structure (LSS) set tight constraints
on these models, ruling out the simple 3 + 1 scenario, but leaving some room for extended models. We then turn our
attention to heavier sterile neutrinos. In Section 6 we review keV-scale sterile neutrino dark matter, and in Section 7 the
possibility to generate the observed matter–antimatter asymmetry due to heavy sterile neutrinos.

2. Experimental hints for sterile neutrinos?

The possibility that more than three light neutrino species participate in neutrino oscillations has been discussed for
several decades already. When a deficit of atmospheric muon neutrinos was first observed by the Kamiokande [3,4] and
IMB [5,6] experiments, the possibility that this deficit was due to oscillations of muon neutrinos (νµ) into sterile neutrinos
(νs) was widely discussed, see for instance refs. [7,8]. Similarly, oscillations of active neutrinos into sterile neutrinos have
also been considered as an explanation of the solar neutrino problem [9–16].

It has been firmly established that both atmospheric and solar neutrino oscillations are due to transitions among
active neutrino flavors [17,18]. However, several neutrino oscillation anomalies remain, which cannot be explained in the
standard three flavor framework, thus keeping the experimental motivation for sterile neutrinos alive. In the following, we
will discuss these anomalies one by one, starting with the LSND and MiniBooNE experiments, which employ accelerator-
based neutrino beams, and continuing with experiments using nuclear reactors and intense samples of radioactive isotopes
as sources. The discussion of these experiments will therefore also exhibit the main experimental techniques employed
to search for sterile neutrinos in oscillations.

2.1. LSND: Neutrinos from stopped pion decay

The Liquid Scintillator Neutrino Detector (LSND) [19] had been operating at Los Alamos National Laboratory from 1993
through 1998. As schematically shown in Fig. 2.1, the experiment consisted of a cylindrical detector, filled with 167 metric
tons of mineral oil (chemical composition ∼CH2), doped with 0.031g/l of scintillator. The active target was surrounded
by a veto system to suppress cosmogenic backgrounds.

The detector was exposed to the neutrinos produced at the Los Alamos Meson Physics Facility (LAMPF). The main
neutrino production target (called the A6 target) consisted of a water tank exposed to an ∼800MeV proton beam, followed
by a copper beam stop. In the beam stop, the positive pions (π+) produced in the target were brought to a stop before
ecaying mostly via π+

→ νµ + (µ+
→ e+νeν̄µ). Negatively charged pions were rapidly absorbed by nuclei without

roducing neutrinos. The neutrino detector was placed 29.7m downstream of the beam stop. Besides the primary A6
arget, the LAMPF complex included also other targets (A1 and A2) used to produce pion and muon beams for other
xperiments. These targets, located upstream of A6, also contribute to the neutrino flux observed by LSND, but only at
he percent level.

The LSND beam was composed of νµ, ν̄µ, and νe, but as most π− were absorbed via the strong interaction before
ecaying, it contained almost no electron anti-neutrinos (ν̄e), making it ideally suited for a µ̄ν → ν̄e oscillation search. ν̄e
nteractions (p + ν̄e → n + e+) are tagged via the coincident observation of the prompt positron signal and the delayed
ignal from neutron capture on another proton, n + p → d + γ (2.2MeV).
The combined results from six measurement campaigns (1993–1998) are shown in Fig. 2.2 as a function of positron

nergy (left panel) and as a function of L/Eν (right panel). Here L is the source–detector distance (the baseline) and Eν
s the neutrino energy. The motivation for showing the data as a function of this quantity lies in the fact that the phase
f neutrino oscillations evolves with L/Eν . In fact, LSND observes a significant (3σ ) excess compared to the estimated
ackground (red and green histograms), and the most frequently entertained explanation for this excess is in terms of
3
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Fig. 2.1. The layout of the LSND experiment.
Source: Figure taken from Ref. [19].

Fig. 2.2. The distribution of observed events in LSND as a function of positron energy Ee (left) and as a function of L/Eν (baseline over reconstructed
neutrino energy, right). Green histograms show the background from the intrinsic ν̄e contamination in the beam (mostly due to the decay of µ−

from π− decay in flight), while red histograms indicate all other backgrounds, such as misidentified νµ and ν̄µ . Blue histograms correspond to the
predicted signal from (2-flavor) neutrino oscillations.
Source: Figure taken from [20].

oscillations between SM neutrinos and extra, sterile neutrinos (blue histogram). However, as we will argue below, this
explanation is very difficult to reconcile with results from other experiments so that, at the time of this writing, the LSND
excess remains unexplained more than 20 years after LSND stopped taking data.

The main backgrounds in LSND are due to the intrinsic ν̄e contamination of the beam (arising mainly from the decay
of µ− produced by π− that decay before being absorbed) and due to the misidentification of νµ and ν̄µ as ν̄e.

While no satisfactory explanation of LSND in terms of systematic errors or Standard Model uncertainties has been
found yet, it is nevertheless instructive to consider a few explanation attempts, and the reasons for their failure:

• Decay in flight. π− decaying in flight before they can be absorbed in matter are an obvious source of ν̄e. For this
reason, the LSND collaboration has carefully modeled the LSND target hall (including also the aforementioned A1
and A2 targets). Thanks to the nearly hermetic shielding of this area, it is difficult to imagine where these estimates
could have gone wrong.

• Accidental backgrounds. The signature of a CC νe interaction, consisting of a positron and a neutron, can be mim-
icked by random coincidences between cosmic-ray induced neutrons and cosmic-ray induced electrons or positrons,
or by random coincidence between cosmic-ray induced neutrons and electrons generated by CC νe interactions.
(Unlike ν̄e, νe are abundant in the LSND beam.) However, these backgrounds can be estimated straightforwardly,
and it turns out that they are negligible because the probability for both temporal and spatial coincidence between
a random neutron and a random electron or positron is tiny.

• Knock-on neutrons. If a νe interacts with a carbon nucleus inside the LSND detector via quasi-elastic scattering, it
will convert into an electron and eject a proton. On its way out of the nucleus, this proton may transfer its energy
4
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to a neutron, so that the final state will be e−
+ n. This final state is indistinguishable from the e+

+ n signature of a
ν̄e interaction. As νe are abundant in the LSND beam, even a small probability for the production of such knock-on
neutrons could be problematic. However, energetics come to the rescue: the energy required to liberate a neutron
from a carbon nucleus is so high that events of this type would mostly fall below the 20MeV cut which LSND impose
on the reconstructed positron energy. The same is true for other nuclei that are present in the LSND scintillator (and
are further suppressed due to their small abundance).

• Inhibition of π− capture. As stated above, stopped π− do not contribute to LSND’s neutrino flux because they are
immediately absorbed by a nucleus. Unlike for π+, there is no Coulomb barrier preventing such capture. One may
wonder how robust this statement is, and whether some µ− could survive for long enough even after being stopped
to contribute appreciably to the ν̄e flux. This could happen for instance when µ− are captured into an outer orbit of
an atom, with a large orbital angular momentum. The time it takes them to cascade down into an s-wave state from
which they can be absorbed could be comparable to the muon lifetime. However, more detailed estimates show
that the fraction of µ− for which this might happen is too small to explain the LSND anomaly. This also because the
number of parent π− that are produced in the LSND target is about an order of magnitude smaller than the number
of π+ [19].

2.2. MiniBooNE: A horn-focused neutrino beam

The MiniBooNE experiment at Fermilab has been designed to independently test the possibility that the LSND anomaly
is explained by neutrino oscillations.2 Instead of a stopped pion source it employs a neutrino beam produced by pions
decaying in flight. More precisely, neutrinos are produced by directing the 8GeV Booster beam at Fermilab onto a
beryllium target, where pions are copiously produced. A magnetic horn focuses pions of one polarity in the forward
direction, while simultaneously defocusing pions of the opposite polarity. Pions are then allowed to decay in a decay
tunnel, producing a beam consisting dominantly of νµ (if the horn polarity is such that π+ are focused) or ν̄µ (if the horn
polarity is such that π− are focused). In the rock between the end of the decay tunnel and the detector, muons from
pion decay as well as any other beam remnants are stopped to prevent them from contaminating the measurement. The
resulting neutrino covers the energy range from ∼200MeV to ∼1.5GeV [21].

The detector, located 541m downstream of the primary pion production target, is a spherical vessel containing 818 tons
of mineral oil [22]. High energy charged particles lead to the emission of both scintillation light and Čerenkov radiation,
which is observed by photomultiplier tubes (PMTs) covering the surface of the detector. The detector has been optimized
to identify charged current (CC) νe and ν̄e interactions, whose signature is a single electron or positron, as well as CC νµ
and ν̄µ interactions, identified by the single muon in the final state.

MiniBooNE has collected a neutrino flux corresponding to 18.75 × 1020 protons on target in neutrino mode (π+

focused) and 11.27×1020 protons on target in anti-neutrino mode (π− focused). The resulting event spectra and predicted
backgrounds are shown in Fig. 2.3. A clear excess is observed, with a significance of 4.7σ in neutrino mode and of 4.8σ
when neutrino and anti-neutrino mode data are combined [23]. Like the LSND excess, the MiniBooNE excess can be
explained in terms of active-to-sterile neutrino oscillations when considered in isolation (blue dashed histograms in
Fig. 2.3), but this explanation runs into severe difficulties when fitted together with data from other experiments (see
Section 4.1).

While backgrounds in MiniBooNE are manifold, many background contributions can be estimated using data-driven
methods. An irreducible source of background arises from the intrinsic contamination of the beam by νe and ν̄e produced
in kaon or muon decays (turquoise histograms in Fig. 2.3). Kaons are produced in the primary target, and albeit the
production rate is much lower than for pions, their larger branching ratio to νe / ν̄e makes them non-negligible. Muons
are produced in pion decay, and while most of them are stopped in the rock separating the decay tunnel from the detector,
some of them decay already in the decay tunnel, leading to an extra flux of high energy neutrinos. The intrinsic νe / ν̄e
contamination of the MiniBooNE beam was determined based on external measurements and on data from the SciBooNE
detector located in the same beam, upstream of MiniBooNE [25].

A second source of background arises from π0 production in neutral current (NC) neutrino interactions, followed by
the decay π0

→ γ γ (red histograms in Fig. 2.3). As MiniBooNE cannot distinguish photons from electrons or positrons,
this process can mimic the signal if one of the photons leaves the fiducial detector volume before converting to a visible
e+e− pair, if one photon is absorbed by a nucleus before converting, or if the two photons are too close to each other to
be separately identified. To make the last condition more precise, note that, to reject π0 events MiniBooNE reconstructs
candidate events assuming a two-photon topology, and then imposes an invariant-mass cut on the two reconstructed
photons [24]. The π0 background is predicted based on the π0 production cross section measured in situ in events in
which the two photons are successfully separated. Therefore, the π0 background prediction is independent of the large
uncertainties in the π0 production cross section.

2 The prefix ‘‘Mini’’ in the name refers to fact that this is a downscaled version of a proposed experiment called ‘‘BooNE’’ (Booster Neutrino
Experiment), which would have consisted of two similar detectors placed at different baselines. In hindsight, the second detector could have saved
the community a lot of trouble. Had it been built, the present review article might not exist. Critics have pointed out that the evolution of
short-baseline experiments (BooNE → MiniBooNE → MicroBooNE), when compared to the evolution of long-baseline experiments (Kamiokande →

uperKamiokande → HyperKamiokande) suggests that short-baseline oscillation physics is moving in the wrong direction.
5
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Fig. 2.3. MiniBooNE observed event spectra in neutrino mode (left) and in anti-neutrino mode (right). Black data points correspond to the observed
event rates, shaded histograms indicate the (largely data-driven) background predictions, and the blue dashed histogram illustrates the best oscillation
fit.
Source: Plots taken from Refs. [23] (left) and [24] (right).

Similar to the π0 background, also the background from the NC production of a ∆ resonance, followed by the decay of
that resonance via photon emission, can be estimated from data. In particular, this is done using the much more numerous
events in which the ∆ resonance instead emits a pion upon decaying.

Finally, MiniBooNE expects a few background events from neutrino interactions outside the active detector volume
(‘‘dirt background’’).

Let us once again discuss several proposed explanations of the MiniBooNE anomaly within the Standard Model:

• Neutral pions. If the NC π0 background was larger than predicted by roughly a factor two, it could explain the
observed excess quite well. Given that the prediction for the π0 background is data-driven, this seems unlikely. In
particular, it would imply that MiniBooNE’s detector simulation would need to be off by a factor two when estimating
the probability that the two photons from π0 are not separately reconstructed. In this case, one would expect most
excess events to originate close to the boundary of the fiducial volume as this is where the probability for missing
one of the two photons from π0

→ γ γ . MiniBooNE have recently published the spatial distribution of excess events
in Ref. [23], showing that the excess events are instead evenly distributed throughout the detector.

• Decays of heavier mesons to photons. In principle, heavier neutral mesons such as the η contribute to di-photon
production in the detector in the same way as π0’s do. Once again, if the decay products are reconstructed as a
single photon – either because one of them is lost, or because their invariant mass is small – this could mimic a νe
signal. However, note that for decays of heavy particles like the η, the likelihood of the two photons having a small
invariant mass is much smaller.

• Single photons. As mentioned above, the largest contribution to single-photon events is due to production of an
s-channel ∆(1232) resonance. By far the dominant decay mode of the ∆(1232) is to a pion and a nucleon, so
the rate of ∆(1232) production can in principle be measured in single pion events. There are, however, several
complications: first, this measurement is not background-free as there are other processes that can yield single
pions, such deep-inelastic scattering events or the decays of heavier resonances. These must be separated from true
∆ → Nπ events. Second, pions produced inside a nucleus can suffer final-state interactions as they leave the nucleus.
These interactions can either lead to the re-absorption of the pion, or to the excitation of additional resonances.
When neglected, both effects would lead to an under-prediction of the single-photon background to MiniBooNE’s νe
appearance search [26,27]: the first one because the number of observed ∆ → Nπ decays would be lower by an
O(1) factor than the true rate of ∆ production; the second one because the excitation of a secondary resonance due
to final-state interactions increases the overall probability that one of the resonances decays to a photon. Therefore,
MiniBooNE carefully model these effects [23]. Comparisons with ab initio calculations suggest that this modeling is
roughly correct [28–30].
It is worth mentioning that the branching ratio of the ∆ resonance to photons – a crucial ingredient to MiniBooNE’s
data-driven background estimate – has never been directly measured. Instead, it is calculated based on the measured
photo-excitation rate of the resonance. The error on this branching ratio is therefore of order 20% (the Particle Data
Group quotes the range 0.55–0.65% for BR(∆ → Nγ ) [31]). The errors on the radiative decay modes of heavier
hadronic resonances are even larger. To the best of our knowledge, the impact of these uncertainties on MiniBooNE’s
background prediction has never been studied.
Finally, radiative decays of heavy hadronic resonances are not the only source of single-photon events in MiniBooNE.
Another important contribution is initial and final-state radiation in NC neutrino–nucleon scattering, which, however,
appears to also be too small to explain the excess [28,32–35].
6
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Fig. 2.4. Comparison of measured and predicted ν̄e event rates from nuclear reactors. Results from a long list of past and present experiments are
shown as a function of baseline. The event deficit compared to the prediction is clearly visible.
Source: Figure courtesy of Thierry Lasserre (updated from Ref. [48]).

2.3. The reactor anomaly: Neutrinos from nuclear reactors

2.3.1. Reactor neutrino fluxes
Nuclear reactors have been used as neutrino sources ever since the Reines & Cowan experiment that first provided

experimental evidence for the existence of neutrinos [36,37]. Besides the long-baseline experiments Chooz, Double Chooz,
RENO, Daya Bay, and KamLAND that contributed to the precision measurement of the neutrino oscillation parameters [38–
42], a large number of experiments was and is still being carried out at short baselines (≲ 100m), where no oscillations are
expected in the standard three-flavor oscillation framework. (Of course, the values of the standard three-flavor oscillation
parameters were not known yet at the time many of these experiments were done.)

Until 2011, results from such short-baseline reactor experiments were in good agreement with the then state-of-the-art
theoretical predictions by Schreckenbach et al. [43–45]. However, they are in disagreement with newer, more detailed,
theoretical predictions by Mueller et al. [46] and by Huber [47]. This few percent disagreement, which has a significance
of about 3σ , has become known as the reactor anti-neutrino anomaly [48]. The effect is illustrated in Fig. 2.4, which
compares the measured reactor neutrino event rates to the prediction.

As the Huber and Mueller predictions lead to similar results even though they are based on different theoretical
approaches, and as they address several well-known shortcomings of the Schreckenbach et al. predictions, there is general
agreement on the fact that the Huber/Mueller predictions are indeed superior to their predecessors. However, it is still
unclear whether they are accurate enough to make authoritative statements at the few percent level [49–72]. One reason
for concern is that none of the flux predictions successfully accounts for an observed ‘‘bump’’ in the spectrum around
5MeV [73–76]. This highlights the fact that there are features in the reactor spectrum that are still poorly understood
and raises the question to what extent they can be trusted in other parts of the spectrum.

The main complication in predicting reactor neutrino fluxes is the vast number of beta decay channels (∼6 000) that
contribute to the final spectrum. Many of these decays involve very short-lived, neutron-rich isotopes which cannot be
studied in laboratory experiments. Consequently, their properties (decay energy, spin and parity, etc.) are poorly known.
The problem is exacerbated by the fact that the most short-lived (and therefore least understood) nuclei tend to have the
largest Q -values and therefore produce neutrinos with the highest energies. As the cross section for the detection reaction
in a reactor neutrino experiment, ν̄e+p → e+

+n, increases quadratically with the neutrino energy and has a threshold at
Eν ≃ 1.8MeV, these neutrinos contribute disproportionately to the observed event rate. To deal with the fact that not all
eta decays relevant to reactor neutrino spectra are well-understood, Mueller et al. begin their calculation by determining
he electron spectrum from those beta decays on which reliable nuclear data is available. The resulting electron spectrum
s then compared to the measured electron spectrum from uranium and plutonium fission. The difference – which is
resumed to be due to additional, not well understood, beta decays, is then parameterized in terms of a few ‘‘effective’’
eta decays. Each effective beta decay is described by an allowed beta decay spectrum whose parameters are determined
y a fit to the data [46]. Once these parameters have been determined, it is also possible to compute the neutrino spectra
rom the effective decays. The calculation by Huber relies entirely on fitted effective beta decays, resorting to nuclear data
ables only for quantities whose uncertainties are relatively small such as effective nuclear charges [47].

One source of uncertainty in all calculations is the contribution from non-unique first forbidden beta decays, that
s from decays whose initial and final states do not obey spin and parity selection rules and can only occur when the
7
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inal state particles carry non-zero orbital angular momentum, when extra photons are emitted, or when the finite
uclear size is taken into account. The label ‘‘non-unique’’ implies that several different QFT operators (with different
orentz structures) contribute to the decay amplitude. As the relative importance of these different operators is crucial
or determining the neutrino spectrum, but is typically not known, a large uncertainty ensues. The standard procedure is
herefore to treat non-unique forbidden decays as if they were allowed decays, but to assign them a systematic uncertainty
f 100%. The problem is that there is no guarantee that the error is not much larger than this.

.3.2. Measurements of isotope-dependent fluxes
A promising method for resolving the reactor neutrino anomaly has been pioneered by the Daya Bay Collaboration [60],

nd has been exploited also by RENO [77]. The method is based on the fact that nuclear reactor fuel contains four main
issile isotopes: 235U, 238U, 239Pu, and 241Pu. Each of them has its own spectrum of primary fission products and therefore
ts own neutrino spectrum. In Daya Bay, the dominant contribution to the neutrino flux comes from the decay chains of
he fission products of 235U, followed by 239Pu; 238U and 241Pu are subdominant. By exploiting the fact that the isotopic
omposition of the fuel changes with time – an effect known as burn-up – Daya Bay is able to measure the neutrino spectra
rom the four fissile isotopes separately. ν̄e oscillations into sterile states, as well as most other new-physics explanations
f the anomaly, would lead to a similar deficit of observed events for all four fissile isotopes. If, on the other hand, the
eactor anomaly is due to misprediction of fluxes, it is unlikely that the systematic bias is the same for all isotopes, hence
ifferent deficits would be expected for different isotopes.
Indeed, Daya Bay and RENO find that the rate of neutrino events from 235U is 7.8% (2σ ) smaller than predicted, while

he rate of 239Pu-induced events is in excellent agreement with the prediction. Taken at face value, this result disfavors
he sterile neutrino explanation of the reactor anomaly. However, it should be taken with a grain of salt as the analysis
resented in [60] neglects two important effects: non-equilibrium corrections and non-linear isotopes.
Non-equilibrium corrections arise from beta decay chains that involve isotopes whose lifetimes are comparable to

r longer than the typical reactor fuel cycle of ∼3 yrs. An example is the decay chain 90Sr →
90Y →

90Zr. The first of
hese decays has a half life of 29 yrs, which means that production and decay of 90Sr will never reach equilibrium in a
nuclear reactor. Throughout the fuel cycle, the 90Sr abundance will gradually increase, and so will the neutrino flux from
its decay. (Note that neutrinos from 90Sr →

90Y are unobservable in Daya Bay because their endpoint energy of 0.55MeV
is below the threshold of inverse beta decay (the detection reaction in Daya Bay) at 1.8MeV. The neutrinos from the decay
90Y →

90Zr (half-life 2.7days) are, however, observable.)
Non-linear isotopes are isotopes that can ‘‘escape’’ their normal beta decay chain by capturing a neutron [54]. An

example is the decay chain 99Zr →
99Nb →

99Mo →
99Tc. Here, neutron capture on 99Mo converts it to the stable

isotope 100Mo, while neutron capture on the very long-lived 99Tc (t1/2 = 2 × 105 yrs) produces the short-lived 100Tc. The
resulting modifications to the neutrino flux depend on the neutron flux in the nuclear reactor, and therefore on burn-up.

The analysis in Ref. [60] includes a time-averaged non-equilibrium correction, but neglects the time-dependence. Non-
linear isotopes are not considered at all. This has been improved upon in Ref. [70], where again a larger deficit is found
for neutrinos originating from 235U fission than for those from 239Pu fission. However, within the quoted uncertainties,
the results of Ref. [70] are also compatible with an equal flux deficit for all isotopes.

2.3.3. Unexplained spectral features
Because of the unexplained reactor neutrino anomaly, the focus of reactor neutrino physics in recent years has

increasingly shifted towards analyses and experiments which are independent of theoretical flux predictions. This is
achieved by comparing the fluxes measured at a given baseline to measurements at a different baseline, either from
the same experiment or from a different one.

One experiment claiming a signal using this approach is Neutrino-4 [78,79]. Using a segmented and movable detector,
this experiment is able to measure neutrino fluxes and spectra at distances from 6.4m to 11.9m from the compact core of
a 100MW research reactor. Neutrino-4 claim a 4.6σ preference for ν̄e disappearance into a sterile neutrino, based on an
analysis of the ν̄e event rate on a 9 × 23 grid in energy E and baseline L. In each energy bin, event rates are normalized to
the distance-averaged rate in that bin, making the analysis largely independent of the theoretical flux prediction. Neutrino-
4 results have been criticized in Refs. [80,81], highlighting in particular the fact that the log-likelihood distribution in an
experiment like Neutrino-4 does not obey Wilk’s theorem, as assumed by the Neutrino-4 collaboration. It is therefore
likely that the statistical significance of the Neutrino-4 result has been overestimated. The authors of Ref. [80] also list a
number of possible systematic effects that could mimic an oscillation signal. The Neutrino-4 collaboration has replied to
this criticism in Ref. [82].

STEREO and PROSPECT have also released results from their own searches for sterile neutrinos at short baseline [83,84].
Both experiments are installed at research reactors, and both of them used fixed (non-movable) detectors which, however,
offer spatial resolution in order to track possible oscillations as a function of both baseline and energy. Neither experiment
reports a signal, and both of them rule out the Neutrino-4 best-fit point as well as a large portion of Neutrino-4’s 2σ
preference region, though not all of it.

Limits have also been set by the NEOS experiment [85], who normalize their data to the neutrino spectrum measured
at Daya Bay [74] to be largely independent of theoretical predictions. and by the DANSS experiment [86] using a movable
detector at a power reactor. The sensitivity of NEOS and DNASS is worse than that of STEREO, PROSPECT, and Neutrino-4
at the Neutrino-4 best fit ∆m2

41∼7 eV2, but better at lower ∆m2
41. Note that a hint for an oscillation pattern visible in

earlier DANSS data [87,88] has now disappeared.
8
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.4. The gallium anomaly: Neutrinos from intense radioactive sources

The reactor anomaly becomes even more intriguing when viewed in the context of yet another anomaly, coming from
xperiments with neutrinos from intense radioactive source. Measurements using such sources were carried out in the
990s to demonstrate the performance of the radiochemical detection method for solar neutrinos. The experiments in
uestion, GALLEX [89,90] and SAGE [91,92], used gallium as the active component in the target material are therefore
ollectively referred to as ‘‘gallium experiments’’. A total of four measurement campaigns have been carried out, and in
ll of them the observed number of events falls below the expectation. When combined, this deficit has a significance of
lightly below 3σ [93–96].

. Theoretical models with sterile neutrinos

The simplest theoretical framework for interpreting the various short-baseline oscillation anomalies discussed in
ection 2 is the so-called ‘‘3 + 1’’ scenario, which augments the Standard Model by one additional neutrino flavor. The
orresponding fourth mass eigenstate is assumed to be of O(eV) to allow the fourth neutrino to participate in oscillations.
s the LEP measurement of the invisible decay width of the Z boson constrains the number of light, weakly interacting
eutrino species to be three [31,97], the fourth neutrino flavor cannot couple to SM weak interactions, so it must be a
terile neutrino. Of course, in the same spirit, the model can also be extended by several new neutrino flavor eigenstates.
cenarios of this type are referred to as 3 + n models. In this section, we will discuss how sterile neutrinos naturally
ppear in many extensions of the Standard Model, and how they can be embedded in others. In doing so, we address
ritics who claim that neutrino physics is merely about solving three-dimensional eigenvalue problems. In fact, we are
ble to handle matrices much larger than 3 × 3.
We emphasize that this section is not meant to be exhaustive. Among the theoretical scenarios that we will not discuss

n detail are models with large extra dimensions, see e.g. [98–102], or supersymmetry [103–105]

.1. The neutrino portal

It is often argued that the observation of neutrino oscillations – and thus of non-zero neutrino mass – is the first
vidence for physics beyond the SM of particle physics. Indeed, in the Lagrangian of the original SM, only left-handed
eutrino fields appear. A single Weyl spinor was thus sufficient to describe each neutrino flavor, whereas for all other
ermions, two Weyl spinors (corresponding to left-handed and right-handed polarizations) were required. Introducing
eutrino masses suggests including new Weyl fermions Nβ , to allow for a Yukawa coupling of the form3

LYukawa ⊃ −yαβ (iσ 2H∗)LαNβ + h.c. , (3.1)

here H is the SM Higgs doublet, Lα = (να, eα)T are the SM lepton doublets, σ 2 is the second Pauli matrix, and α, β are
lavor indices. Summation is implied over SU(2) indices of H and L, as well as over α = e, µ, τ and β = 1 . . . n, with n
eing the number of Nβ fields. Note that n can be different from three — the only requirement is n ≥ 2, as otherwise
here would be two or more exactly massless neutrino states left, in conflict with the observed oscillation patterns. After
he Higgs field acquires its vacuum expectation value v, the Yukawa couplings from Eq. (3.1) yield mass terms of the form

Lmass ⊃ −Mαβ

D ναNβ + h.c. , (3.2)

ith Mαβ

D ≡ yαβv/
√
2. (The subscript D stands for Dirac mass term.) Looking at the transformation properties of the fields

appearing in Eq. (3.1) under the SM gauge symmetries, it is straightforward to verify that (iσ 2H∗) and Lα both transform
s doublets under SU(2)L and carry opposite hypercharges of +

1
2 and −

1
2 , respectively. Thus, the combination (iσ 2H∗)Lα

s a total singlet under the SM symmetries, and so the Nβ must be total singlets as well. The Nβ are therefore called
‘sterile neutrinos’’ – ‘‘neutrinos’’ because they do not couple to the strong and electromagnetic interactions, and ‘‘sterile’’
ecause they also do not couple to the weak interaction. In this context, the SM neutrino fields να are referred to as
‘active neutrinos’’.

We see that a sterile neutrino is a fairly generic addition to the SM or to most of its extensions: it is just a fermion
hat is uncharged any any of the SM gauge groups. Sterile neutrinos are therefore commonplace in models with ‘‘dark’’ or
‘hidden’’ sectors. This includes many models of dark matter, even though in these models, the coupling constants yαβ are
ften taken to be negligibly small. In fact, a coupling to the operator (iσ 2H∗)Lα is the only direct renormalizable coupling
hat a SM singlet fermion can have with the SM. This type of operator is therefore also called the ‘‘neutrino portal’’.

3 We use here two-component notation for the fermion fields, i.e. each of the two SU(2) components of Lα , as well as Nβ , should be interpreted
s a two-component spinor, which transforms as ( 12 , 0) under the Lorentz group. The contraction of two such two-component spinors ψ and χ is
efined as ψχ ≡ ψaχ ≡ ψ εabχ , where a, b are spinor indices and εab is the totally antisymmetric tensor in two dimensions.
a a b

9
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.2. Sterile neutrinos and the seesaw mechanism

In the following, we introduce a number of neutrino mass models that contain sterile neutrinos. We begin with the
eneric type-I seesaw (Section 3.2.1), which features three very heavy sterile neutrinos with very small mixing angles.
e then discuss the Neutrino Minimal Standard Model (νMSM, Section 3.2.2), in which the mass of one of the sterile

neutrinos is lowered, albeit mixing angles are still small. Phenomenologically more interesting for oscillation experiments
is the Inverse Seesaw model (Section 3.2.3) in which both sterile neutrino masses as well as mixing angles are in
the experimentally accessible range. We finally introduce an extended seesaw model (Section 3.2.4) which is not only
experimentally testable, but also generates the light mass scale for the sterile neutrino in a natural way.

3.2.1. The generic Type-I seesaw scenario
The fact that the N fields in Eqs. (3.1) and (3.2) are total SM singlets implies that, besides the standard Dirac mass

term from Eq. (3.2), they also admit a Majorana mass term of the form

LN-mass = −
1
2
Mαβ

M NαNβ + h.c. , (3.3)

o understand the phenomenological consequences of the mass terms in Eqs. (3.2) and (3.3), it is convenient to arrange
he ν and N fields into a vector n ≡ (νe . . . ντ ,N1 . . .Nn)T and write the mass term in block matrix notation:

Lmass ⊃ −
1
2
nTMn ≡ −

1
2
nT
(

0 MD
MT

D MR

)
n + h.c. . (3.4)

ere, MD = (Mαβ

D ) is the general complex Dirac mass matrix from Eq. (3.2), while MM = (Mαβ

M ) is the complex symmetric
ajorana mass matrix from Eq. (3.3).
In the limit where the eigenvalues of MM in Eq. (3.4) are significantly larger than those of MD, we recover the seesaw

echanism [106–109], with three neutrino mass eigenvalues of order ∥MD∥
2/∥MM∥,4 and n mass eigenvalues of order

MM∥. Choosing ∥MM∥ ≫ ∥MD∥ is motivated by the fact that MM is not protected by any symmetry, whereas the
ntries of MD cannot be significantly larger than the electroweak scale as this would require Yukawa coupling ≫ 1. For
MD∥ ∼ 100GeV and ∥MM∥ ∼ 1014 GeV, the light neutrino mass eigenvalues are of order 0.1 eV, so the seesaw mechanism
ffers an explanation for the observed smallness of neutrino masses. Adopting instead ∥MD∥ ∼ 100 keV (comparable to
he electron mass), the required scale for ∥MM∥ is lowered to 100GeV. While the seesaw mechanism is perhaps the most
idely discussed application of sterile neutrinos, the singlet states appearing in it are currently unobservable in practice.
ven when their masses are within reach of current collider experiments, their extremely small mixing ∼ ∥MD∥/∥MM∥

ith active neutrinos prevents their efficient production. It is of course possible to invoke fine-tuning to make at least one
f the sterile states observable. Another possibility is to lower also ∥MM∥ to the eV-scale. For instance, for ∥MD∥ ≃ 0.3 eV
nd ∥MM∥ ≃ 1.5 eV, we find light neutrino masses around 0.06 eV, sterile neutrinos at the eV-scale, and active–sterile
ixing of order 20% [110]. Both fine-tuning and lowering ∥MD∥ would, however, run counter to the main motivation for

he seesaw mechanism, namely explaining the smallness of neutrino masses. We will therefore not discuss this possibility
urther here.

.2.2. The neutrino minimal standard model (νMSM)
As the short-baseline anomalies require only one sterile neutrino at the eV-scale, one may ask the question whether it

s possible to lower only one of the eigenvalues of the Majorana mass matrix MM in Eq. (3.4) to the eV-scale, while keeping
the others super-heavy. This could be motivated by a symmetry [111,112]. A similar idea has been widely explored in the
context of the ‘‘Neutrino Minimal Standard Model’’ (νMSM) [113] (see also Ref. [114]), even though there the motivation
for lowering one of the eigenvalues of MM was to obtain a dark matter candidate at the keV-scale. Following Ref. [110],
we collectively denote the three Standard Model (active) neutrinos νa, the light sterile neutrino νs, and the two heavy
sterile states N . In the basis (νa, νs,N), the mass matrix then reads

M =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 M1
s M11

D M12
D

0 0 0 M2
s M21

D M22
D

0 0 0 M3
s M31

D M32
D

M1
s M2

s M3
s µS 0 0

M11
D M21

D M31
D 0 M1

M 0
M12

D M22
D M32

D 0 0 M2
M

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (3.5)

4 We use the notation ∥ · ∥ to denote the Euclidean matrix norm. For a matrix A = (aij) it is given by ∥A∥ ≡

√∑
ij |aij|

2 . However, for the
rder-of-magnitude estimates that we are interested in this section, other matrix norms are equally suitable. For instance, for our purposes, we
ould also define ∥A∥ to correspond to the largest eigenvalue, or to the largest entry of A.
10
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ere, we have already used the freedom to re-define the sterile states such that the lower right-hand 3 × 3 block of M
s diagonal. We assume the hierarchy ∥Ms∥ ≪ µS ≪ M1

M ,M
2
M and, as a first step, integrate out the two heavy states N:

M4×4 =

(
−MDM−1

M MT
D Ms

MT
s µS

)
. (3.6)

Applying the seesaw formula a second time, we find for the light neutrino masses

Mν ≃ −MDM−1
M MT

D − MSµ
−1
S MT

S . (3.7)

and for the light sterile state

ms ≃ µs . (3.8)

Though here we have downplayed the role of the two heavy states N , we will see in Section 7 that they can have a
phenomenologically important role in certain leptogenesis models.

3.2.3. The inverse seesaw
Sterile neutrinos with masses below the electroweak scale and with not too small (≳ 10−2) mixing angles could be

related to the generation of neutrino masses in the context of the inverse seesaw mechanism [115–117]. The main idea
behind the inverse seesaw is to invoke lepton number to protect the active neutrino masses. This is achieved by making
the singlet fermions N Dirac spinors. In other words, one introduces two sets of sterile neutrinos, Nβ and N ′β , all of which
carry lepton number. Arranging the να , Nβ , and N ′β fields into a vector n ≡ (νe . . . ντ ,N1 . . .Nn,N ′1 . . .N ′n)T , the neutrino
mass term in an inverse seesaw scenario is

Lmass ⊃ −
1
2
nTMn ≡ −

1
2
nT

⎛⎝ 0 MD 0
MT

D 0 M ′

D
0 M ′T

D µ

⎞⎠ n + h.c. . (3.9)

he terms coupling ν to N (with the general complex 3 × n mass matrix MD), and the terms coupling N to N ′ (with
he general complex n × n mass matrix M ′

D) respect lepton number. The Majorana mass term −
1
2µ

βγN ′βN ′γ , on the
ther hand, violates lepton number. In the spirit of ’t Hooft naturalness, ∥µ∥ is assumed to be much smaller than ∥MD∥

nd ∥M ′

D∥ because in the limit ∥µ∥ → 0, lepton number becomes a conserved quantity. In this limit, it is easy to see
hat the mass matrix in Eq. (3.9) has at least n zero eigenvalues. For non-zero ∥µ∥, these eigenvalues are lifted to

∥µ∥ · ∥M ′

D∥
2/(∥MD∥

2
+ ∥M ′

D∥
2), and the active–sterile mixing angles are of order ∥MD∥/∥M ′

D∥. Given that neutrino
asses are mainly suppressed by the natural smallness of ∥µ∥, these mixing angles can be sizeable.

.2.4. An extended seesaw model
The variants of the seesaw mechanism introduced so far share the feature that, in order to obtain eV-scale sterile

tates, this scale must already be present in the parameters of the Lagrangian. These models do not explain why such
low scale appears in the Lagrangian and therefore run counter to the original motivation of the seesaw mechanism.
e now discuss a seesaw model in which the eV-scale arises naturally. In the following discussion, we once again draw
eavily from Ref. [110].5 The Minimal Extended Type-I Seesaw Model discussed there is based on augmenting the SM
ith three heavy right-handed neutrinos N and one singlet fermion S. The neutrino mass terms in the Lagrangian are

L ⊃ −Mαβ

D ναNβ − Mα
S SN

α
−

1
2
Mαβ

M NαNβ . (3.10)

his structure can be achieved for instance if the Nα are true singlet fields under all symmetries, while S carries
uantum numbers under a new sterile sector symmetry that is broken by a Higgs mechanism. In the basis n =

νe, νµ, ντ ,N1,N2,N3, S), the mass term is thus

L ⊃ −
1
2
nT

⎛⎝ 0 MD 0
MT

D MR MS
0 MT

S 0

⎞⎠ n + h.c. , (3.11)

ith the general 3 × 3 complex matrix MD, the complex symmetric 3 × 3 matrix MR, and the complex 3-vector MS . Under
he assumption that ∥MR∥ ≫ ∥MS∥, ∥MD∥, we first integrate out the heavy fields Nβ . This leads to an effective mass term
n the basis n′

= (νe, νµ, ντ , S):

L ⊃ −
1
2
n′T
(

MDM−1
R MT

D MDM−1
R MS

MT
S (M

−1
R )TMT

D MT
S M

−1
R MS

)
n′

+ h.c. . (3.12)

5 see Refs. [118,119] for a very similar model featuring radiative neutrino mass generation.
11
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f, moreover, ∥MS∥ ≫ ∥MD∥, the seesaw formula can be applied once again to obtain the 3 × 3 mass matrix of the light
SM) neutrinos,

mν ≃ −MDM−1
R MT

D + MDM−1
R MS

(
MT

S M
−1
R MS

)−1MT
S (M

−1
R )TMT

D , (3.13)

and the mass of the light sterile neutrino S:

ms ≃ MT
S M

−1
R MS . (3.14)

The mixing matrix between the active neutrinos and the light sterile neutrino is

V ≃

(
(1 −

1
2RR

†)U R
−R†U 1 −

1
2R

†R

)
, (3.15)

here U is the matrix diagonalizing mν from Eq. (3.13) and R = MDM−1
R MS

(
MT

S M
−1
R MS

)
. With ∥MD∥ at the electroweak

scale ∼100GeV, ∥MS∥ ≃ TeV, and ∥MR∥ ≃ 1014 GeV, we find active neutrino masses around 0.1 eV and a light sterile
neutrino at 10 eV. The mixing between the active and sterile states is of order ∥MD∥/∥MS∥ ∼ 0.1.

4. Sterile neutrino phenomenology

Having shown how sterile neutrinos can arise in neutrino mass models, we now turn our attention to their phe-
nomenology in terrestrial experiments, including oscillation searches, kinematic measurements of neutrino mass, searches
for sterile neutrino decay in fixed target experiments and at colliders, and neutrinoless double beta decay.

4.1. Neutrino oscillations with more than three neutrino flavors

When the Standard Model is extended by n sterile neutrino flavors, the formalism of neutrino oscillation remains
largely the same as in the three-flavor case (see for instance [120] for an introduction and [121] for an in-depth discussion
of the quantum mechanical subtleties involved). The weak interaction Lagrangian in the flavor basis is the same as in the
Standard Model:

L =

∑
α=e,µ,τ

[
g

√
2

(
να,Lγ

µeα,LW+

µ + h.c.
)

+
g

2 cos θw
να,Lγ

µνα,LZµ

]
. (4.1)

hat changes is the transformation to the mass basis,

να =

3+n∑
j=1

Uαjνj , (4.2)

here the sum now runs over all 3+ n mass eigenstates, and the mixing matrix U is a (3+ n)× (3+ n) matrix. An initial
eutrino flavor state |να⟩ is created by acting on the vacuum |0⟩ with the operator ν†

α . Therefore, its decomposition into
ass eigenstates |νj⟩ is given by

|να⟩ =

∑
j

U∗

αj|νj⟩ , (4.3)

ote that, as usual, the fields transform with U , while the states transform with U∗. After a time T , the neutrino state at
distance L can be written as

|να(T , L)⟩ =

∑
j

e−iEjT+ipjLU∗

αj|νj⟩ , (4.4)

here Ej and pj are the energy and momentum associated with the jth mass eigenstate. If the neutrino is detected in a
lavor state ⟨νβ |, the corresponding oscillation probability is

Pαβ ≡
⏐⏐ ⟨νβ |να(T , L)⟩ ⏐⏐2 =

∑
j,k

U∗

αjUβjUαkU
∗

βke
−i(Ej−Ek)T+i(pj−pk)L . (4.5)

In a more careful treatment, we would need to account for the fact that neutrinos emitted from a localized source do
not have a definite momentum because of the Heisenberg uncertainty principle. Instead, they need to be treated as wave
packets with a non-zero width in momentum space; see for instance Ref. [121]. Here, we use the Heisenberg principle
only inasmuch as we allow neutrino mass eigenstates with formally different energy and momentum to interfere. (This
would not be possible if their energies and momenta were indeed known with infinite precision; in this case, the precise
knowledge of the event kinematics would allow us to infer the mass of the propagating neutrino state, which would
suppress oscillations.) To proceed further from Eq. (4.5), we use the relativistic energy momentum relation pj =

√
E2
j − m2

j

to rewrite the oscillation phase approximately as −i(E − E )(T − L) − i∆m2 L/(2E), where E is a suitably chosen average
j k jk

12
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nergy, which should differ from Ej, Ek, by no more than the neutrino wave packet width in momentum space. The first
erm here is of order ∆m2

jk/E
2
· σx (with σx the wave packet width in coordinate space) and is therefore negligible. The

econd term is the well-known standard oscillation phase, so that we recover the standard expression for the oscillation
robability,

Pαβ =

∑
j,k

U∗

αjUβjUαkU
∗

βke
−i∆m2

jkL/(2E) , (4.6)

here it is now understood that j and k run from 1 to 3 + n.
In the following, we will mainly focus on how oscillations can be exploited to search for sterile neutrinos. A second,

qually important, question is how precision measurements of the 3-flavor oscillation parameter may be effected by the
undetected) presence of sterile neutrinos. This question has been addressed for instance in Refs. [122–128].

.1.1. νe appearance searches
Several groups are carrying out combined analysis of all relevant experimental data to assess the global viability of

terile neutrino models. The US-based group [129,130] involves members of the MiniBooNE and IceCube collaborations
nd is therefore able to offer particularly accurate fits to these data sets. The Italian-led group [131] were the first to
ealize the significance of the gallium anomaly, and they are the only group so far to have carried out joint fits between
hort-baseline oscillation experiments and cosmological observations [132,133]. The third group [134], which emerged
rom the NuFit [135] and GLoBES [136] collaborations, is the one from whose results we will draw most heavily in this
eview as one the present authors (JK) is a member of this group. While there are differences between the three groups
n the data sets analyzed and the level of detail in which each of them is treated, their results are in broad agreement.6

We begin here with a discussion of νµ → νe appearance searches, which are currently dominated by the signals from
SND [20] and MiniBooNE [139,140] discussed in Section 2.1 and Section 2.2, respectively. They are complemented by
ata from the short-baseline experiments KARMEN [141], with a setup very similar to LSND, as well as NOMAD [142] and
776 [143] who have used high-energy νµ beams. None of these experiments has observed an anomaly, however their
ensitivity was below that of LSND and MiniBooNE. Strong exclusion bounds come also from the CNGS (CERN Neutrinos
o Gran Sasso) project comprising the long-baseline detectors ICARUS [144,145] and OPERA [146].

While the results we are going to show below are based on oscillation probabilities calculated in the full four-flavor
ramework (Eq. (4.6)), it is instructive to consider approximations to this framework. In particular, in the short-baseline
imit (∆m2

21L/E ≪ 1,∆m2
31L/E ≪ 1), where standard model oscillations have not developed yet, the probability of

µ → νe conversion is

Psbl
µe ≃ 4|Ue4|

2
|Uµ4|2 sin2 ∆m2

41L
4E

. (4.7)

his is just the familiar two-flavor oscillation formula, with an effective mixing angle θµe defined as

sin2 2θµe ≡ 4|Ue4|
2
|Uµ4|2 . (4.8)

e see that the effective mixing angle depends both on the mixing of sterile neutrinos with electron neutrinos, Ue4, and
n their mixing with muon neutrinos, Uµ4.
In Fig. 4.1, we show the global constraints (as of spring 2018) on νµ → νe oscillations at short baseline in the 3 + 1

ramework, comparing the results from Refs. [134] (NuFit/GLoBES) and [131] (Italy). Both groups agree on the best fit
egion around effective mixing angle sin2 2θµe ∼ 0.01 and mass squared difference ∆m2

41 ≲ 1 eV2. The parameter region
avored by MiniBooNE and LSND is also in agreement with the null results from all other experiments, leading us to the
onclusion that the global data on νµ → νe oscillations, when viewed in isolation, is consistent and could point towards
he existence of an eV-scale sterile neutrino.

Before moving on, let us comment on the fact that, in some cases, single-experiment exclusion contours obtained in
lobal fits differ from those appearing in the official experimental publications. This does not indicate a problem with the
lobal fit — in fact, all analyses entering a global are vetted first to make sure they reproduce the official results, and
any of them are directly based on recommendations from the experimental collaborations. However, the assumptions
ade in experimental analyses are not always suitable for a global fit. For instance, in a 2-flavor oscillation framework as
sed in Refs. [20,24], MiniBooNE’s background prediction is essentially unaffected by the presence of the sterile neutrino.
n a 3 + 1 model, however, non-negligible νe and νµ disappearance is predicted, altering the background prediction. A
etailed discussion of these corrections, and how they enter the results shown in Fig. 4.1(b) is given in the appendix of
ef. [148].
We comment briefly on updates to the results of Refs. [134,147] shown in Fig. 4.1. Notably, MiniBooNE have since

pdated their results [23,24], increasing the statistics in neutrino-mode (νµ-dominated beam) from 6.46pot (protons on

6 It is worth pointing out that some luminaries in the field hold the view that theorists – such as the authors of this article – should not be
allowed to analyze data. Thankfully, among the rank and file of neutrino physics, global fits are generally viewed as a useful resource for guiding
experimental and theoretical work. In the past, they were often able to anticipate new discoveries such as the non-zero value of θ13 [137,138]. We
ill therefore not heed the luminaries’ advice here.
13
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Fig. 4.1. Global constraints on νµ → νe (and ν̄µ → ν̄e) oscillations at short baseline in the 3 + 1 framework. The relevant parameters are ∆m2
41 ,

easuring the mass of the 4th neutrino, and sin2 2θµe = 4|Ue4|
2
|Uµ4|2 measuring the effective mixing, which depends on the mixing between sterile

neutrinos and electron neutrinos (Ue4) and on the mixing between sterile neutrinos and muon neutrinos (Uµ4). The left panel shows results from
he Italian fit [147], while the right panel shows the same from the NuFit/GLoBES fit [134].

arget) [149] to 18.75 × 1020 pot [23]. This has led to an increase in the statistical significance of the anomaly from 3.8σ
o 4.8σ , while leaving its qualitative features unchanged. The conclusions drawn from Fig. 4.1 therefore remain largely
nchanged with the new data: global νe appearance data remain consistent; only the exclusion of the null hypothesis
in2 2θµe = 0 becomes statistically more significant.

.1.2. νe disappearance searches
Constraints on νe and ν̄e disappearance are driven by reactor experiments. In fact, a large number of such experiments

ave been carried out already in the 1980s and 1990s [150–159], typically presenting their results as a comparison
etween the total number of observed neutrino events and the (then state-of-the-art) theoretical prediction by Schreck-
nbach et al. [44]. In recent years, these experiments have been superseded by multi-baseline experiments, in particular
ouble Chooz [59,75], RENO [160,161], Daya Bay [41,60] (optimized for neutrino oscillations with ∆m2

∼ 1 × 10−3 eV2),
DANSS [86,88], Neutrino-4 [78,79], STEREO [83], and PROSPECT [84] (optimized for oscillations with ∆m2

∼ 1 eV2). By
omparing fluxes and spectra at different baselines, these experiments can search for ν̄e disappearance due to oscillations
nto sterile neutrinos without having to rely on theoretical flux predictions. The same is true for modern single-baseline
xperiments like NEOS [74,85] when analyzed by comparing their data to that of other experiments. To some extent, also
he long-baseline experiment KamLAND (L ∼ 60 km) [162] weighs in.

The search for ν̄e disappearance in Reactor experiments is complemented by searches using intense radioactive
ources [89–92], solar neutrinos [90,163–174], and νe scattering on carbon (νe +

12C → e−
+

12N) [175–177,177,178].
We consider again the short-baseline approximation ∆m2

21L/E ≪ 1, ∆m2
31L/E ≪ 1, in which the νe disappearance

probability becomes

Psbl
ee ≃ 1 − 4|Ue4|

2(1 − |Ue4|
2) sin2 ∆m2

41L
4E

. (4.9)

nce again, we find an expression that has the form of a two-flavor survival probability, with the effective mixing angle
efined via

sin2 2θee ≡ 4|Ue4|
2(1 − |Ue4|

2) . (4.10)

We see in panel (a) (from Ref. [179]) that different theoretical flux predictions lead to significantly different results
oncerning the significance of the reactor anomaly: the Huber–Mueller calculation from Refs. [46,47] and the newer
alculation from Ref. [72] both lead to a significant apparent deficit of events, while the calculation from Ref. [71] does
ot lead to a significant anomaly. This discrepancy between different theoretical calculations highlights the large and
ifficult-to-estimate systematic uncertainties in these calculation and prevents us from drawing firm conclusions from
he rate anomaly. On the other hand, Fig. 4.2(a) also shows that the spectral anomalies (driven mostly by DANSS) are
obust with regard to the flux normalization, and lead to a preference for oscillations. With the data sets used in Ref. [179],
14
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Fig. 4.2. Global constraints on short-baseline νe and ν̄e disappearance, shown as a function of the mass squared difference ∆m2
41 and of the νe–νs

mixing. Panel (a), taken from Ref. [179], displays the preferred parameter region based on comparing total measured reactor neutrino event rates to
three different theoretical calculations (orange, blue and turquoise lines); it also displays as green filled contours the preferred regions based on reactor
spectra alone (without considering total rate information), and in gray the preferred region corresponding to the ‘‘gallium anomaly’’. The maroon
dot-dashed curve shows the sensitivity of the PROSPECT experiment [180]. In this panel, the horizontal axis shows sin2 θee = 4|Ue4|(1 − |Ue4|

2). In
anel (b), taken from Ref. [134], we compare the fit to reactor data (blue ellipses) also to constraints from solar neutrinos (black dashed), atmospheric
eutrinos (green), νe–12C scattering (maroon dot-dashed), and to the best fit region based on a combination of all νe and ν̄e datasets (red ellipses,

with the star showing the best fit point).

the statistical significance of this anomaly is 3σ . With more recent data from DANSS [86], the significance decreases to
2σ [181,182]. Fig. 4.2(b) finally shows that constraints from null results on solar, atmospheric, and νe–12C scattering data
do not impose any significant constraints.

4.1.3. νµ Disappearance searches
Similar to νe disappearance, also νµ disappearance can be described by a simple two-flavor expression in the short-

baseline limit. In complete analogy to Eqs. (4.9) and (4.10), the νµ survival probability in this approximation reads

Psbl
µµ ≃ 1 − 4|Uµ4|2(1 − |Uµ4|2) sin2 ∆m2

41L
4E

, (4.11)

nd an effective two-flavor mixing angle can thus be defined via

sin2 2θµµ ≡ 4|Uµ4|2(1 − |Uµ4|2) . (4.12)

et us consider now in particular the case that ∆m2
21L/E ≪ 1, ∆m2

31L/E ≪ 1, so that the short baseline approximations
from Eqs. (4.7), (4.9) and (4.11) are valid, but simultaneously ∆m2

41L/E ≫ 1, so that the oscillating terms sin2∆m2
41L/(4E)

in these equations average to 1
2 due to the limited experimental energy resolution. In this limit, Eqs. (4.7), (4.9) and

(4.11) depend on only two parameters: |Ue4|
2 and |Uµ4|2. By observing all three oscillation channels (νe disappearance,

νµ disappearance, and νµ → νe appearance), one can thus over-constrain the system, allowing for consistency tests. In
practice, the above limits on∆m2

21,∆m2
31, and∆m2

41 are simultaneously realized only in a small region of parameter space.
However, as long as measurements at different energies are available (which is almost always the case), the conclusion
that the system can be over-constrained remains valid.

We illustrate this in Fig. 4.3, where we compare the parameter region preferred by νe appearance experiments and νe
disappearance experiments to the exclusion limits from νµ disappearance searches in the |Uµ4|2–∆m2

41 plane. Evidently,
here is stark tension in the global data set: the parameter region preferred by the short baseline anomalies is ruled out
t high significance by the null results from νµ disappearance.
This tension has been quantified in Ref. [134] using a parameter-goodness-of-fit (PG) test [183]. This test measures the

tatistical ‘‘penalty’’ one has to pay for combining two data sets. It does so by comparing the likelihood of the individual
ata sets at their respective best fit points to the likelihood of the combined data set at the global best fit point. If the global
hort-baseline neutrino oscillation data were fully consistent, the PG test should yield a large p-value for any portioning of
the data into two independent subsets. The authors of Ref. [183] have in particular divided the data into appearance and
disappearance data, and have found a tiny p-value of 3.71 × 10−7. The p-value remains very small when any individual
15



B. Dasgupta and J. Kopp Physics Reports 928 (2021) 1–63

m
T
i
S

d
i

E
i
s
i
n
t
t

T
e

4

n

w

i

Fig. 4.3. Global constraints on short-baseline νµ and ν̄µ disappearance in the 3+1 scenario, shown as a function of the νs–νµ mixing |Uµ4|2 and the
ass squared difference ∆m2

41 . Thick colored lines show exclusion limits from various searches, with the region to the left of the curves excluded.
he red shaded region is preferred by the combination of νe/ν̄e appearance and disappearance searches, where the anomalies are observed. There
s clear tension between this data and the exclusion limits.
ource: Figure taken from Ref. [134].

ata set is removed from the fit. Only removing LSND has a significant impact, increasing the p-value to 1.6 × 10−3, which
s still small.

The consistency of the fit also does not improve when more than one sterile neutrino is considered [124,130,184,185].
ven though the mixing matrix has many more parameters in this case, the only qualitatively new feature that appears
n 3+ 2 and 3+ 3 models compared to the simple 3+ 1 scenario is the possibility of CP violation at short baseline. In the
hort-baseline limit, the mixing matrix in a 3 + 1 model reduces to a 2 × 2 matrix, which does not admit CP violation;
n a 3 + 2 model, in contrast, CP violation is possible even at short baseline. However, since there is no tension between
eutrino and anti-neutrino data, adding CP violation does not improve the global fit. The main source of tension – namely
he fact that explaining νe appearance data requires the sterile state(s) to have sizeable mixing with muon neutrino, in
ension with νµ disappearance data – is not resolved by including extra sterile states.

It is therefore clear that vanilla 3+n scenarios are not sufficient to explain the entirety of the short-baseline anomalies.
hey remain a viable option to explain some of them, though. In the next section, we will comment on a number of
xtended sterile neutrino models that are potentially able to relax at least some of the tension in the global fit.

.2. Attempts to resolve the short-baseline anomalies

The phenomenology of sterile neutrinos in oscillation experiments and elsewhere is significantly enriched when sterile
eutrinos can decay. Without further model ingredients, a heavy (> eV) neutrino state νs mixing with the active neutrinos
νa has two important decay modes: ν4 → 3νa and ν4 → νa + γ . The corresponding leading-order Feynman diagrams are
depicted in Fig. 4.4. The rate for ν4 → 3νa is [186–189]

Γ (ν4 → 3νa) =
G2
Fm

5
4

96π3 sin2 θ

= 7.0 × 10−35 sec−1
× sin2 θ ×

(
m4

eV

)5

, (4.13)

hile the decay rate for ν4 → νa + γ is [186,187,190–192]

Γ (ν4 → νaγ )D =
9αemG2

Fm
5
4

512π4

∑
j=1,2,3

(
1 −

m2
j

m2
4

)3(
1 +

m2
j

m2
4

)⏐⏐⏐⏐ ∑
α=e,µ,τ

(
1 −

m2
α

2M2
W

)
Uα4U∗

αj

⏐⏐⏐⏐2
≃ 2.73 × 10−37 sec−1

× sin2 θ ×

(
m4

eV

)5

(4.14)

n the case of Dirac neutrinos, and [187,192,193]

Γ (ν4 → νaγ )M =
9αemG2

Fm
5
4

256π4

∑ (
1 −

m2
j

m2

)3{(
1 +

m2
j

m2

)2[ ∑ (
1 −

m2
α

2M2

)
Im(Uα4U∗

αj)
]2
j=1,2,3 4 4 α=e,µ,τ W
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Fig. 4.4. The leading Feynman diagrams contributing to ν4 decay in sterile neutrino models. The process ν4 → 3νa in panel (a) has the larger rate,
while ν4 → νa + γ (depicted in panels (b) and (c)) is easier to observe due to the emission of a monoenergetic photon.

+

(
1 −

m2
j

m2
4

)2[ ∑
α=e,µ,τ

(
1 −

m2
α

2M2
W

)
Re(Uα4U∗

αj)
]2}

≃ 5.46 × 10−37 sec−1
× sin2 θ ×

(
m4

eV

)5

(4.15)

or Majorana neutrinos. In these expressions, mj (j = 1..4) are the neutrino mass eigenvalues, me, mµ, and mτ denote the
charged lepton masses, MW is the W boson mass, GF is the Fermi constant, and αem is the electromagnetic fine structure
onstant. The numerical approximations in the second lines of Eqs. (4.14) and (4.15) were obtained in the limit mj ≪ m4
nd mα ≪ MW . Moreover, in this limit, the dependence on the mixing matrix elements can be expressed in terms of
he effective mixing angle sin2 θ ≡

∑
j |Us4U∗

sj|
2. Assuming that ν4 mixes predominantly with only one of the light mass

igenstates, and that the corresponding mixing angle is ≪ 1, θ can be identified with that mixing angle.
From the above numerical estimates, it is clear that in simple 3 + 1 or 3 + n scenarios, neutrino decay is completely

irrelevant in terrestrial experiments unless sterile neutrinos with masses ≳ 100MeV exist. However, the situation changes
ramatically in models with extended sterile sectors.
We will now review the most important classes of such models, in particular those which have been proposed as

ossible explanations for some of the short baseline anomalies. It is worth emphasizing already here that most models
ith decaying are geared towards the MiniBooNE anomaly and cannot explain all anomalies simultaneously.

.2.1. Sterile neutrino decay to photons
terile neutrino production in the target, followed by ν4 → νγ in the detector. The decay of sterile neutrinos to photons
an be boosted compared to Eqs. (4.14) and (4.15) if neutrinos possess transition magnetic moments, that is couplings of
he form

Lmagn. moment ⊃
1
Λ
ν̄sσ

αβνaFαβ . (4.16)

ere, ν4 is the mostly sterile mass eigenstate, νa denotes one of the light neutrino mass eigenstates, and Fαβ is the
lectromagnetic field strength tensor. In fact, the loop diagrams shown in Fig. 4.4 (b) and (c) generate precisely such
n operator, with a suppression scale of order Λ ∼ M2

W/(m4 sin θ ). In extensions of the 3 + 1 model, however, Λ can be
maller, leading to an enhanced decay rate [194]

Γ (ν4 → νaγ ) ≃
m3

4

4πΛ2 ≃ 1.2 × 104 sec−1
×

(
m4

100MeV

)3(1 × 105 TeV
Λ

)2

. (4.17)

It is thus possible for neutrinos with O(100MeV) masses to decay on their way from the neutrino source to the detector.
The authors of Ref. [194] consider this scenario particularly in the context of the MiniBooNE experiment. In MiniBooNE,

the heavy mass eigenstate ν4 could be copiously produced in the target via kaon decay, K → ℓν4 (where ℓ is a charged
lepton) if their mixing with active neutrinos is of order 10−11 ≲ |Uℓ4|2 ≲ 10−7. Some of them would decay inside the
detector, where the final state photon could be easily misreconstructed as an electron, thus faking a charged current νe
interaction. Constraints on this scenario arise from the angular distribution of events in MiniBooNE and from experiments
studying the kinematics of kaon decay.

Sterile neutrino production in the detector, followed by the decay ν4 → νaγ . As an alternative to the production of ν4 at the
target station of an accelerator-based neutrino beam, heavy sterile neutrinos can also be produced in neutral current νµ–
nucleus interactions in the detector [195,196]. Strong constraints on this scenario were obtained by the ISTRA+ experiment
in Protvino, Russia, searching for the anomalous decay K−

→ µ−
+ (ν4 → νaγ ). In particular, the squared mixing matrix

element |Uµ4|2 describing the mixing between ν4 and νµ is constrained to be ≲ 10−4–10−5 for m4 between 30 and 80MeV,
and for ν4 lifetimes between 1 × 10−11 sec and 1 × 10−9 sec. Note that such short lifetimes, while needed to explain the
MiniBooNE and LSND anomalies with ν4 → νaγ decays inside the detector, cannot be realized without further ingredients
such as large transition magnetic moments, see Eqs. (4.14) and (4.15).
17
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.2.2. Sterile neutrino decay to dark photons
Exploring alternative decay modes of heavy sterile neutrinos, the authors of Refs. [197,198] extend the SM gauge group

y an extra, ‘‘dark’’ U(1)′ factor. The corresponding gauge boson A′ (the ‘‘dark photon’’) couples directly to the sterile flavor
eigenstate νs via a minimal gauge interaction of the form

L ⊃ g ′A′µν̄sνs , (4.18)

here g ′ is the U(1)′ gauge coupling constant. Couplings to the standard model can be induced by a gauge kinetic mixing
erm of the form

L ⊃ −
ε

4
FµνF ′

µν , (4.19)

where Fµν is the electromagnetic field strength tensor, F ′µν is the U(1)′ field strength tensor, and ε is a small dimensionless
arameter. We refer the reader to Refs. [199–201] for detailed reviews on dark photon physics.
If the mostly sterile neutrino mass eigenstate is heavier than the dark photon, m4 > mA′ , decays of the form ν4 → νaA′

are possible, where νa is again one of the light neutrino mass eigenstates. The dark photon will subsequently decay
via its ε-suppressed coupling to the electromagnetic current. For 2me < mA′ < 2mµ, the only allowed decay channel
s A′

→ e+e−. As long as mA′ ≫ me, the electron–positron pair will be strongly boosted in the forward direction. In
detectors with limited track resolution – such as MiniBooNE – it is therefore likely to be reconstructed as a single electron,
mimicking the signature of a charged current νe interaction.

In view of this possibility, the authors of Ref. [197] propose to explain the MiniBooNE anomaly by assuming heavy
sterile neutrinos are produced in the detector via neutral current neutrino–nucleus scattering of the form νµ+A → ν4+X ,
with the target nucleus A and the hadronic interaction product(s) X . The subsequent decay ν4 → νa + (A′

→ e+e−) can
explain the observed event excess for sterile neutrino masses around m4 ∼ 100MeV, dark photon masses mA′ ∼ 30MeV,
active-to-sterile neutrino mixings of order |Uµ4|2 ∼ 1 × 10−8, and kinetic mixing of order ε ∼ 10−4.

If, on the other hand, m′

A > m4, the sterile neutrinos will decay via an off-shell A′ [198]. For m4 < 2mµ, the only decay
mode will be ν4 → νae+e−. Once again, this is an interesting process that can be searched for in neutrino experiments.
In the specific case of MiniBooNE, the e+e− pair can mimic a charged current νe interaction, thus possibly explaining the
observed low-energy excess.

An important consideration for explanations of the MiniBooNE anomaly invoking heavy sterile neutrino decays to
photons or e+e− pairs is the angular distribution of detected events. In particular, the decay products of boosted ν4 are
predominantly emitted in the forward direction. A true νe appearance signal, on the other hand, leads to a more isotropic
distribution of the e+ or e− produced in CC interactions. Current MiniBooNE data appears more consistent with the latter
hypothesis than with a strongly forward-peaked distribution [23].

4.2.3. Active neutrinos from sterile neutrino decay
In the previous sections, we have discussed scenarios in which sterile neutrino decay yields electromagnetically

interacting, and thus easy to observe, products. However, even active neutrinos produced in sterile neutrino decay can
have important phenomenological consequences. In particular, their energy spectrum will be shifted to lower energies
compared to the bulk of the beam. Moreover, their flavor composition may be significantly altered.

The authors of Refs. [148,202–205] consider the decay νi → νj + φ, where i, j = 1 . . . 4, and φ is a new scalar or
pseudoscalar boson. In [148,205], also the subsequent decay φ → νjνk is considered. In the presence of neutrino decay,
the evolution of a neutrino ensemble is most easily described in the density matrix formalism. Let us therefore introduce
the energy (E) and time (t) dependent neutrino density matrix ρ̂ν(E, t), the corresponding anti-neutrino density matrix
ρ̂ν̄(E, t), and the scalar density functional ρ̂φ(E, t). It is understood that ρ̂ν(E, t) and ρ̂ν̄(E, t) are n × n matrices in flavor
space, where n is the number of neutrino flavors. The evolution equations read [148,203,206]

dρ̂ν(E, t)
dt

= −i[Ĥ, ρ̂ν] −
1
2

{m4
E Γ̂ , ρ

}
+ Rν[ρ̂ν, ρ̂φ, E, t] , (4.20)

dρ̂φ(E, t)
dt

= −
mφ
E Γφρφ + Rφ[ρ̂ν, E, t] , (4.21)

where Ĥ ≡
1
2E diag(0,∆m2

21,∆m2
31, . . . ) is the standard neutrino oscillation Hamiltonian in the mass basis. The second

erm in Eq. (4.20) describes neutrino decay. It depends on the decay operator Γ̂ ≡
∑

j
mj
E ΓjΠ̂j, which contains the total rest

frame decay width Γj of the jth neutrino mass eigenstate, as well as the projection operator Π̂j ≡ |νj⟩⟨νj| onto that mass
eigenstate. The third term in Eq. (4.20) accounts for the flux of daughter neutrinos from the decay processes νi → νj + φ
and φ → νjνk. Neglecting the masses of the daughter neutrinos compared to the parent neutrinos, It is given by

Rν[ρ̂ν, ρ̂φ, E, t] =

∑
i

Π̂Fi

∫
∞

E
1−m2

φ
/m2

i

dEi
∑
k

[
ρ̂ν,ii(Ei, t)

dΓ lab(νi → νkφ)
dEk

+ ρ̂ν̄,ii(Ei, t)
dΓ lab(ν̄i → νkφ)

dEk

]

+ Π̂Fφ

∑∫
∞

E
dEφ ρ̂φ(Eφ, t)

dΓ lab(φ → νkν̄j)
dEk

,

(4.22)
k,j
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here dΓ lab(X → Y )/dEk is the differential decay width for the various decays X → Y in the laboratory frame, and Π̂Fj,
Π̂Fφ are projection operators onto the final states of the respective decays. The integral runs over all parent energies Ej
that lead to daughter neutrinos with energy E. The sum over i runs over all parent neutrino mass eigenstates, while the
sums over k and j run over daughter mass eigenstates. The second term in square brackets in Eq. (4.22) is only present if
neutrinos are Majorana particles. For Dirac particles, lepton number violating decays of the form ν̄j → νkφ are obviously
forbidden. In analogy to Eq. (4.22), also the evolution equation for φ, Eq. (4.21) contains a decay term that depends on
the total φ decay width Γφ , and a regeneration term

Rφ[ρ̂ν, E, t] =

∑
i

∫ E m2
i /m

2
φ

E
dEi
∑
k

[
ρ̂ν,ii(Ei, t)

dΓ (νi →
(– )

ν kφ)
dEφ

+ ρ̂ν̄,ii(E4, t)
dΓ (ν̄i →

(– )

ν kφ)
dEφ

]
. (4.23)

Applying this formalism in the context of specific experiments, it has been noted already in Ref. [202] that the active
eutrinos from the decay of heavier, sterile, neutrinos can explain the LSND anomaly because their flavor composition can
e chosen such that it is dominated by electron neutrinos, in agreement with the LSND data. In Ref. [148], this study has
een extended to the full set of short baseline anomalies, noting in particular the excellent agreement with MiniBooNE.
here are several reasons for this good agreement: the first one is again the flavor composition of the daughter neutrinos
rom ν4 and φ decays, which can be chosen to be dominated by νe. Second, the daughter neutrinos tend to accumulate at
he lower end of the spectrum, exactly where MiniBooNE sees its excess. Third, the required mixing |Uµ4|2 between sterile
neutrinos and νµ is much smaller in the neutrino decay scenario than in 3 + 1 scenarios with oscillations only, where
the signal is suppressed not only by |Uµ4|2, but by the product |Uµ4|2|U2

e4. Fourth, the sterile neutrino can be heavier (up
to ∼ 1 keV), making it easier to avoid cosmological constraints as well as νµ disappearance constraints from oscillation
experiments. For instance, as noted in [203], the IceCube constraint on |Uµ4|2 is significantly weakened in presence of
substantial neutrino decay. The reason is that IceCube’s sensitivity comes from Earth matter effects on the neutrino
ensemble (in particular from a Mikheyev–Smirnov–Wolfenstein (MSW) resonance between active and sterile neutrinos),
and these matter effects cannot develop if the sterile neutrino decays before traveling through a significant amount of
matter. Finally, the model has the ‘‘secret interactions’’ mechanism (see Section 5.3.2) built-in, guaranteeing compatibility
with the cosmological constraint on the effective number of neutrino species, Neff. A combined explanation of LSND and
MiniBooNE, as well as the reactor and gallium anomalies may also be possible [148,205], but requires some extensions on
the particle physics side as well as somewhat non-standard cosmological evolution to avoid constraints that arise because
the model predicts active neutrinos to free-stream less than in the standard ΛCDM scenario, see Sections 5.2.2 and 5.3.2

4.2.4. Invisibly decaying sterile neutrinos
Several authors have considered the possibility of completely invisible sterile neutrino decay modes, in particular the

decay into a second, lighter, sterile neutrino and a new scalar or pseudoscalar [207,208]. In oscillation experiments, such
a scenario would lead to disappearance signals identical to those in a 3+1 model, up to corrections of order |Uα4|4, where
α is the disappearing active neutrino flavor. These corrections arise if the ν4 decays before reaching the detector because
in this case the small admixture of active neutrinos to the mostly sterile mass eigenstate ν4 does no longer contribute to
the detected flux as it has decayed. For the same reason, also appearance signals will be modified (though in general not
completely repressed) if ν4 decays before reaching the detector. Of course, if the daughter fermion produced in the decay
has a non-negligible mixing with active neutrinos, the appearance of these daughter particles will lead to new signals –
though the decay then should not be called invisible any more.

4.2.5. Active neutrino decays into sterile neutrinos
In the same way as sterile neutrinos can decay into active ones, also active neutrinos can decay into sterile neutrinos,

provided the sterile neutrino and the other decay products are sufficiently light. Due to the small masses of active
neutrinos, the decay lengths for such decays are typically too long to be relevant to terrestrial experiments.

They may, however, be relevant to astrophysical neutrinos. In fact, active neutrino decay has been originally proposed
in Ref. [209] as a possible (but ultimately unsuccessful [210]) solution of the solar neutrino problem. Nevertheless, active
neutrino decay is still interesting as a possible subdominant process for solar neutrinos [211–215]. Moreover, it could be
relevant to high-energy astrophysical neutrinos [208,216] and to cosmology [217,218].

4.3. Constraints from beta decay kinematics

If additional neutrino mass eigenstates exist with masses ≲ MeV, these states can be emitted in nuclear beta decays
through their mixing with the νe flavor eigenstate. As the shape of the e± spectrum from beta decay depends on the
mass of the emitted neutrino state, models with sterile neutrinos can be tested by precisely measuring this spectrum.
In particular, in a 3 + n model, the experimentally observed spectrum will be a superposition of 3 + n spectra (one for
each neutrino mass eigenstate), weighted with the mixing matrix elements |Uej|

2. This is illustrated in Fig. 4.5 (adapted
from Ref. [219]) for the case of tritium beta decay (SM endpoint energy Q = 18.59 keV) and for sterile neutrinos with
mass m4 = 10 keV and with unphysically large but illustrative mixing sin2Θ = 0.2. A pronounced kink is visible in the
spectrum at energy Q − m , corresponding to the endpoint energy for decays into an e−

+ ν final state.
4 4
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Fig. 4.5. Electron spectrum from tritium beta decay in the SM (dashed black) and in presence of a 10 keV sterile neutrino (solid red). The νs–νe
mixing angle Θ has been chosen unphysically large, sin2 Θ = 0.2 to better illustrate the effect. The dash-dotted and dotted red curves show the
contributions from the light mass eigenstates and from the heavy mass eigenstate, respectively.
Source: Figure adapted from Ref. [219].

Fig. 4.6. Constraints on the mixing of electron neutrinos with a sterile neutrino as a function of the sterile neutrino mass. See text for details.
Source: Figure adapted from Ref. [224].

Such kinks have been searched for in the beta decay spectra of numerous isotopes, and stringent constraints have
been imposed on the νs–νe mixing |Ue4|

2 [220–227]. The KATRIN collaboration is planning to install a dedicated detector
called TRISTAN to enhance their sensitivity especially in the keV mass range which is interesting for sterile neutrino dark
matter [219,228,229].

A summary of current constraints is shown in Fig. 4.6, adapted from Ref. [224]. Exclusion regions from beta decay
kinematics, shown as colored regions in the top part of the plot and labeled with the respective isotopes, dominate at
masses betweenm4 ∼ 10 eV andm4 ∼ 1MeV [230–240], see also Ref. [241]. In this mass range, the mixing matrix element
|U |

2 is constrained to be below well below 10−2, with constraints reaching well below 10−3 at keV-scale masses. This
e4
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mplies in particular that the oscillation anomalies in the νe sector – namely the reactor and gallium anomalies – cannot
be explained by sterile neutrinos with masses above ∼ 10 eV.

Nuclear beta decay constraints are less important at very low m4 ≲ 10 eV, where the kink in the beta decay spectrum
oves too close to the endpoint to be discernible. In this mass range, the limit is indeed dominated by oscillation searches,
ith Fig. 4.6 showing in particular the limits from the reactor neutrino experiments PROSPECT [242] and NEOS [85], and
y studies of atmospheric neutrinos in SuperKamiokande (SK), IceCube (IC) and DeepCore (DC) [134].
Fig. 4.6 also shows the generic, theoretically expected value for |Ue4|

2
∼ mν/m4 (with mν = 0.05 eV) in type-I seesaw

models. We see that none of the laboratory constraints reach this parameter region, with the exception of oscillation
searches at very low m4, where the main motivation for the type-I seesaw – explaining the smallness of neutrino masses
– is lost.

For masses above ∼ MeV, where sterile neutrino production in nuclear decays becomes kinematically forbidden, one
can instead use the lepton spectra from meson decays to set constraints. As can be seen from Fig. 4.6, the strongest limits
on νe–νs mixing are obtained from studies of the decay π → eν in the appropriately named PIENU experiment [243,244],
and of K+

→ eν in NA62 [245,246]. (See Ref. [246] for a discussion of potential future constraints from KL → νν.)
In a similar way, also mixing of sterile neutrinos with νµ is constrained. The relevant constraints, shown in the top

anel of Fig. 4.7 are from PIENU [247] and PSI [248] looking for modifications of π → µν decay, and from KEK [249,250],
E949 [251], and NA62 [245,252] using kaon decays. In addition, precision studies of the muon decay spectrum [253]
are relevant for sterile neutrino masses just below 100MeV. Once again, searches using modified decay spectra lose their
sensitivity at low m4. Hence, a vast range of sterile neutrino masses is left unconstrained by laboratory searches in Fig. 4.7.
At very small masses, m4 ≲ 100 eV, it is once again oscillation experiments that set limits, in particular IceCube [254–
260], DeepCore [261], and Super-Kamiokande [262] using disappearance of atmospheric νµ, CDHS [263], CCFR [264], and
MiniBooNE [265,266], using disappearance of beam νµ, NOνA [267] looking for a deficit in neutral current events, and
MINOS/MINOS+ [268] using both νµ disappearance and neutral current events.

Constraints at masses m4 ≳ 100MeV will be discussed in Section 4.4, and cosmological constraints (labeled CMB,
CMB+BAO+H0 and BBN in Fig. 4.6) will be the topic of Section 5.

Note that, at masses of order keV, sterile neutrinos are an interesting dark matter candidate [189,269–272], see
Section 6. If they are indeed abundant in the Universe, very stringent constraints can be set by looking for the radiative
decay ν4 → ν1,2,3γ , which leads to a monochromatic peak in the astrophysical X-ray flux. As such a peak is easy to
distinguish from astrophysical backgrounds and foregrounds, the sensitivity is superb, as shown by the jagged red curve
labeled ‘‘X-ray’’ in Fig. 4.6 [273,274]. We emphasize that this limit only applies if the heavy mass eigenstate ν4 is abundant
in the Universe, with its abundance matching the observed dark matter abundance. Models that avoid cosmological limits
by strongly suppressing the ν4 abundance therefore avoid this limit as well.

4.4. Constraints from sterile neutrino decay

While the main focus of this review is on very light (≲ few eV) sterile neutrinos, we also comment briefly on searches
for heavier sterile neutrinos. In this section, we closely follow Ref. [224], which offers a much more extensive review on
constraints on heavy sterile neutrinos. We have already seen in Section 4.3 and Fig. 4.6 that nuclear beta decay spectra
place strong limits at masses up to about 1MeV.

An even more important role is played over a wide mass range by decays of the sterile neutrinos themselves. At
1MeV ≲ m4 ≲ 10MeV, strong constraints on νe–νs mixing are obtained from searches for the decay ν4 → e+e−ν in the
reactor neutrino experiments Rovno [275] and Bugey [276]. In the same mass range, Borexino sets highly competitive
limits by looking for modifications of the solar 8B neutrino spectrum [277]. Indeed, if a fraction of the 8B neutrino flux is
carried by the heavy mass eigenstate m4, the decay ν4 → e+e−ν occurring along the way from the Sun to the detector
makes the spectrum softer than in the SM.

Sterile neutrino decays have also been searched for in Belle [278], Super-Kamiokande [279], NA3 [280], CHARM [281–
283], NOMAD [284], PS191 [285], IHEP-JINR [243,286], T2K [287], E949 [251], MicroBooNE [288], NuTeV [289], BEBC [290],
and FMMF [291]. In these experiments, ν4 may be produced in meson decays, and the most relevant decay modes are
ν4 → ℓπ and ν4 → ℓ+ℓ−ν. (Here, ℓ = e, µ denotes a charged lepton.) The primary mesons originate from e+e− collisions
n Belle, from the collisions of cosmic rays with the Earth’s atmosphere in Super-Kamiokande, from pions hitting a target
n NA3, and from protons hitting a target in CHARM, NOMAD, PS191, IHEP-JINR, T2K, E949, MicroBooNE, NuTeV, BEBC,
nd FMMF. An interesting possibility is that heavy sterile neutrino decays may actually help explain some anomalies
bserved in semi-leptonic B meson decays [292]. (The bottom panel of Fig. 4.7 shows only the upper limit on |Uτ4|2 from
his study.) Note that not all experiments listed here are sensitive to mixing with all active neutrino flavors, hence only
ubsets of them appear in each of the three plots of Figs. 4.6 and 4.7.
Of course, collider searches at LEP and LHC also weigh in on sterile neutrino constraints, especially at masses ≳ GeV:

he LEP experiments L3 [293,294] and DELPHI [295] have searched for ν4 production in Z decays, followed by ν4 decay
nto a SM lepton and an electroweak gauge or Higgs boson. They also contribute significantly to electroweak precision
ata (EWPD), which would also be affected by the active neutrinos mixing with new sterile states [296–298,298–303]. In
TLAS [304,305] and CMS [306,307], the most important production mode is W → ℓν4, and the most important decay
hannels are ν → ℓℓν and ν → ℓjj. An interesting alternative way of constraining sterile neutrinos at the LHC is looking
4 4

21



B. Dasgupta and J. Kopp Physics Reports 928 (2021) 1–63
Fig. 4.7. Constraints on the mixing of muon neutrinos (top) and tau neutrinos (bottom) with a sterile neutrino as a function of the sterile neutrino
mass. See text for details.
Source: Figure adapted from Ref. [224].
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Fig. 4.8. The Feynman diagrams for (a) two-neutrino double beta decay and (b) neutrinoless double beta decay.

for Higgs boson decays to sterile neutrinos [308]. Note that ATLAS and CMS sensitivity is best for lepton number violating
decays, which exist only if neutrinos are Majorana particles. Therefore, the ATLAS and CMS constraints shown in Fig. 4.6
only apply to this case.

If neutrinos are Majorana particles, searches for lepton number violating decays mediated by sterile neutrinos, such as
K+

→ ℓ+ℓ′+π− or B+
→ ℓ+ℓ′+K− lead to additional constraints. In Figs. 4.6 and 4.7, these constraints are combined

nto the exclusion curves labeled ‘‘LNV Decays’’ [220,309–311], except for the BESIII limit on D+
→ ℓ+ℓ′+π− and

D+
→ ℓ+ℓ′+K− [312] and the LHCb limit [313] on B−

→ µ−µ−π+, which are shown separately.

.5. Sterile neutrinos and neutrinoless double beta decay

Searches for neutrinoless double beta decay (‘‘0ν2β decay’’) are among the most sensitive probes of neutrino masses.
s such, they also offer exquisite sensitivity to extra neutrino states more massive than the Standard Model neutrinos.
Double beta decay occurs for neutron-rich or proton-rich isotopes whose single beta decay is forbidden, while two

imultaneously occurring beta transitions are allowed. This typically happens when the would-be daughter nucleus of
ingle beta decay has odd numbers of protons and neutrons (‘‘odd–odd nucleus’’), while the daughter state of double beta
ecay has even numbers of both protons and neutrons (‘‘even–even nucleus’’). As nucleons are wont to combine into
ightly bound pairs, odd–odd configurations are energetically unfavorable. The Feynman diagram for conventional double
ecay accompanied by the emission of two neutrinos is shown in Fig. 4.8(a), while the diagram for neutrinoless double
eta decay is shown in Fig. 4.8(b).
The crucial difference is that, in the second diagram, the neutrino lines from the two decays have been connected,

hich is only possible if neutrinos are Majorana particles.
We can read off from Fig. 4.8(b) that the rate for neutrinoless double beta decay will be of order

Γ0ν2β ∝ G4
F |M̃0ν2β |

2 ⏐⏐∑
j

U2
ejmj

⏐⏐2p2e , (4.24)

here we have omitted O(1) factors. The factor G4
F corresponds to the four weak interaction vertices, M̃0ν2β is a nuclear

matrix element describing the overlap of the initial and final state nuclear wave functions, and the final-state electron
momentum pe is used here as a proxy for the typical energy scales in the problem. It is introduced to give Γ0ν2β the
correct dimensions. For neutrino physics, the most important factor in Eq. (4.24) is the effective mass

meff
0ν2β ≡

∑
j

U2
ejmj . (4.25)

Here, the leptonic mixing matrix elements Uej stem from the Weν vertices, and the neutrino mass eigenvalues mj appear
due to the mass insertion on the neutrino line. The necessity of a mass insertion can be understood because connecting
the outgoing neutrino line of one beta decay to an incoming anti-neutrino line for the second beta decay is only possible
through a Majorana mass term.

If there are more than three mass eigenstates, the additional mostly sterile ones need to be included in the sum in
Eq. (4.25), see for instance Ref. [314] (based on previous developments in the three-neutrino framework [315–317]).
Hence, any sterile Majorana neutrino that mixes into the νe flavor eigenstate alters the rate of neutrinoless double beta
decay. Given the current 90% confidence level constraints on the 0ν2β half-lives of 76Ge (T 0ν

1/2 > 8.0 × 1025 yrs) [318]
and 136Xe (T 0ν

1/2 > 1.07 × 1026 yrs) [319], the authors of Ref. [224] have derived limits on the mixing between sterile
neutrinos and electron neutrinos, |Ue4|

2. These limits are shown in Fig. 4.9 and compared to the constraints from beta
decay kinematics discussed in Section 4.3. We see that 0ν2β decay dominates the limit on |Ue4|

2 over a vast mass
range. Only at very low (eV-scale) masses, oscillation experiments are more sensitive. At masses larger than the typical
momentum transfers in nuclear processes (few hundred MeV), the sensitivity of 0ν2β decay searches deteriorates because
the contributions of the heavy mass eigenstate to the diagrams of Fig. 4.8(b) becomes suppressed.
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Fig. 4.9. Neutrinoless double beta decay constraints on the mixing between sterile neutrinos and electron neutrinos, |Ue4|
2 in a 3 + 1 model. We

how 90% CL constraints from 76Ge (red dashed) [318] and 136Xe (red solid) [319]. The width of the bands indicates the theoretical uncertainty,
hich arises from uncertainties in the nuclear matrix elements M̃0ν2β in Eq. (4.24). We also show the parameter region generically favored by type-I
eesaw scenarios (gray shaded area at the bottom), and we compare to the limits from beta decay kinematics discussed in Section 4.3 (shaded areas
t the top).
ource: This plot has been adapted from Ref. [224].

In spite of its excellent sensitivity, however, 0ν2β decay searches do not quite reach the parameter region favored by
he generic type-I seesaw, shown in gray at the bottom of Fig. 4.9. It is also important to keep in mind that 0ν2β decay is
nly sensitive to sterile neutrinos mixing with electron neutrinos, and even that only in the case of Majorana neutrinos.
he mixings with muon and tau neutrinos, as well as scenarios with Dirac neutrinos, remain unconstrained.

. eV sterile neutrinos in cosmology

Neutrino cosmology represents one of the most successful meeting points between the fields of particle physics and
osmology. Naturally, this subject has been covered in great detail in the literature. Previous reviews by Dolgov [320] and
y Pastor and Lesgourgues [321], as well as the excellent monograph by Lesgourgues, Mangano, Miele, and Pastor [322],
over much of the classic material on the topic, and part of our discussion will follow their treatment quite closely.
owever, we will cover sterile neutrino interactions in more detail than previous reviews.
Neutrino oscillation data require that at least two of the mostly active neutrino mass eigenstates must be massive.

epending on the unknown ordering of the masses, the active masses are denoted as

m1 = m0 (NO) m3 = m0 (IO) , (5.1)

m2 =

√
m2

0 +∆m2
sol (NO) m1 =

√
m2

0 +∆m2
atm (IO) , (5.2)

m3 =

√
m2

0 +∆m2
atm (NO) m2 =

√
m2

0 +∆m2
atm +∆m2

sol (IO) . (5.3)

ere, we have expressed the three neutrino masses in terms of the yet undetermined lightest neutrino mass, m0, and the
wo known mass-square differences ∆m2

atm = |m2
3 − m2

1| ≈ 2.5× 10−3 eV2 and ∆m2
sol = m2

2 −m2
1 ≈ 7.4× 105 eV2 [323–

325]. While solar neutrino data dictate m2 > m1, the sign of ∆m2
atm is not yet known. Normal ordering (NO) refers to

the case m3 > m1,2, whereas in inverted ordering m3 < m1,2. The sum of neutrino masses is
∑

mν ≥ 0.058 eV, and the
minimum possible masses are approximately 0 eV, 8.4meV, and 0.05 eV. Laboratory limits on the maximum value of m0
are ∼ 1 eV [326], and thus the maximum allowed values of m1, m2, m3 are also ∼ 1 eV.

Cosmology is sensitive to neutrinos in a way that is complementary to laboratory searches. It is less sensitive to
individual masses and mixings, but is more directly affected by the absolute mass scale, possible new self-interactions, etc.
We present a picture of how neutrino properties affect cosmology and explain some of the recent developments. Readers
familiar with basic cosmology can skip Section 5.1. We do not review cosmological perturbation theory, for which the
reader may refer to [321,322].

5.1. Standard cosmology

Nearby galaxies, on average, appear to be receding away from us at a velocity v proportional to their distance r from
us. This is expressed as Hubble’s law

v = H r , (5.4)
0
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here H0 = 100 h km s−1 Mpc−1 is the local Hubble expansion parameter. The precision in the knowledge of H0 has
mproved from tens-of-percent to the percent-level over the past few decades. The latest determinations of H0 are up
o 1% precise, but span a very wide range ≈ (68-74) km s−1 Mpc−1 [327–331]. At the time of writing this review, in the
midst of the COVID-19 pandemic, there is a significant disagreement between the various precise measurements of this
parameter. This so-called Hubble tension is undoubtedly the most discussed anomaly in cosmology at the moment [332],
as recently analyzed in this lockdown perspective [333]. Remarkably, light relics such as sterile neutrinos may reduce this
tension, providing a rather topical motivation for this review of sterile neutrinos in cosmology.

A nonzero H0 leads to the natural conclusion that our Universe is expanding. This is expressed in terms of the
background metric of the Universe,

ds2 = dt2 − a(t)2
[

dr2

1 − Kr2
+ r2dΩ2

]
, (5.5)

here the time-dependent scale factor a(t) encodes the expansion of the Universe. It converts the coordinate distance
r between what would be two relatively stationary points in a static Universe to a physical distance rphys = a(t) r . The
iscrete curvature parameter K can be +1, 0, or −1, corresponding to a closed, flat, or open Universe. Our discussion will
e confined to K = 0, corresponding to a flat Universe, as predicted by inflation and consistent with observations. The
ime-dependent expansion rate is given by H = ȧ/a, whose value at the present time t = t0 is the local Hubble parameter
0. We use the convention that a0 = a(t0) = 1 and note that the redshift corresponding to a time t in the past is then
imply z = a(t) − 1. One can use the redshift, scale factor, or time interchangeably to refer to an epoch. To paraphrase
he luminaries, cosmology is a search for the few parameters that dictate the time evolution of the scale factor a(t).

An expanding Universe must have been smaller and hotter in the past. Physical cosmology is built upon extending
his argument and applying the known laws of physics to such a Universe. It turns out that a very economical model,
alled the ΛCDM model – including two novel components, dark matter and dark energy in addition to all known matter,
nd simple initial conditions inspired by inflation – describes all available cosmological data adequately. These data come
ainly from observations of the abundance of light nuclei, the properties of the cosmic microwave background (CMB),
nd the abundance and distribution of galaxies and clusters.
Whether and when something happened in the Universe, depends on two key quantities: the Hubble expansion rate

nd the rate for the concerned physical process Γ . As a thumb rule, all physical processes that occur slower than the
ubble rate are inefficient, whereas those that are faster can be important. Usually both of these rates fall with time at
ate times, and their relative strength and scaling decides when the process stops. This ‘‘freeze-out’’ epoch is estimated
y the condition

H ≃ Γ . (5.6)

or some processes, Γ /H increases with time initially, then reaches at maximum, and ultimately decreases again. The
‘freeze-in’’ epoch, i.e., the time t at which such a process first becomes efficient, can be estimated by Eq. (5.6) as well.

The Hubble expansion rate H depends on the energy density ρ of the Universe through the Friedmann equation

H2
=

8π
3

GNρ . (5.7)

he energy density ρ is the sum of several contributions, each of which evolves with time t and temperature T in its
wn characteristic fashion. For instance, the energy density of relativistic (T ≫ m) particle species (‘‘radiation’’) in

equilibrium scales as ρrad ∝ T 4 in the absence of a chemical potential, while that of a non-relativistic species out of
chemical equilibrium (‘‘matter’’) scales as ρmat ∝ T 3.

To see this, consider the phase space occupation of each degree of freedom of a particle species in approximate
equilibrium, i.e., a species whose interactions with the thermal plasma satisfy Γ /H ≫ 1. It is simply given by the
Fermi–Dirac or Bose–Einstein distribution,

fFD,BE =
1

exp[(E − µ)/T ] ± 1
, (5.8)

ith a multiplicative correction 1 + δ, where |δ| ≪ 1 encodes perturbations. Integrating the phase space density
(p) = (1+δ)fFD,BE, one can compute the number density n =

∫
d3p/(2π )3 f (p), the energy density ρ =

∫
d3p/(2π )3 E f (p),

tc. For example, every degree of freedom of a relativistic boson at zero chemical potential, e.g., the photon, in equilibrium
ontributes an energy density ρrad = π2T 4/30. Similarly, the number density of such a radiation-like bosonic degree of
reedom scales as nrad = ζ (3) T 3/π2, where ζ denotes the Riemann Zeta-Function. For relativistic fermions, e.g., neutrinos,
the energy density is smaller by a factor of 7/8, and the number density by a factor 3/4 compared to relativistic bosons.
he number of degrees of freedom, g , corresponding to each particle species is the number of distinct quantum states
hat are thermally accessible at that temperature. For instance, photons have gγ = 2 for the two transverse polarizations,
lectrons have ge = 4 (two helicities, particles and anti-particles), and neutrinos have gν = 2 (as the right-handed state
or the particle and the left-handed state for the anti-particle are never produced). For a relativistic species with non-
anishing chemical potential µ, a useful result is that nrad − n̄rad ≈ T 3(ξ + ξ 3/π2)/6, where ξ = µ/T is the familiar
ugacity parameter from statistical mechanics which controls the particle number asymmetry.
25



B. Dasgupta and J. Kopp Physics Reports 928 (2021) 1–63

e
e
c
h
t
o

w
d

a
T

b
c
δ

F
c

Analogously, the number density of a matter-like species per degree of freedom in equilibrium is nmat ≈ (mT/2π )3/2
xp(−m/T ), whereas ρmat ≈ mn + (3/2) T n, etc. The temperature T obeys a T ≈ constant due to conservation of the
ntropy density (s ∝ g T 3

∝ 1/a3), assuming that the number of degrees of freedom remains unchanged as the Universe
ools. Thus, after a non-relativistic species stops being in chemical equilibrium, that is, after number-changing processes
ave frozen out, its number density and energy density scale as a−3. Whereas, for a relativistic species the latter continues
o decrease as a−4. These results can be obtained simply from thermodynamics in an expanding Universe, giving H in terms
f temperature. While the energy density of the Universe is dominated by radiation, one finds

H ≃ 1.66
√
g⋆

T 2

MPl
, (5.9)

here g⋆(T ) is the effective number of relativistic degrees of freedom at a temperature T that make up the total radiation
ensity. Technically, one should distinguish two kinds of g⋆, one affecting the total energy density as above and its cousin

(h⋆) encoding the entropy density instead. When there are no decoupled particles, such as neutrinos below temperatures
of ∼1.2MeV, these are the same.

As an example, consider a light particle species (for instance a sterile neutrino) which interacts with the thermal plasma
via a mediator particle of mass M , with an effective fine-structure constant α. While the new species is relativistic, its
cross section is σ∼eqα2T 2/M4 for a massive mediator (M ≫ T ) and α2/T 2 for a light mediator (M ≪ T ). The particle’s
interaction rate is Γ ∼ nσv, where n∼T 3 is the number density of the species that it interacts with, and v is the relative
velocity of the two interacting particles. Thus, at sufficiently large T one expects Γ ≃ α2T to be smaller than H ≃ T 2/MPl,
as also at low T where Γ ≃ α2T 5/M4. This implies that the particle species under consideration is out of equilibrium
t very early times, then becomes strongly coupled to the thermal plasma at T ∼ α2MPl, before freezing out again at
∼ [M4/(α2MPl)]1/3.
Let us finally discuss inhomogeneities, parameterized by the correction factor 1 + δ which we mentioned already

elow Eq. (5.8). Consider the process of tiny initial inhomogeneities accreting more and more matter due to gravitational
ollapse, thereby ultimately forming galaxies and clusters. The fractional over-density, δρ/ρ̄, encoded in the amplitude
k of its kth comoving sub-horizon Fourier mode, evolves as

δ̈k + 2H δ̇k = (4πGN ρ̄ − c2s k
2)δk . (5.10)

or sufficiently small lengths scales (large k), the term in parentheses on the right-hand side is negative, and therefore δk
an have an exponentially growing solution when H ≃ 0. If, on the other hand, H ≫ csk one would expect such growth
to be significantly hampered by stretching of the scale factor.

Similar comparisons, involving the relevant competing rates, can be invoked to give a fair idea of the effectiveness
of various physical processes at various epochs. This kind of intuition is captured quantitatively within the Boltzmann
equations in an expanding Universe. They describe essentially everything in cosmology — from the formation of nuclei
and atoms to the seeding of galaxies and clusters of galaxies.

5.1.1. Minimal ΛCDM model
In the minimal cosmological model, the Universe has the following components:

• Radiation, with an energy density ρr that scales as 1/a4. This includes all particles in the Standard Model of Particle
Physics that are relativistic, i.e., photons at all epochs and other particles at temperatures higher than their respective
masses.

• Baryons, with an energy density ρb that scales as 1/a3. This includes all Standard Model particles that are non-
relativistic and are coupled to photons. (Note that, for simplicity and because their mass density is low, electrons
and positrons are included here even though they are leptons.)

• Cold Dark Matter (CDM), a novel matter component that is not coupled to photons and is non-relativistic through
most of cosmological history, with an energy density ρc scaling as 1/a3. Any hypothesized dark matter particles,
such as axions or WIMPs, must exhibit this behavior on the relevant scales and epochs.

• Cosmological Constant, with an energy density ρΛ that does not change with a. This hypothesized component is
often generalized to Dark Energy.

This parameterization is most useful around the epoch of recombination at around T ∼ 1 eV, where most of these
components play a non-negligible role: neutrinos and photons count as radiation, whereas electrons, ions, and atoms count
as baryons, and there is empirical evidence for both dark matter and dark energy. Using the same parameterization at other
epochs requires careful bookkeeping that maps the actual physical constituents of the Universe to this parameterization.
As an important example, neutrinos act as radiation when the temperature of the Universe is ≳ eV, but eventually at
least two of the active neutrino mass eigenstates become non-relativistic and count towards dark matter instead.

The energy densities in each cosmological component i has a well-defined dependence on time, so for phenomeno-
logical purposes it is more convenient to work with their fractional contributions to the energy density today, defined by

Ωi =
ρi(t0) with ρcrit =

3H2
0 . (5.11)
ρcrit 8πGN
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Table 5.1
Cosmological parameters from the 2018 data release by Planck [327] (referred to as Planck-18 hereafter). See
Tables 1 and 2 in Planck-18. We have quoted the TT+TE+TE+lowE+lensing limits obtained using their default
‘‘Plik’’ likelihood. Some of the external or derived parameters are also noted for completeness.
Parameter Description Mean and 68% range

H0 Local Hubble expansion rate 67.36+0.54
−0.54 km s−1 Mpc−1

Ωb Baryon fraction 0.02237+0.00015
−0.00015h

−2

Ωc CDM fraction 0.1200+0.0012
−0.0012h

−2

log10(1010As) Amplitude of perturbations 3.044+0.014
−0.014

ns Spectral tilt of perturbations 0.9649+0.0042
−0.0042

τ Optical depth to reionization 0.0544+0.0073
−0.0073

Ωr Radiation fraction 9.21+0.15
−0.15 × 10−5

Ωm Matter fraction 0.3153+0.0073
−0.0073

ΩΛ Λ fraction 0.6847+0.0073
−0.0073

Here i = r, b, c,Λ for radiation, baryons, cold dark matter, and dark energy, respectively. In a flat Universe like ours, one
has Ωr +Ωb +Ωc +ΩΛ = 1, and only three of these four parameters are independent.

All the constituents are assumed to be statistically isotropic and homogeneous at the earliest times, with small
stochastic perturbations. The perturbations are adiabatic, i.e., fractional perturbations in each component are related to
those in others, and are fully encoded in the two-point correlation function, P(k), of the local fluctuation of the spatial
curvature in comoving units, R(k), defined by ⟨R(k′)R⋆(k)⟩ = P(k)δ3(k−k′). One usually works with the rescaled power
spectrum P(k) = k3/(2π2) P(k), which is parameterized as

P(k) = As

(
k
k⋆

)ns−1

. (5.12)

ere As is the amplitude of perturbations at some arbitrary pivot scale k⋆ and ns is the spectral index that is expected to
e close to 1 when P(k) is nearly scale-invariant.
The ΛCDM model has one more parameter, τ , which is the optical depth to reionization. While this is not really a

undamental parameter, it is practically impossible to calculate it as this would require fully tracking the reionization
istory through simulations. It is much easier to determine τ from the data.
In all, the model thus has six free parameters, {Ωbh2,Ωch2,H0, As, ns, τ }. The physical energy densities ρi are propor-

ional to the combinations ωi = Ωi h2, which are directly constrained by the CMB data. Note that Ωr is conventionally not
ounted as one of the free parameters of the minimal model because the two largest contributions to it are from photons
nd neutrinos, with are either precisely known using the temperature of the CMB (T = 2.725±0.001K [334], which gives
γ = 2.47 × 10−5 h−2) or are precise predictions of the Standard Model (giving that Tν ≈ (4/11)1/3 T at T ≪ 0.5MeV),

espectively.7 Other quantities, e.g., ΩΛ, are derived parameters in the ΛCDM model. In addition, there are about two
ozen nuisance parameters that are introduced to encode instrumental features and observational limitations; we will
ot discuss these here.
We summarize our current knowledge about the ΛCDM model – encoded in the measured values of its parameters –

n Table 5.1.

.1.2. Cosmological history
The very early Universe presumably began with inflation — a hypothesized phase of rapid expansion, where spatial

atches in the Universe that were already in causal contact grew exponentially with time and became much larger than
he Hubble radius. This led to the simple initial conditions assumed in the ΛCDM model. After inflation, the Universe
as essentially empty, but was then reheated through the decay of inflatons (the excitations of the field whose vacuum
nergy density drives inflation). Inflatons are presumed to have decayed into various particles species that interacted and
ame into thermal equilibrium. Over the past two decades, the focus of cosmology has been on deciphering the nature of
ur Universe, assuming these simple initial conditions. Modeling and testing the very early epoch, involving inflation or
ts alternatives, remains a frontier of modern cosmology.

For not too extreme values for the parametersΩr ,Ωb,Ωc , andΩΛ, at early times the Universe was radiation-dominated
as the radiation energy density scales by the factor 1/a4. Thereafter, matter composed of dark matter and baryons, which
scales as 1/a3, started to become relatively more important, and at the epoch of matter–radiation equality, teq, the two
had equal energy densities: ρr = ρm. Afterwards, the energy density of the Universe was dominated by matter. From

7 The Planck collaboration uses the angular acoustic scale θ as a fundamental parameter instead of H0 , but this difference is not important for
ur discussion.
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able 5.1, one finds zeq = Ωm/Ωr ≈ 3402. At even later times, approximately at zΛ ≈ 0.295, the cosmological constant
Λ, which unlike all other species does not decrease with a, began to dominate over everything else.

At present, we have information about our cosmological history only from a few epochs — the nucleosynthesis era at
TBBN ≈ 0.1MeV and zBBN ≈ 109, where light nuclei formed from a soup of protons and neutrons; the recombination era
at Trec ≈ 0.3 eV and zrec ≈ 1100, when electrons and nuclei formed neutral atoms and the Universe became transparent
for the first time; and the relatively recent Universe at T ≈ few K and z ≲ 1 with galaxies and other structures. In the
future, new observations, e.g., of the 21 cm line of hydrogen, metal line intensities, and gravitational waves, will provide
glimpses into yet unseen epochs of the Universe.

It is a remarkable feat that CMB data alone can determine all parameters of the minimal model to better than 10%
precision [327]. The model thus determined by CMB data is internally consistent (the fluctuations are consistent with
being statistically isotropic and Gaussian, the p-values for the minimal model are reasonable, etc.). Further, the model
is externally consistent with the other cosmological datasets that probe subsets of its six cosmological parameters, with
only a few notable and widely discussed exceptions. Besides the previously discussed Hubble tension, there are only
mild anomalies, e.g., between Lyman-α observations and baryon acoustic oscillations (BAO), between different geometric
observables, and between CMB and structure formation measurements of the perturbation amplitude. (In this context,
the latter is often parameterized in terms of σ8, the amplitude of the power spectrum on a scale of 8Mpc, rather than by
As and ns.) Understanding these tensions usually involves more detailed modeling and they may therefore be considered
less robust than the Hubble tension. See Planck-18 for detailed comparisons [327].

The minimal model can be extended in various ways. One way is to simply include known physics that was
ignored as a simplifying approximation, for instance active neutrino masses. At present the cosmological data does not
distinguish between these more realistic models and the minimal model, but this is likely to change in the future. The
other approach is to include new physics to address some of the tensions mentioned above, or to resolve some other
theoretical/observational issue. This is where much of the excitement has been. In particular, to address the Hubble
tension, modifications to neutrino properties have been hypothesized. Sterile neutrinos, the topic of this review, also fall
in this latter category. Below, in Section 5.3, we will focus on the base ΛCDM cosmology extended by one or more sterile
neutrinos with eV-scale masses and large mixings to the active neutrinos, with or without exotic interactions. However,
before we enter a discussion of sterile neutrinos, it is useful to review how various observations constrain cosmology and
how various properties of neutrinos affect cosmology.

5.1.3. Cosmological probes
Big bang nucleosynthesis. Big Bang Nucleosynthesis is the era when nucleons in the primordial plasma cooled down
sufficiently to combine into light nuclei, in particular 2H, 3H, 3He, 4He, and 7Li. This process depends on the competition of
the electromagnetic, weak, and strong interaction rates, and of the Hubble expansion rate in the epoch where the photon
temperature was roughly in the range 1MeV − 0.1MeV.

At high temperatures, T ≳ MeV, neutrons and protons were in chemical equilibrium owing to their weak interactions.
The number densities of protons and neutrons in this epoch obey the Saha equation,

nn

np
= exp

(
−
∆mN

T

)
, (5.13)

here ∆mN ≃ 1.29MeV is the neutron–proton mass difference. As we discussed earlier, the weak interactions of
eutrinos decoupled at TνD ∼ 1.2MeV, as determined by the competition of the Hubble rate H , which is proportional
o

√
ρr ∝ T 2, and the rate of weak interactions which scales as Γ ≈ nνG2

FE
2
ν ∝ T 5.

In the same way, conversions between protons and neutrons ceased to be efficient at TD ∼ 0.7MeV. At this time, the
n/p ratio was about exp(−∆mN/TD) ≃ 1/6. Afterwards, neutrons began to decay, and the scaling of the n/p ratio became

nn

np
= exp

(
−
∆mN

TD

)
exp

(
−

t
τn

)
. (5.14)

ere, t ∝ (MeV/T )2 during radiation domination, and τn = 880.3 ± 1.1 sec is the neutron lifetime.
At high temperatures, bound nuclei cannot form. As an example, 2H nuclei are immediately broken down by photons

via the electromagnetic process,

γ +
2H → n + p . (5.15)

Up to O(1) numerical factors, the equilibrium abundance of 2H nuclei is

n2H

nH
= ηb

(
T
mN

)3/2

exp
(
B2H

T

)
. (5.16)

he baryon-to-photon ratio ηb = nb/nγ , which can be easily related to Ωb and Ωr in the minimal model, is the only free
arameter. Given the binding energy of the deuteron, B2H ≃ 2.2MeV, the mean nucleon mass mN , and the known value
f η ∼ 10−9, the equilibrium abundance of 2H nuclei comes to merely ∼ 10−12 at MeV temperatures. Higher-mass nuclei
b
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ere even less abundant at high temperature, as they involve additional powers of ηb. Eq. (5.16) shows that the deuteron
bundance grew significantly only at temperatures much lower than the deuteron binding energy, thanks to the small
refactor ηb. More quantitatively, one finds that deuterons could only form efficiently at TBBN ≲ 0.07MeV, when their
hotodissociation became inefficient. This relatively late formation of deuterons is called the ‘‘deuterium bottleneck’’.
Once the bottleneck of 2H formation had been overcome, a chain of nuclear reactions was triggered that created heavier

uclei. As an approximation, it is useful to assume that all neutrons that had not decayed at TBBN = 0.07MeV got bound
nto highly stable 4He nuclei. This leads to the following result for the helium fraction:

Y4He =
4n4He

nb
∼

2

1 + exp
(
∆mN
TD

)
exp

(
tBBN
τn

) ∼ 0.25 . (5.17)

These estimates give an idea of how nuclei formed, but, in practice, the nuclear abundances are calculated by solving
set of coupled kinetic equations that encode a network of nuclear reactions and rates. Fitting to observed abundances
llows a determination of the only free parameter, ηb ≈ 6×10−10. In a global fit, BBN plays a modest role in determining
b in the ΛCDM model. The preceding discussion follows [322], which may be consulted for more details and references.

osmic microwave background. After the formation of heavier nuclei by around T ≃ 0.1MeV, the Universe remained a
harged plasma of electrons and ions until it cooled down sufficiently to form atoms. Naively, one expects this to have
ccurred at a temperature close to E0 = 13.6 eV, when protons and electrons could combine to form neutral hydrogen
toms in their ground state. However, the ratio of the baryon and photon number densities is very small, ηb ≈ 6×10−10, as

independently determined by BBN observations. Therefore, even after the temperature of the Universe had dropped below
E0, there were initially still enough energetic photons to ionize any hydrogen atoms that may have formed. Assuming each
photon with energy larger than 13.6 eV is sufficient to ionize an atom, we can determine the temperature Trec at which
recombination actually happened by solving the equation

nγ

∫
∞

E0

dE exp
(

−E
kBTrec

)
∼ nb . (5.18)

The result is

Trec ≃
E0

−kB log ηb
∼ 0.7 eV . (5.19)

better estimate is obtained by keeping track of the abundances of neutral, first-excited, and ionized hydrogen in the
o-called effective three-level atom model [335,336], which gives Trec ≈ 0.3 eV.
Prior to recombination, the photons, baryons, and electrons were all tightly coupled by electromagnetic interactions.

he growth of density inhomogeneities via gravitational collapse was counteracted by the radiation pressure. These
pposing forces set up density waves that were damped by the expansion of the Universe and, on scales smaller than
he photon mean free path, by photon diffusion. Around recombination, however, as protons and electrons formed
toms, the Universe became overall neutral, and the newly formed atoms decoupled from the photons. This stopped
he baryon–photon oscillation in its tracks, and the perturbations in the photons became frozen.

Since recombinations, photons have propagated essentially freely, but were gradually redshifted from the optical band
nto the microwave band. They can thus be observed today as the cosmic microwave background (CMB). The very uniform
MB sky proves that the Universe was in equilibrium at early times. Its observed temperature in the present epoch
0 = 2.725 K [334], corresponds to Trec ∼ 0.3 eV with a redshift at recombination zrec ≃ 1100 [327]. This temperature,
easured to high precision by the FIRAS instrument on the COBE satellite, gives us a direct handle on the radiation density
f photons in the Universe.
But probably the most important feature of the CMB are the small fluctuations of up to one part in 105 that are

uperimposed on the otherwise perfect thermal spectrum. The fluctuation pattern is usually characterized by the average
ngular correlation, CTT

ℓ ∝ ⟨δT (0) δT (θ )⟩ of the temperature fluctuations at two points on the sky that are separated by
n angle θ , which is related to the multipole number ℓ. CTT

ℓ reveals the typical relative phases within the primordial
ensity waves at angular distances of order θ : for wave modes that happen to be at their extremum when recombination
appens, CTT

ℓ is larger, while for modes that encountered a zero crossing at that time, the angular correlation is small. Peaks
n the angular power spectrum, |CTT

ℓ |
2, of CMB anisotropies correspond to points separated by integer and half-integer

ultiples of the fundamental oscillation wavelength in the baryon–photon fluid. The positions and heights of these peaks,
s well as the shape of their overall envelope, encode a wealth of information and allow one to determine the amount of
atter, contribution of dark energy, etc. Similar arguments apply to the anisotropies in polarization. Obtaining even an
pproximate but quantitative understanding of how each cosmological parameter affects the various features of the CMB
nisotropy power spectrum takes great care and insight [337].
CMB temperature and polarization observations alone are sufficient to determine all parameters of the minimal ΛCDM

odel to better than 10% accuracy, in some cases reaching uncertainties below one percent. Further, most of this is
ased on easy to understand linear physics. So we will take the attitude that these CMB-derived parameters define our
osmology.
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arge scale structure. While baryon density perturbations could not grow via gravitational collapse before matter–
adiation equality at Teq ≈ 1 eV, the density perturbations of dark matter began to grow (logarithmically) already much
arlier. In fact, if there were no dark matter and thus no pre-existing gravitational potentials for the baryons to fall into,
he huge density perturbations we observe today in the form of galaxy clusters could not have formed within the time
lapsed since matter–radiation equality. This is a simple argument demonstrating the need for dark matter.
The growth of the fractional over-density in the ith matter species, δi = δρi/ρ̄, for the comoving Fourier mode k, is

iven by

δ̈i,k + 2H δ̇i,k = (4πGN ρ̄ − c2s k
2)δi,k , (5.20)

here ρ̄ denotes the average energy density. Competition between Hubble expansion and gravitational collapse dictates
hat perturbations in matter, on scales smaller than the horizon, grew only logarithmically with the scale factor during
adiation domination and linearly during matter domination. Ignoring the logarithmic growth, perturbations on small
cales that enter the horizon already during radiation domination therefore wait until matter–radiation equality to be
ble to grow, and suffer a suppression of (aentry/aeq)2 relative to the mode that enters only at Teq. The matter power
pectrum Pm(k) ∼ k−3P(k) therefore has a peak at wavenumber keq ∼ 10−2 Mpc−1, falls off as 1/k3 at k > keq, and grows
s k at smaller k < keq. This roughly agrees with the observed shape of the power spectrum of galaxies and other larger
bjects.
Pm(k) can be measured using a variety of ways. A direct comparison of the predicted linear power spectrum, described

bove, with the actual observation is quite a challenging task. In no particular order, the typical data on large scale
tructure come from galaxy and cluster power spectra, the cluster mass function, galaxy weak lensing, CMB lensing, and
omography with Ly-α and 21 cm lines, etc. A major problem is the fact that galaxies and other baryonic tracers do not
xactly follow the underlying dark matter power spectrum. Also, on small scales, roughly k ≳ 0.3 hMpc−1 the density
erturbations are not linear any more. As such, it is often essential to use numerical simulations of structure formation
o make contact between theory and data. Nevertheless, one of the most robust measurements of large scale structure is
he scale keq, which is directly related to Ωm. It can be robustly extracted, as can be the position of the baryon acoustic
scillation (BAO) peak, which is roughly the baryonic counterpart of the sound horizon peak in CMB. For these observables,
here is excellent agreement with the CMB data.

.2. Neutrinos in cosmology

.2.1. Production
To understand cosmological neutrino production, including the role of flavor, momentum spectra, chemical potentials,

nteractions etc., a treatment using quantum kinetic equations is required. These are a matrix generalization of the usual
oltzmann equations, necessitated by the need to track the possibly coherent flavor inter-conversions. Some of the early
orks on this topic can be found in Refs. [338–342]. The central entity is the quantum field theoretic expectation value
â†
β (p) âα(p

′)⟩ = (2π )3δ3(p − p′)ϱαβ , where α, β run over the neutrino flavors e, µ, τ , including possibly sterile states
enoted by the subscript s. Each momentum mode has its own ϱ, but perplexingly ϱ refers to a quantum state at a given
osition at the time. One may worry that such simultaneous position and momentum specification is not allowed in a
uantum treatment. The way out is to think of these ϱ as coarse-grained matrices of densities, i.e., Wigner functions
meared over a scale somewhat larger than the de Broglie wavelength [343]. Thus, each diagonal element of ϱ is a
non-negative distribution encoding the phase-space density of that neutrino flavor

ϱαα = fα(p, x, t) (no sum over α) , (5.21)

while the off-diagonal terms encode correlations between the flavors. What this construction does is to separate the slow
quantum dynamics of the internal state from the faster quantum dynamics of the spacetime motion of the particle itself.
The latter is then taken to be in its classical limit. Each ϱ obeys the von Neumann equation

i
dϱ
dt

= [H, ϱ] + C , (5.22)

where the Hamiltonian, assuming only Standard Model interactions, is

HSM = U† M2
ν

2Eν
U +

√
2GF

[
Lℓ + Lν −

8Eν
3

(
Eℓ
M2

W
+

Eν
M2

Z

)]
. (5.23)

t includes neutrino mass-mixing in the first term and the refractive (i.e., momentum preserving) effects of the medium in
he second. Here M2

ν is the mass-square matrix for the neutrinos and U the mixing matrix. E and L contain the refractive
ffects due to thermal and loop corrections to the neutrino self-energy, which add coherently to free propagation.
pecifically, Lν =

∫
d3p/(2π )3 (ϱ − ϱ̄) are the particle–anti-particle differences in the neutrino number density, whereas

=
∫
d3p/(2π )3 E (ϱ + ϱ̄) are the sums of the corresponding energy densities. Charged lepton energy densities and
ν ν
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umber densities are similarly defined. They are diagonal matrices with entries that can be interpreted as potentials. E.g.,
or the three flavors of Standard Model neutrinos at low temperatures, where only electrons and positrons are present,

√
2GF

(
Lℓ −

8Eν
3M2

W
Eℓ

)
= diag(Veff, 0, 0) , (5.24)

ith Veff =
√
2GF (ne− −ne+ )−8

√
2GF Eν/(3M2

W ) [344,345]. When there is no particle–anti-particle asymmetry, the L terms
re zero, whereas the E terms remain nonzero. This is why the latter are usually more important at high temperatures,
nless one considers lepton asymmetries that are significantly larger than the observed baryon asymmetry of the Universe.
The matrix C in Eq. (5.23) encodes the collision integral, which includes the effect of all momentum changing processes

nd is given by

C = −
i
2
G2
F

[
{S2, ϱ − I} − 2S(ϱ − I)S + {A2, ϱ − I} − 2A(ϱ − I)A

]
, (5.25)

where S and A are diagonal matrices in flavor basis that encode various scattering and annihilation rates for each flavor.
For illustration, in a 2+1 flavor approximation with 2 active flavors e and µ and 1 non-interacting sterile flavor, one
has S = diag(ge

s , g
µ
s , 0) and A = diag(ge

a , g
µ
a , 0), with (ge

s )
2

≈ 3.06, (gµs )2 ≈ 2.22, (ge
a )

2
≈ 0.5 and (gµa )2 ≈ 0.22

encoding the strengths of scattering and annihilation processes affecting e and µ flavored neutrinos. A systematic and
detailed discussion of these coupling-matrices can be found in Ref. [341]. Numerical values of the various gi are available
in Ref. [346]. If the sterile neutrinos have additional interactions they will add refractive potentials in L and E, as well as
modify the S and A matrices.

Note that in the above formalism anti-neutrinos of energy p are represented by ϱ̄αβ ∼ ⟨b̂†
α b̂β⟩, and they are treated

as if they were neutrinos but with a negative p. This means in particular that the M2
ν-term and the E-terms in Eq. (5.23)

enter with an overall minus sign.
The matrices of densities obey the same rules as usual density matrices, i.e., Trϱ is conserved as long as there are no

number changing processes, whereas Trϱ2 is only conserved if there is no decoherence. Typically, the state ϱ decoheres,
and the off-diagonal entries eventually vanish. This can happen, e.g., owing to reduced spatial overlap of originally
coherent components that get separated out by being scattered away due to collisions (or by traveling at slightly different
speeds, an effect that we will ignore). In that limit, it is sufficient to work with the diagonal components individually,
which simply obey the usual Boltzmann equations.

These quantum kinetic equations are challenging to solve. In the context of sterile neutrinos, the problem is further
complicated by not just the increase in the dimension of the Hilbert space, but also chemical potentials, CP violation,
and new scales introduced by the flavor-universal neutral current interactions that can be dropped when dealing with
active neutrinos only, but not when also sterile neutrinos are present. Numerically, these challenges have prevented a full
solution. However, over the past two decades increasingly more complete treatments have been attempted [346–349].

1+1 flavors. To obtain some more insight, it is very useful to focus on a two-flavor approximation, with one active neutrino
flavor νa and one sterile flavor νs. In this case, one can express all density matrices in terms of Bloch vectors by writing
ϱ =

1
2 [P0 + σ · P], with the Pauli matrices σi. Here P0 encodes the occupation number of neutrinos with momentum

p, i.e., f (p), and P carries information on the flavor composition including coherence. One commonly uses the basis
{ê1, ê2, ê3} in flavor space, where ê3 points in the direction of a pure νa state. In Bloch vector notation, the quantum
kinetic equations take the following form:

(∂t − Hp ∂p)P = H × P − D(P1ê1 + P2ê2) + Rê3 , (5.26)

(∂t − Hp ∂p)P0 = R , (5.27)

where H is the Bloch vector corresponding to the Hamiltonian in Eq. (5.23), the decoherence function is

D =
Γtot

2
, (5.28)

nd the repopulation function is

R = Γtot

[
feq −

1
2
(P0 + P3)

]
. (5.29)

t is worth noting that the decoherence term depends on the total collision rate Γtot = (Γa +Γs), which means that, even
f one of the flavors does not have any interactions, it can still undergo collisional decoherence, owing to the collisions
xperienced by the other flavor.
In standard cosmology, the active neutrinos decouple from weak interactions roughly at TνD = 1.2MeV, as dictated

y a competition of the neutrino interaction rate n⟨σv⟩ ≃ G2
FT

5 with the Hubble expansion rate H , where we ignore
actors of order one. By examining the steady state solution of Eq. (5.27), one can see that before neutrino decoupling,
he large interaction rate drives f to feq, that is to a Fermi–Dirac distribution with temperature T and chemical potential
. The chemical potential is nonzero when there is a neutrino–anti-neutrino asymmetry. It was shown that the stringent
BN bounds on an electron neutrino asymmetry apply to all flavors, since neutrino oscillations led to approximate flavor
31
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quilibrium before BBN [350–352]. Therefore, in standard cosmology, it is a good approximation to ignore any initial
symmetry and one can set µ → 0. After active neutrinos decouple, they initially have a temperature that is the same as
hat of the photon bath. However, around T ≈ me the electrons and positrons annihilate and dump energy mainly into
he photon bath, and far less into neutrinos. As a result, the photon bath cools more slowly than 1/a3, while the neutrinos
ontinue to be diluted unhindered. By convention, the temperature of the photon bath is referred to as the temperature
f the Universe, so in relative terms the neutrino temperature becomes lower due to e+e− annihilation. Assuming that
he entropy transfer from electron and positrons to photons does not affect the neutrinos at all, one finds the neutrino
emperature is lower by the ratio T std

ν /T = (4/11)1/3 afterwards.
Sterile neutrinos may initially not have been in contact with the rest of the thermodynamic bath. Confining our

iscussion to thermal scenarios, the simplest possibility is that they were produced purely by oscillations. If the active
eutrinos mix ever so slightly with sterile neutrinos, they create a small sterile component through oscillations, i.e., the
recession of P around H in Eq. (5.27) allows the component of P along ê3 to reduce. If the collision rate Γtot is smaller
han the Hubble rate H , neutrinos can be taken to be oscillating without scattering. Then if ∆m2/(2Eν) ≫ H the final
terile neutrino number density is nνs ≃

1
2 sin2 2θm nνa , where the mixing angle in matter θm is given by [120]

sin2 2θm =
sin2 2θ(

cos 2θ +
2Eν
∆m2 Veff

)2
+ sin2 2θ

, (5.30)

efractive effects are contained in the potential Veff. The final population of sterile neutrinos thus remains small due to the
atter-suppressed mixing angle. The small νs population that is produced inherits the Fermi–Dirac momentum spectrum
f the bath.
If Γtot exceeds the Hubble rate H , then sterile neutrinos cannot be treated as non-collisional [353]. Instead, the coherent

volution of the flavor ensemble is constantly interrupted by collisions, which can be viewed as ‘‘measurements’’ in the
uantum mechanical sense, projecting the neutrino state onto either νa or νs. The νa start oscillating again, once again

developing a small νs component. Thus, after many collisions, a sizeable abundance of νs can be produced. The νa → νs
production rate is Γprod ≃

1
2 sin2 2θm Γtot, where we can interpret the first factor as the average probability that an

initially active neutrino is in its sterile state at the time of collision. The second factor gives the scattering rate that
keeps ‘‘measuring’’ it in a flavor state. The fraction of νa converted to sterile neutrinos is not limited by the mixing angle,
and all neutrino flavors can end up with equal phase space densities. In the Bloch vector language, P precesses around H
ith a small angle, but constantly gets projected onto the e3 direction due to collisions. As a result, the vector shrinks in

length and can eventually vanish, i.e., both flavor states can be equally occupied. If the collision rate is finely tuned, so as
to not fully thermalize the sterile neutrinos, sub-thermal abundances can also be produced. The momentum distribution
of the sterile neutrinos is approximately the same as that of the active neutrinos in this case. We will revisit this later
when we discuss keV-mass sterile neutrinos as dark matter. This is the Dodelson–Widrow mechanism [269].

The above picture can change drastically if there is a Mikheyev–Smirnov–Wolfenstein (MSW) resonance [354,355].
Oscillations can be enhanced due to matter effects (L and E contributions from Veff) that make the e3 component of H
small, so that the precession of P around H in Eq. (5.26) happens at a large angle, i.e., θm is large due to a cancellation in the
denominator of Eq. (5.30). This happens either for neutrinos or anti-neutrinos (but not both) and thus leads to different
abundances of sterile neutrinos and anti-neutrinos. The neutrino momentum spectra can then depart significantly from a
Fermi–Dirac spectrum. In the cosmological context, the MSW potential is dominated by the self-energies of the particles
and usually there are no resonances. However, if large lepton asymmetries are present, there can be a large contribution
from them and resonances can occur. This leads to resonant production and, because the resonance is sensitive to the
neutrino momentum, the resulting neutrino spectrum can be significantly different from a thermal spectrum. This is
referred to as the Shi–Fuller production mechanism [270].

One issue that has attracted attention here is that the final sign, but not the absolute value, of the neutrino asymmetry
was said to be unpredictable. In a sense it was being argued that it depended in some chaotic manner on initial conditions.
Recent numerical studies with higher resolution have demonstrated that the sign oscillation is a numerical artifact, and
in fact the sign is completely deterministic [356].

5.2.2. Observables
The effects of neutrinos on cosmology have been studied and elaborated upon previously in great detail, focusing

especially on their number and mass. However, for sterile neutrinos, not only their number and mass can be probed,
but also their interaction strength, which can be quite different from that of active neutrinos. Concretely, the mostly-
sterile mass eigenstates experience weak interactions suppressed by a factor of the active–sterile mixing angle. Moreover,
neutrinos, whether active or sterile, may also have new interactions beyond the Standard Model, e.g., so-called ‘‘secret
interactions’’ among themselves, or perhaps with a component of dark matter. The interactions among sterile states could
be much stronger than SM weak interactions. Thus it is useful to delineate the effects of neutrinos on cosmology — as
a function of their number, their mass, and their interaction strength. Of course, cosmology can be sensitive to more
detailed properties, and we outline them in brief at the end.
32



B. Dasgupta and J. Kopp Physics Reports 928 (2021) 1–63

N
i

f

o
N
n
i
d
l

a

T

m
a

umber of neutrinos. Relativistic neutrinos contribute to the energy density of the Universe as radiation. Their contribution
s parameterized in terms of an effective number of neutrino flavors Neff, defined by

ρr − ργ

ρstd
ν

= Neff , (5.31)

where ρr is the total radiation energy density, ργ is the photon contribution to it, and ρstd
ν = 2 ×

7
8
π2

30

( 4
11

)4/3
T 4.

Obviously, any new relativistic species could lead to an increase in Neff, but one might naively think that Neff cannot be
larger than 3 if no exotic particles exist. In reality, it is slightly larger even without any new physics. The earlier precision
calculations predicted that Neff = 3.046 [357], but recent detailed studies suggest Neff ≈ 3.044 ± 0.0005 in the Standard
Model [358,359]. The excess over 3 encodes the effective heating of neutrinos during e+e− annihilation. The remaining
theoretical uncertainty comes from approximations made in the treatment of finite temperature and/or higher-loop QED
effects [360], non-perturbative effects, etc. The deviations of Neff from 3 reflects the fact that the active neutrinos are not
described by an exact Fermi–Dirac distribution with T std

ν = (4/11)1/3T .
Neutrinos with a mass smaller than ∼ eV contribute as radiation during recombination and earlier. Therefore, both

BBN and CMB data are sensitive to them via Neff. BBN is treated within homogeneous cosmology. A larger Neff leads to
a larger expansion rate. This affects the synthesis of light nuclei because the weak interaction will freeze out earlier,
increasing the n/p ratio and thus resulting in a larger 4He fraction. On the other hand, if the extra neutrinos are νe, they
decrease the n/p ratio. Overall, taking both of these effects together, one finds [347]

∆Neff, BBN =
4
7

[
4 × 10.75 + 7∆Nν

(1 + nνe )2
− 10.75

]
, (5.32)

or the change in Neff at BBN due to ∆Nν additional neutrino flavors and a possible change to nνe .
Unlike BBN, the CMB is sensitive not only to the homogeneous component of the Universe, but also to the perturbations

n top of it. This allows the CMB to probe radiation-like neutrinos in a more detailed manner. The effect of increasing
eff on the CMB depends on which other parameters are allowed to vary simultaneously. Increasing Neff, and changing
othing else, delays matter–radiation equality, which would drastically change many cosmological observables. But this
s not a specific signature of extra neutrino energy density, because other changes, e.g., decreasing the energy density of
ark matter, can lead to a similar effect. In the context of CMB observations, it is useful to realize that the ratio of the
ength-scale corresponding to the first acoustic peak in the CMB power spectrum,

ra =

∫ arec

0
da

cs
a2H

, (5.33)

nd the photon diffusion scale

r2d =

∫ arec

0
da

1
a3HneσT

, (5.34)

depends essentially only on the Hubble rate and the electron density, i.e.,

rd
ra

=
θd

θa
∝

√
H
ne
. (5.35)

All other cosmological parameters mainly affect the angular diameter scale, which is eliminated in Eq. (5.35) by taking
the ratio. In the above expression, cs is the speed of sound in the electron–photon plasma and arec is the scale factor
at recombination. The electron density ne entering in Eq. (5.35) is independently determined from BBN, so any putative
increase in Neff directly increases H2. Given that the angular scale of the first acoustic peak, θa, is directly measured to
0.03% precision by Planck, the diffusion scale θd increases if Neff is increased. In other words, CMB photons react to the
gravitational effects of neutrinos. Increasing the neutrino energy density increases the overall energy density, but reduces
density perturbations at small scales where neutrinos do not cluster. Thus the primary effect of increased neutrino density
is a relatively stronger damping at large multipole number ℓ. The reduction in CTT

ℓ ∼ exp(−ℓ2θ2d ) is roughly proportional
to ∆Neff, and quantitatively one finds [361]

∆Cℓ
Cℓ

=

[
1 +

4
15

(
0.2271Neff

1 + 0.2271Neff

)]−2

≈ −0.072∆Neff (5.36)

his roughly agrees with what is shown in the left panel of Fig. 5.1.
The matter power spectrum is sensitive to Neff due to its effect on the background geometry. The basic idea is that one

ust not change the epoch of matter–radiation equality or Ωb, which are both very well measured by the CMB. Thus,
putative increase in Neff must be accompanied with a related increase in Ωc , which in turn reduces the ratio Ωb/Ωc .

This effective reduction of the baryon-to-dark-matter ratio, owing to increased Neff, allows more clustering at small scales
where perturbations in baryonic matter are otherwise allowed to damp. The reduction in damping of the matter power
spectrum at small scales due to increased N , leads to more small-scale power as seen in the right panel of Fig. 5.1.
eff
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Fig. 5.1. Left panel: the relative change in the angular correlation CTT
ℓ of the CMB power spectrum with and without extra neutrinos as function

of the multipole number ℓ. (Larger ℓ corresponds to smaller distance scales.) The energy density carried by the extra neutrinos is parameterized
as ∆Neff = Neff − 3.046. Right panel: the relative change in the power spectrum of matter fluctuations, P(k), as a function of wave number k and
for different values of ∆Neff . (Once again, larger k corresponds to smaller distance scales.). The cosmological parameters zeq, zΛ, ωb , and τ are kept
unchanged.
Source: Figures taken from the PDG review by Lesgourgues and Verde [31].

Neutrino mass. Non-relativistic neutrinos behave like dark matter. In fact, given the laboratory limits on the mass and
interactions of active neutrinos, they have decoupled and at least two out of the three species have become non-relativistic
sometime between the epoch of recombination and now. Early Universe constraints on neutrinos depend quite crucially
on whether neutrinos act like matter or radiation at the relevant epoch. eV-scale sterile neutrinos will certainly have
become non-relativistic by the era of recombination.

The signature of neutrino mass in cosmology is the smearing of structure on distances smaller than their maximal
free-streaming scale. The comoving free-streaming horizon at a time t is

rfs =

∫ t

0
dt

⟨vth⟩

a
, (5.37)

here ⟨vth⟩ is the average thermal velocity of the neutrino. This is an integrated quantity that legitimately decides
he largest distances up to which neutrino free-streaming erases density perturbations therein. A related instantaneous
uantity is the free-streaming length-scale λfs = 2π/kfs ≃ 2π

√
2
3

⟨vth⟩

H , which is essentially the ratio of the average
eutrino speed to the Hubble rate. The wide usage of this instantaneous quantity is that it allows one to display the
ependence on various parameters more transparently than Eq. (5.37); initially it increases in the radiation dominated
ra, reaching its maximum value at the time when neutrinos transition from being relativistic to non-relativistic, and
hen decreases as the thermal velocities become smaller. For neutrinos that turn nonrelativistic in the matter-dominated
egime rfs and 2π/kfs are close. This is the case with eV-scale neutrinos. For heavier neutrinos, such as the keV-scale
eutrinos that we will encounter in Section 6, the transition occurs already in the radiation-dominated era. Then, the
orrect free-streaming horizon, rfs, is significantly larger than 2π/kfs, making the latter a poor approximation to it. The
difference comes from the logarithmic growth of the comoving free-streaming horizon in the epoch between when the
neutrinos turn nonrelativistic and when the Universe turns matter-dominated.

The value of the maximal free-streaming scale, knr, encodes the scale corresponding to the Hubble horizon at the
time neutrinos became non-relativistic. As we noted, it depends on whether the neutrino became non-relativistic in the
radiation era or the matter era. For neutrinos with mass ≲ 1.5 eV, this transition occurs in the matter dominated epoch
and it has been shown that the maximal free-streaming scale in this case corresponds to [322]

knr ≃ 0.0178Ω1/2
m

(
T std
ν

Tν

)(
mν

1 eV

)1/2

hMpc−1 . (5.38)

Neutrinos act as radiation as long as they remain relativistic and therefore do not take part in gravitational clustering.
his means that neutrino density perturbations get erased on length-scales smaller than the largest neutrino free-
treaming length. For these scales k ≫ knr, the power spectrum reduces by a factor proportional to the neutrino energy
ensity. The ratio of the matter power spectrum, including effects of neutrino mass, to the putative neutrino power
pectrum is [362]

Pm
P0
m

=

(
1 −

Ων

Ωm

)2 [
δc

δ0c

]2
≈ 1 − 8

Ων

Ωm
. (5.39)

n the deeply nonlinear regime, the prefactor of 8 in the above equation increases to almost 10 at k ≈ 1 hMpc−1 [363].
his fractional reduction of the matter power spectrum upon varying f and keeping all other parameters fixed, i.e., with
ν
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Fig. 5.2. Plot of the ratio of the matter power spectrum P(k) to its value without any neutrinos vs. wave number k (left panel) and of the CMB
angular correlation CTT

ℓ vs. multipole order ℓ (right panel) for varying neutrino mass mν . The baryon density ωb , the cold dark matter density ωc ,
the optical depth to reionization τ , the acoustic scale θa , and the parameters As and ns are kept fixed; for the dashed lines in the left panel, the
total matter density ωm , the baryon density ωb , and the dark energy density ΩΛ are held fixed to distill the effect of neutrino free-streaming.
Source: Figures taken from the PDG review by Lesgourgues and Verde [31].

the CDM density adjusted to keep a fixed total dark matter density, can be seen in Fig. 5.2 (dashed lines in left panel).
However, as pointed out in the review by Lesgourgues and Verde [31], this way of looking at the problem does not leave
the redshift of matter–radiation equality invariant, which itself has very large effects on the CMB spectra, as we noted
in our discussion of Neff. Following the logic of minimizing the impact on the CMB and fixing zeq, as we did in the case
of Neff, the increase in the total matter energy density ρm brought on by a larger mν must be accompanied by a related
increase in ρcrit by increasing H0, so as to keep zeq unchanged. This tends to suppress the large-scale power spectrum,
by approximately the same amount as the neutrino free-streaming effect. The impact of neutrino masses on the matter
power spectrum then appears as an overall amplitude suppression, which can be seen in Fig. 5.2 (solid lines in left panel).
This effect is not degenerate with reduced primordial power, because the power in the CMB spectra is unaffected by this
procedure. Of course, As enters the equations through Ase−2τ , and thus a measurement of τ is necessary in order to fix As
from CMB data, and avoid a parameter degeneracy between mν , As, and τ .

The CMB data are sensitive to eV-mass neutrinos mainly through reduced gravitational lensing of the CMB owing to the
small-scale suppression of the matter power spectrum and through the modification of the distance to the last scattering
surface. Roughly one has [322]

∆CTT
ℓ

CTT
ℓ

= −
mν

10 eV
. (5.40)

his agrees well with the dependence shown in the right panel of Fig. 5.2.
As a historical note, a quantitative treatment of the effect of massive neutrinos on cosmology was first provided by

ond, Efstathiou and Silk [364]. Thereafter, this was a subject of intense theoretical investigation [365], in particular with
he development of N-body simulations for studying cosmological structure formation [366]. During the 1980s, neutrinos
ere considered a plausible dark matter candidate, and these studies provided concrete predictions that have now been
sed to rule out the standard neutrinos as a major component of dark matter. This was perhaps the second time that a
undamental fact about our Universe was derived out of a simulation [367].8

eutrino interactions. Neutrino interactions can hinder the free-streaming of neutrinos and affect both the CMB and the
arge scale structure observables. For definiteness, let us consider that neutrinos interact with each other only via a contact
nteraction with a cross section

σX = G2
XE

2 , (5.41)

here GX has the same dimensions as the Fermi constant GF and encapsulates the strength of these so-called secret
neutrino interactions.

Consider that the neutrinos were in kinetic equilibrium until some time tkd, until which time they only propagated via
diffusion, and free-stream only thereafter. In contrast to always free-streaming neutrinos, interacting neutrinos have an
effectively lower free-streaming length:

rfs ≈

√
r2dif + r2bal , (5.42)

8 The first, to our knowledge, being the remarkable discovery by Fermi, Pasta, Ulam and Tsingou that Hamiltonian evolutions of even seemingly
complicated systems, with many degrees of freedom, do not often lead to ergodicity.
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here

r2dif =

∫ tkd

0
dt

⟨v⟩2

a2
1

nν⟨σXv⟩
(5.43)

ncodes the typical comoving distance a neutrino can wander off following a diffusive Brownian motion, until it can
ree-streaming at tkd. Thereafter, it ballistically travels a comoving distance

rbal =

∫ t

tkd

dt
⟨v⟩

a
. (5.44)

o all the smearing that occurs must be limited to scales k ≫ knr, where the largest free-streaming scale knr should now
e derived from rfs in Eq. (5.42), instead of the rfs in Eq. (5.37), where we had considered the neutrinos to be always
ree-streaming. It is also possible that neutrino interactions are initially absent and become strong at later times. This is
ossible, e.g., in a pseudoscalar-mediated interaction. We will discuss this later in Section 5.3.2.
Reduced free-streaming of neutrinos can be relevant in two ways. Firstly, the active neutrinos do not free-stream if

hey develop a collisional nature through mixing with a strongly collisional sterile neutrino. However, said free-streaming
f active neutrinos is required by the CMB data, where it has the effect of reducing the heights of the acoustic peaks.
f neutrino interactions inhibit neutrinos free-streaming, then the CMB’s acoustic peaks are enhanced at k ≫ knr. The
fractional increase of power due to reduced free-streaming is roughly similar to Eq. (5.36), but the ℓ-range where the
ncrease of power is seen is given by the decreased free-streaming length in Eq. (5.42). The second aspect is that the energy
ensity contained in a collisional sterile neutrino species smears structure and reduces power on scales k ≫ knr. This is
imilar to the effect of non-interacting sterile neutrinos, except now knr is increased due to diffusion. As the interaction
trength becomes large, the smearing of the matter power spectrum occurs only at very small length-scales where data
s scarce and where nonlinear effects may be important, making reliable predictions more difficult. These features are
hown in Fig. 5.3.

ther neutrino properties. Cosmology can be sensitive to various other neutrino properties, even those that distinguish
etween different neutrino flavors or masses, etc. It is difficult to give an encyclopedic discussion of all possibilities. As
n example, BBN is sensitive to neutrinos in more detail than can be described by Neff alone. For example, presence of
significant chemical potential, or changes in the momentum distribution of neutrinos (e.g., via resonant oscillations)
ithout a change to Neff can affect BBN by changing momentum-dependent reaction rates. Similarly, adding only νe,
nd not ν̄e can have an even more pronounced impact on BBN by changing the reaction kinetics that control nuclear
bundances. As such changes cannot be parameterized in terms of just the number of neutrino species, they require a
ore complete Boltzmann treatment coupled to a BBN code. Neutrino coupling to other species, e.g., dark matter, can
lso be constrained.

.3. Cosmological viability of eV sterile neutrinos

.3.1. Standard sterile neutrinos
Sterile neutrinos with only mass-mixing with active neutrinos, but no other non-gravitational interactions, are referred

s standard sterile neutrinos, as opposed to more exotic variants that we will discuss later. Bounds on standard sterile
eutrinos come essentially from two directions. Additional neutrinos that had reached approximately thermal abundances
t any point in cosmological history contribute to the energy density of the Universe and can be constrained through the
eff parameter. Robust constraints on Neff are obtained from BBN, CMB, as well as BAO. In addition, and in mild contrast
o the lighter active neutrinos, eV-mass sterile neutrinos become semi-relativistic already around the epoch of matter–
adiation equality where structure formation begins. They act essentially as warm dark matter and smear structures on
cales smaller than their maximal free-streaming length. The degree of smearing is proportional to the energy density
hey carry. Thus, knowing their abundance, CMB and BAO put a constraint on their mass.

BN constraints. The latest estimates of the primordial helium abundance come from the data compilations of Aver
t al. [368] and Peimbert et al. [369], which are consistent with each other. Izotov et al. [370] find a higher value in
oderate tension with the previous two. Aver et al. discuss the differences between their results and Izotov et al. and
ttribute them to modeling differences. The primordial deuterium abundance was reported in Cooke et al. [371]. Note that
or the purpose of comparing with BBN data, eV-scale neutrinos can be taken as effectively massless, and a ΛCDM+Neff
odel is sufficient to describe their impact on BBN. The recently improved BBN only constraint gives Neff = 2.88 ± 0.27
t 68.3%CL [372], with similar results obtained by other groups [373,374].
Planck-18 [327] take the helium abundance from Aver et al. [368] and the deuterium abundance from Cooke et al. [371],

mploying a variety of assumptions (related to using different BBN codes and determinations of the d (p, γ ) 3He reaction
ate) to relate the abundances to cosmological parameters and obtain bounds on a ΛCDM+Neff model. They take Neff as a
ree parameter, but the electron fraction Ye is calculated knowing ωb and Neff. Combining with CMB and BAO data, they
ind Neff = 3.0±0.2 at 95%CL, the last significant digit depending mildly on the different assumptions. This result strongly
isfavors one fully thermalized sterile neutrino. The bounds are shown in Fig. 5.4.
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Fig. 5.3. Left: Increase in Cℓ with larger GX ; Figure taken from [375]. Right: Increase of kfs for sterile neutrinos with self-interactions. For this
illustration we fit simulated data (gray dashed) with a tanh-transition at kfs = 0.018 h/Mpc for 1 eV sterile neutrinos with no self-interactions
(black), and at 0.085 h/Mpc for GX = 1.25 × 1010GF (red) [376], to show the approximate effect on the cut-off in Pm(k).

Fig. 5.4. BBN constraints on standard eV-scale sterile neutrinos. Shaded regions are allowed at the 68% and 95% confidence levels, respectively.
Source: Figure taken from Planck-18 [327].

CMB and structure constraints. As discussed before, cosmology is more sensitive to the aggregate of all the neutrino species,
encoded in a few numbers like Neff and

∑
mν , than it is to the individual properties of each species. In practice, however,

the data has now improved to an extent that some choices for the ‘‘substructure’’ of the neutrino sector, such as having
eV-scale sterile neutrinos be lighter than the active neutrinos, are strongly ruled out. Other well-motivated particle physics
models for the sterile sector are indistinguishable as their predictions for Neff and

∑
mν do not differ much.

The base model assumed by the Planck collaboration in their latest study [327], takes
∑

mν = 0.06 eV as sum of
eutrino mass. This is the minimum possible value, which is realized when choosing the lightest neutrino mass eigenstate
tate as exactly massless, taking into account the mass-squared differences measured in oscillation experiments, and
etting Neff = 3.046. This choice leads to the most conservative limits on any deviations from the base model, in particular
n sterile neutrinos whose presence introduces changes to both Neff and

∑
mν . Allowing both Neff and

∑
mν to vary, the

ata sets upper limits on
∑

mν < 0.65 (resp. 0.23) eV and Neff < 3.29 (resp. 3.34) at 95% CL with the conservative (resp.
aggressive) prior m4 < 10 eV (resp. 2 eV) on the fourth mass eigenvalue. This constraint is shown in Fig. 5.5, where the
density of the different colored dots indicates the likelihood of different parameter regions. Note that the quantity on the
abscissa is not

∑
mν , but rather meff

ν, sterile which maps onto the mass of the sterile state, e.g., as m4 = (∆Neff)−3/4meff
ν, sterile

or a thermal sterile neutrino and as m4 = (∆Neff)−1meff
ν, sterile for production via the Dodelson–Widrow mechanism. The

arker (resp. lighter) diagonal lines correspond to loci of constantm4 for sterile neutrinos produced thermally (resp. via the
odelson–Widrow mechanism). The gray shaded region is excluded from the analysis by the prior. See Sec. 7.5.3 of Planck-
8 [327] for details. Joint constraints using terrestrial data and cosmology show that eV-scale sterile neutrinos in the
arameter range motivated by the short baseline experiments discussed in Section 2, are strongly disfavored [377–379].

his tension is explicitly highlighted in Fig. 5.6.
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Fig. 5.5. CMB constraints on standard (non-interacting) eV-scale sterile neutrinos. Colored dots show samples from Planck’s Markov Chain Monte
Carlo determination of the likelihood for a model with one additional sterile neutrino. The mass and abundance of this sterile neutrino is encoded in
meff
ν, sterile , see text for details. The physical mass is constant along the diagonal dotted lines (thick for thermally produced sterile neutrinos; thin for

production via the Dodelson–Widrow mechanism). The gray region is excluded by the prior, and the color code indicates the value of the Hubble
constant for each point.
Source: Figure taken from Planck-18 [327].

Fig. 5.6. Incompatibility of standard sterile neutrinos, relevant for the short baseline anomalies, with other data from laboratory experiments and
from cosmology. Red regions show constraints from neutrinoless double beta decay (valid only if neutrinos are Majorana particles), green regions
correspond to direct kinematic constraints from the beta-endpoint spectrum measured in KATRIN, and blue regions are derived from a fit to CMB+BAO
data. Darker colors correspond to 68% CL constraints, while lighter colors are for a CL of 95%. The black contours in the left panel show a fit to
reactor data, while the gray regions in the right panel are based on IceCube and MINOS+ data on νµ disappearance. In the left (right) panel it has
been assumed that sterile neutrinos mix predominantly with νe (νµ).
Source: Figure taken from [379].

5.3.2. Non-standard sterile neutrinos
Several ideas have been proposed to modify sterile neutrinos in some way that makes them viable from a cosmological

standpoint. The key idea is that cosmology is only sensitive to particles that have been produced in sufficient (i.e., close
to thermal) abundance. If, for some reason, a particle is not produced abundantly before the cosmologically observable
epochs, such a particle is very difficult to probe using cosmology. Accordingly, all of the proposed models that aim to
reconcile oscillation-motivated eV-scale sterile neutrinos with cosmology are based on a reduction of the effective sterile
neutrino abundance.

One idea along these lines is a non-negligible chemical potential for the active neutrinos, which would make sterile
neutrinos less abundant in the Universe [380]. Another possibility is that eV-scale sterile neutrinos with large mixing
angles may not be cosmologically abundant because the Universe did not reheat sufficiently [381]. This would require a
reheating temperature after inflation of ≪ 100MeV [382]. Yet another idea is reheating of the photon bath after neutrinos
have decoupled. This can happen if there are additional exotic particles, which decay sufficiently late. The result would
be an effective reduction of the sterile neutrino abundance [383,384]. Given that these mechanisms still predict Neff > 3
at BBN, they are likely ruled out by now. See, however, Ref. [385].
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nteracting sterile neutrinos. This brings us, in a full circle, back to the Hubble tension. The discrepancy between the local
nd cosmological measurements of H0 can be reduced if a sterile-neutrino-like hot dark matter component were to be

added to the minimal ΛCDM model. This extended model is variously dubbed νΛCDM (for addition of neutrinos) or
ΛMDM (where M stands for ‘‘mixture’’ of cold and hot dark matter) [386,387]. The typical increase in Neff required to
ameliorate the H0 tension is ∆Neff = 0.61± 0.30, with an effective hot dark matter mass meff

ν = 0.41± 0.13 eV. Although
naively this motivates sterile neutrinos, the parameter region motivated by the short baseline anomalies is in tension with
the above constraint [386,387]. Two independent studies [388,389] showed that an exciting possibility is to endow the
sterile neutrinos with new, so-called, hidden or secret interactions. Such interactions could be mediated, e.g., by a new
massive gauge boson or a pseudoscalar.

The first variant involves charging the sterile flavor eigenstate νs under a new U(1)s gauge group, with a gauge boson
X at the 100MeV-scale or somewhat below, but not so light that long-range forces become important. The relevant
interaction is

Lint = gX ν̄sγ µPLνsXµ , (5.45)

where gX is the U(1)X coupling constant, and PL =
1
2 (1 − γ 5) is the projection operator onto left-chiral fermion states.

ost studies on this topic are agnostic about the mechanism that breaks U(1)s and endows the X boson with a mass. In
articular, possible additional degrees of freedom introduced to break U(1)s, such as a sterile sector Higgs boson Hs, are
ften neglected. A sterile Higgs boson is typically needed, however, to generate νa–νs mixing, for instance via an effective
perator of the form (LH)(νsHs). (Hs is not strictly required to generate a mass MX for X , as the latter can also arise from
he Stückelberg mechanism.) At energy scales smaller than the mass of X , the gauge boson can be integrated out and
terile neutrino self-interactions can be described by four-νs contact operator of dimension 6 with an effective coupling
GX = g2

X/(2
√
2M2

X ). If MX ≳ 10MeV, this effective field theory description is valid at all relevant cosmological epochs from
BBN onwards. (Note that, in some papers, the notation es is used instead of gX for the sterile sector gauge coupling, and
he mediator is denoted by A′ instead of X , corresponding to a hidden photon with mass denoted as M instead of MX .
Some of the figures in this section also use this alternate notation.)

When a sterile neutrino with energy E propagates through a thermalized background of sterile neutrinos and X bosons
t temperature Ts, it experiences a matter potential [389]

Veff,s ≃

⎧⎪⎪⎨⎪⎪⎩
−

7π2g2
XET

4
s

45M4
X

for Ts ≪ MX

+
g2
XT

2
s

8E
for Ts ≫ MX .

(5.46)

ike the conventional Mikheyev–Smirnov–Wolfenstein (MSW) potential [354,355], Veff,s changes the neutrino mixing
ngle. At the high temperatures prevalent in the early Universe, the effective mixing angle θm can be much smaller than

the vacuum mixing angle θ0 because |Veff,s| ≫ ∆m2/(2Eν). Experiments today, on the other hand, will observe θm = θ0 to
a very good approximation (see e.g. Ref. [390] for an early study of secret neutrino interactions in the context of terrestrial
experiments). This model is therefore capable of significantly suppressing non-collisional production of sterile neutrinos,
as shown more quantitatively in Fig. 5.7.

What about collisional production? Initial estimates for the effect of collisional production [388] suggested that the
contribution to Neff can be made negligible for MX ∼ 100MeV and GX ∼ 103GF . Thus, it would appear that the model
successfully reconciled eV-scale sterile neutrinos with large mixing with the stringent cosmological bounds. However this
dream turns out to be short-lived. Although Neff is not affected, active–sterile oscillations cannot be suppressed for too
long after neutrino decoupling, and they occur before the end of BBN. As a result, although Neff remains close to 3, the νe
abundance and spectrum are altered and this has observable consequences: the 2H/H abundance ratio increases beyond
what is allowed by data [391].

The situation with lighter mediators, MX ≲ MeV, is more interesting as it can postpone the onset of collisional νs
production to an epoch well beyond BBN. Moreover, it has been shown that, if the new gauge boson X is coupled not
only to sterile neutrinos, but also to dark matter, it can mitigate some of the problems associated with structure formation
in models of purely cold, non-interacting dark matter (see Section 6) and make testable predictions [389,392]. A coupling
of X to dark matter could also be motivated by the possible cancellation of the [U(1)X ]3 anomaly that would be present
f X only coupled to νs. However, this scenario, too, has issues. The νs production rate Γs is proportional to nνs , and thus
apidly approaches its final value

Γs ≃
1
2
sin2 2θm ×

3
4
nSM
νa

×

⎧⎨⎩ g4
X

E2

M4
X

for Ts ≪ MX

g4
X

1
M2

X
for Ts ≫ MX

, (5.47)

here Ts is the temperature of the sterile neutrinos, which may be different from the temperature of the active neutrinos.
f crucial importance here is the proportionality of Γs to 1/M2

X in the regime Ts ≫ MX . Originally, it was mis-estimated
that Γs would be proportional to 1/E2 in this regime, but the authors of [393] have pointed out that the cross section
in fact is larger, namely ∝ 1/M2 , and that because of this thermalization of ν with the ν is inevitable. There is another
X s a

39



B. Dasgupta and J. Kopp Physics Reports 928 (2021) 1–63

p

Fig. 5.7. The cosmological abundance of self-interacting sterile neutrinos, parameterized in terms of ∆Neff (color code). The interaction is
arameterized by the U(1)s gauge coupling gX (vertical axis) and the effective four-fermion coupling GX (horizontal axis). We see that, for parameters

in the bottom right-hand corner of the plot, full thermalization is avoided. The solid blue, dashed black, and dot-dashed red lines correspond to
mediator masses of MX = 300, 200, and 100MeV, respectively.
Source: Figure taken from Ref. [388].

Fig. 5.8. Constraints on the parameter space of self-interacting sterile neutrinos. We see that in the simplest secret interaction model there is no
parameter space allowed where the model remains safe from both Neff and

∑
mν constraints as well as the bound from required free-streaming of

active neutrinos. At small secret gauge coupling gX , the model runs afoul of both Neff and
∑

mν constraints, while at large coupling, active neutrinos
are prevented from free-streaming. In the intermediate range the thermalization of secretly interacting sterile neutrinos is less efficient, but their
final abundance is still too large to avoid the bounds on

∑
mν in particular.

Source: Figure taken from [395].

issue with the light mediator scenario. As shown by the authors of [394], collisional production of νs at the expense
of the νa after neutrino decoupling at TνD, while not changing Neff appreciably, still leads to a substantial νs population
at late times. Thus the bound on

∑
mν applies and could in principle rule out the model. It was then counter-argued

in [376] that sterile neutrinos with sufficiently strong interactions would not free-stream, but rather diffuse, and thus
the bound from constraints on

∑
mν would have to be appropriately recalculated and weakened. The downside is that

such strongly interacting sterile neutrinos would lead to lowered free-streaming of at least one species of active neutrinos
(through νa–νs mixing), in slight tension with CMB data. Moreover, as shown in Fig. 5.8, one cannot avoid overproducing
sterile neutrinos at late times.

While the arguments presented so far are rather qualitative, sterile neutrino scenarios with secret interactions have
since also been studied in a more quantitative way by computing BBN yields and by implementing the model within
cosmological perturbation theory to obtain reliable predictions for the anisotropy power spectrum of the CMB. BBN is
sensitive to both the coupling g and the mass M of the secret mediator, as they enter Eqs. (5.46) and (5.47) separately
X X
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Fig. 5.9. BBN constraint on secret interactions of sterile neutrinos at the 2σ (dark blue), 3σ (light blue), and 4σ (yellow) confidence levels. Shaded
regions are ruled out. The dashed lines are the same constraints obtained by assuming that the entropy of the decoupled active and sterile neutrino
population is conserved. This may not be a good approximation when there are no number changing interactions that establish chemical equilibrium.
Source: Figure taken from [396].

and not in a fixed combination like GX . In Fig. 5.9 we show the BBN constraints on the two-dimensional parameter space
(parameterized there in terms of gX and GX ) from Ref. [396]. CMB and structure formation are mainly sensitive to the
combination GX if Neff is kept unchanged. Fig. 5.10 shows the CMB and large scale structure constraints on GX . These
results clearly rule out the vanilla version of the secret interactions scenario [375,396] for the sterile neutrino mass (∼eV)
and mixing angles (∼0.1) suggested by the short baseline anomalies, for both heavy and light mediators [395].

Before we end the discussion of secretly interacting sterile neutrinos in cosmology, we clarify a conceptual issue. When
sterile neutrinos are produced from active neutrinos purely due to collisional decoherence in their flavor oscillations,
number density and energy density are conserved, but not entropy. This somewhat unfamiliar result has caused some
confusion in the literature. Strong sterile neutrino scattering and efficient oscillations establish a common kinetic
equilibrium, and the final momentum distribution is a Fermi–Dirac spectrum with a common chemical potential µs and
temperature Ts. As no number-changing interactions are occurring, however, there cannot be any change in the total
number of neutrinos. The energies of all species are redshifted as 1/a4 as long as they are relativistic. Conservation of
omoving number density and energy then allow one to compute µs and Ts [376]. Entropy, though, increases due to the
irreversible process corresponding to collisional decoherent production of sterile neutrinos. This is akin to the irreversible
mixing of two gases, wherein number and energy is constant, but entropy increases.

Besides the secret vector interactions discussed so far, the other avatar of secretly interacting sterile neutrinos is a
scenario in which the interaction is instead mediated by a pseudoscalar X [397–399]:

Lint = gXνsγ5νsX . (5.48)

his kind of interaction, first proposed in the context of the somewhat heavier and ill-fated 17keV neutrino interacting
ith a Majoron [397], was revisited recently in the context of eV-scale sterile neutrinos [399]. A key feature of this model

s that the pseudoscalar-mediated neutrino self-interactions are negligible at early times, but become very strong at late
imes. Two other features also set this model apart: first, the pseudoscalar can be very light, thus sterile neutrinos can
nnihilate or decay into it; second, the self-interaction in Eq. (5.48) can be diagonal in the mass basis, unlike what is
ossible for vector-mediated models. Such an alignment of the couplings ensures that the mostly sterile mass eigenstate
4 does not free-stream at late times. Thus, the

∑
mν constraint is avoided, while free-streaming of active neutrinos is not

ffected. The constraint on Neff is avoided in the same way as for the vector-mediated scenario due to the increased thermal
ass of the sterile neutrino that arises from the secret interaction. More recent studies of this model show that, for a
terile neutrino mass of 1 eV, a small part of parameter space is allowed by both short baseline data and cosmology [133].

terile neutrinos interacting with ultralight dark matter. As we have shown, the secret interaction scenarios discussed
bove have limited potential to reconcile sterile neutrinos with cosmology, especially if the idea was to significantly
itigate the Hubble tension [133]. However, a new class of models seems promising and attractive. In these models
ecret interactions exist between sterile neutrinos and dark matter. This was already attempted in [389], however as we
howed above the model parameter space discussed in that paper is no longer viable. In newer models, however, the
ynamics of the dark sector are such that sterile neutrinos are not produced appreciably in the early Universe, rendering
osmology insensitive [400–402]. Consider a coupling of the form

L = g νTCν X . (5.49)
int X s s
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b

Fig. 5.10. Comparison of BAO (top panel) and CMB (bottom panel) data to the corresponding theoretical predictions by including secret interaction
of sterile neutrinos.
Source: Figures taken from [396].

etween the sterile neutrino and a dark scalar field X . If X has a non-zero vacuum expectation value, this coupling
obviously leads to a Majorana-type mass term for νs. One could also consider couplings of the form

L = g ν ν X , (5.50)
int X s s
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Fig. 5.11. Constraints on the parameter space of sterile neutrinos with a coupling of the form gXXνsνs to a dark, ultralight scalar field X with
X ∼ 10−23 . The horizontal axis shows the sterile neutrino mass at the present time, while the vertical axis shows the mass of X . The labels on the
ontours indicate the change in Neff at the CMB (blue) and BBN (red) epochs, as well as the change in

∑
mν (black).

ource: Figure taken from [402].

ut only at the expense of adding additional degrees of freedom. The novel idea here is that X is an ultralight boson that
ould be the dark matter. As is well known, bosonic dark matter can be as light as ∼10−21 eV as long as it is extremely
eakly interacting and never comes into equilibrium. Thus, despite its tiny mass it can be ultra cold because of its non-
hermal production akin to axions. As long as it is not too dense, i.e., nX < 1/λ3th, where λth is the thermal de-Broglie
avelength, such ‘‘fuzzy’’ dark matter can be treated as a classical field. The time evolution of the field value is the given
y

X =

√
2ρX
MX

cos(MX t − p.x) , (5.51)

here p ≪ MX , as required for the particle to be non-relativistic. In the early Universe, the νs–X coupling gives a time-
dependent mass to νs, which is ms ≈ (

√
2ρX )/MX cos(MX t). Choosing MX < 5× 10−17 eV makes the sterile neutrino mass

large enough for active–sterile mixing to be strongly suppressed until T ≈ 0.01MeV, and the model is safe from both Neff
and

∑
mν constraints. Below T ≈ 0.01MeV the νs acts like a standard sterile neutrino. The parameter space for these

models is viable, as seen in Fig. 5.11, and perhaps testable in KATRIN [401].
Another approach is to make the sterile neutrinos exactly massless at early times. This requires a symmetry that is

unbroken at high temperatures and may break at lower temperatures [395,400].

Other related developments. One outcome of all these studies is a multitude of new phenomenological studies they have
initiated. As we have argued above, active neutrinos can also feel the secret interactions, suppressed by the mixing angle.
Therefore, high energy neutrinos from faraway astrophysical sources can get absorbed by the cosmic neutrino background
through resonant scattering at a center-of-mass energy corresponding to the mass of the hidden mediator [403]. Such an
absorption feature would show up as a dip in the neutrino flux now measured at neutrino telescopes such as IceCube. The
data do not show any statistically significant dips, so the observed flux can be used to set constraints on hidden mediator
models. It turns out that the diffuse supernova neutrino background is also sensitive to these secret interactions of the
sterile neutrinos [404,405].

Another field of activity has been in discovering new production mechanisms for sterile neutrinos [406,407]. Self-
scattering of sterile neutrinos allows a modification of the Dodelson–Widrow mechanism and can expand the parameter
space where some desired quantity of sterile neutrinos can be produced. We will discuss this possibility in Section 6 in
the context of sterile neutrino dark matter.

Further, secret interactions of active neutrinos in cosmology [408,409] that were considered contemporaneously with
the sterile neutrino proposals, have attracted interest. From the cosmological standpoint, self-interactions of neutrinos lead
to lowering of shear stress. This is simply because of the isotropizing action of the scatterings. However, CMB data prefers
most of the neutrino energy density to free-stream. Careful implementation of self-interactions in Boltzmann codes has
recently been achieved both for secret interactions mediated by heavy and by light mediators [408–413]. Notwithstanding
contrary claims [412], it was already known that self-scattering through heavy mediators does not offer a better fit to
the cosmological data, especially when CMB polarization measurements are included. It also does not reduce the Hubble
tension [327]. The light mediator scenario does better until BAO data is included [133]. Many developments in active
neutrinos with secret interactions mirror the issues discussed here for sterile neutrinos [414–423].
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. keV sterile neutrinos as dark matter

So far, in this review, we have mostly focused on light (eV-scale) sterile neutrinos. We now extend this discussion to
terile neutrinos with larger masses. We have already elaborated in Section 3 on the role which heavy sterile neutrinos
ay play in generating the active neutrino masses. Let us in this chapter focus on sterile neutrinos with keV-scale masses,
hich are a promising dark matter candidate, before moving on in Section 7 to the tantalizing possibility that sterile
eutrinos play a role in explaining the excess of matter over anti-matter in the Universe. Both possibilities show that
terile neutrinos are theoretically well-motivated from an Occam-like perspective: one gets to explain the nature of dark
atter and the observed matter–antimatter asymmetry at little extra cost, having already invoked sterile neutrinos to
xplain the lightness of active neutrino masses, albeit at possibly different mass-scales. Both sterile neutrino dark matter
nd the generation of the particle–anti-particle asymmetry are vast fields of research in themselves, therefore we here
imit ourselves to outlining the key underlying ideas and to briefly summarizing recent developments.

There is overwhelming evidence that the Universe contains a nonbaryonic form of matter, called dark matter, but
he nature of this substance is not known. Active neutrinos, given their small masses, are still relativistic at the onset
f structure formation and can therefore not be a major contributor to the dark matter as they would render structure
ormation far less efficient than what is observed. While they still constitute a small, hot, component of the dark matter,
t is believed that one or several new species of cold particles form the bulk of the dark matter. There are hundreds
f proposed dark matter candidates, if not more, but Weakly Interacting Massive Particles (WIMPs), axions, and sterile
eutrinos are perhaps the three best-motivated ones.
Sterile neutrinos with keV-scale masses and νs–νa mixing angles sin2 2θ ∼ 10−10, act like dark matter. They can be

roduced with the correct abundance to make up a large fraction of dark matter, and are not yet ruled out by any data.
owever, there are several subtle aspects to sterile neutrino dark matter. In the following, we first outline how sterile
eutrino dark matter can be produced with the correct abundance, what the key features are that distinguish it from
ther candidates, and how one can detect it. We then summarize some recent developments. The interested reader can
ig deeper into the subject by following our references, especially those to dedicated review articles by Kusenko [424]
nd by Abazajian [272], which have previously appeared in this series. Most of the material we discuss here is covered
n greater detail in a community white paper dedicated to keV sterile neutrinos, Ref. [189].

.1. Production of keV sterile neutrino dark matter

The Dodelson–Widrow mechanism introduced in Section 5.2 can produce the correct abundance of keV-mass sterile
eutrinos as dark matter, requiring only mixing of active and sterile neutrinos, and no additional ingredients [269].
lavor mixing between active and heavier sterile neutrinos is a generic and almost unavoidable prediction of neutrino
ass models, so this production mechanism is extremely well-motivated. Only two parameters, viz., the sterile neutrino
ass, ms,9 and the dominant mixing angle with the active neutrinos, θs, control the flavor oscillations that lead to dark
atter production. The next-simplest mechanism, the Shi–Fuller mechanism [270], includes the possibility of large lepton
symmetries which can lead to resonantly enhanced production and is thus viable at smaller mixing angles. We have
lready discussed the basic idea of both of these mechanisms in Section 5.2.1, so we do not repeat them here. Only the
spects specific to a keV-scale sterile neutrino are noted below.
The main point is that at high temperatures Γprod/H ∝ T−9, due to the finite temperature propagators and collisional

amping (ignoring lepton asymmetries), whereas at low temperatures Γprod/H ∝ T 3. The production rate peaks
t [347,425]

Tpeak ≈ 108MeV
(

3T
⟨Es⟩

)1/3(
cos 2θs

)1/6( ms

1 keV

)1/3

. (6.1)

or small mixing angles, sin2 2θs ≲ 10−5 (1 keV/ms), the additional suppression at high temperatures ensures that the
sterile neutrinos never reach thermal equilibrium. Their final abundance is decided largely by the production at Tpeak. An
accurate fitting formula for the final sterile neutrino abundance is [426]

Ωsh2
≈ 0.12

(
ms

1 keV

)2( sin2 2θs
7.3 × 10−8

)1.23

, (6.2)

here we have assumed TQCD = 170MeV for the temperature of the QCD phase transition. Finetuning the production
ate by adjusting θs for each ms allows one to dial-in exactly the observed amount of dark matter, thus leading to a very
ight correlation between the two parameters. This mechanism in a more general avatar has gained currency as ‘‘freeze
n’’ production of dark matter. Including lepton asymmetries, as in the Shi–Fuller mechanism, can lead to MSW-like level
rossing(s), which may result in resonant production of the sterile neutrinos. As the resonance occurs only for a narrow
ange of sterile neutrino energies, it may preferentially produce sterile neutrinos that are either hotter or colder than those
roduced by the Dodelson–Widrow mechanism. This extra freedom provided by the asymmetry allows the Shi–Fuller
echanism to access a larger part of the ms–θs parameter space.

9 Or, more precisely, the mass of the mostly sterile mass eigenstate.
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Fig. 6.1. Viable regions of parameter space for sterile neutrino dark matter. Shaded/hatched regions are ruled out. The shaded region marked
‘‘dwarfs’’ on the left is ruled out by observations of small-scale structure, in particular dwarf galaxies, whereas ‘‘X-rays’’ denotes the constraints
from non-observation of photons from radiative sterile neutrino decay. Along the black line, Dodelson–Widrow production yields the correct dark
matter abundance. Including a lepton asymmetry (Shi–Fuller production) distorts and shifts the black line towards smaller mixing angles. An even
larger region of parameter space can be reached in extended models, such as the ones discussed in [406,407,427,428]. The black dot with an error
bar corresponds to the claimed detection of a possible X-ray signal [429,430], which we will discuss in Section 6.2.5. The red hatched regions labels
‘‘overproduction’’ and ‘‘underproduction’’ delimit the parameter ranges accessible in the specific model of Ref. [407], from which this figure is taken.

Recent developments in this area include more formal treatments of thermal and radiative effects, and including Pauli
blocking [431–433]. A thorough discussion, including open questions, can be found in Ref. [189]. The same reference and
the references therein also explore alternative production mechanisms, often involving decays of additional particles.
Similar to the secret interactions scenario invoked for lighter sterile neutrinos in Section 5.3.2, hidden interactions
of sterile neutrinos also extend the reach of thermal production for keV sterile neutrinos [406,407]. Fig. 6.1 shows
regions of parameter space where sterile neutrino dark matter can be produced with acceptable abundance using the
Dodelson–Widrow mechanism or the extended mechanisms.

6.2. Features and signatures

Sterile neutrinos with keV masses can be cosmologically stable, sufficiently noninteracting, and have small enough
velocity dispersion to qualify as cold, collisionless dark matter. They also have a number of unique signatures.

6.2.1. Stable and collisionless
A keV-mass sterile neutrino dominantly decays to 3 active neutrinos, with a rate [187]

Γdecay ≈
G2
F sin

2 2θsm5
s

384π3 ≈
1

6 × 1027 sec

(
sin2 2θs
10−8

)(
ms

1 keV

)5

. (6.3)

e have encountered this expression already in Eq. (4.13), and the corresponding Feynman diagram in Fig. 4.4(a) in
ection 4.2. The sterile neutrino lifetime is thus sufficiently large to render it essentially stable over timescales comparable
o the age of the Universe. It is also sufficiently non-interacting, as its interactions are the same as those of the active
eutrinos (which are already inert enough), but with cross sections that are further suppressed by a factor of sin2 2θs. We
ote that θs is the effective mixing angle in a 1+1 flavor scenario; in general one should replace sin2 2θs by the net mixing
f the sterile to active flavors.

.2.2. Free-streaming
Sterile neutrinos had either reached thermal equilibrium at some point in cosmological evolution or they had not. As

e discussed above, it turns out that the latter is in fact the minimal scenario, at least when the mixing of sterile neutrinos
o active neutrinos is small. As a result, keV sterile neutrinos may be significantly colder than a particle of the same mass
n equilibrium. If produced through a resonance, they can be colder still. This makes their free-streaming length smaller
han would be naively expected from a thermally produced sterile neutrino of the same mass. The free-streaming cut-off
or keV-scale sterile neutrino dark matter depends on the momentum distribution, and for the Dodelson–Widrow case is
pproximately [322]

rfs = 70Mpc

(
1 keV
ms

)(
Tνs
Tνa

)[
1 +

1
2
ln

((
1.7 × 102

Ωs +Ωb

)(
Tνa
Tνs

)(
ms

1 keV

))]
. (6.4)

ompare this expression with 2π/knr from Eq. (5.38) in Section 5. The term inside the logarithm encodes the effect of
keV neutrinos becoming nonrelativistic in the radiation-dominated era and raises the free-streaming scale by roughly a
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actor of 5. For very distorted momentum spectra no such simple estimate is possible. Typically, rfs ≳ 1Mpc is required
or a dark matter candidate to qualify as cold. Sterile neutrinos with mass of a few keV just fail to meet the requirement,
nd are therefore dubbed as ‘‘warm’’, instead of either hot or cold. Of course, if ⟨ps⟩/Tνa is much smaller than is typical,

they can also be cold.
The relatively large free-streaming distance for sterile neutrinos leads to constraints from observations of clustering

of matter. The standard lore is that baryons fall into the gravitational potential created by dark matter halos and form
structures. If this were not the case, there would not be enough time for the at most O(10−5) fluctuations inherited from
he epoch of recombination to become O(1) by now. If dark matter clustering is hindered, as it will be for scales smaller
han the free-streaming scale for sterile neutrinos, there is less clustering of matter on the relevant scales. We have already
iscussed this issue in the context of eV-scale neutrinos, where observations of clustering at the galaxy-scale and slightly
elow give strong constraints on

∑
mν , see Section 5.2.2.

For keV-mass sterile neutrino warm dark matter the matter power spectrum is reduced, relative to a cosmology with
only cold dark matter, by a factor [434]

Pwarm
m

Pcold
m

≈ (1 − fwarm)2
(
a0g⋆(a0)

aeq

)−
3
2 fwarm

, (6.5)

n scales k ≫ kfs, where fwarm = Ωs/Ωm. Contrast this expression with Eq. (5.39) in Section 5. Constraints arise mainly
rom measurements of the two-point correlation function of the distribution of galaxies and from observations of the
yman-α forests. See section 4.2 in [189] for an expert review of this subject.

.2.3. Galaxy-sized halo abundance and density profiles
We have discussed the difficulties associated with the mildly non-relativistic nature of keV sterile neutrino dark matter

nd the relevant constraints from large scale structure. However, the warm nature of sterile neutrinos may actually be
esirable in a certain sense.
Although the paradigm of cold collisionless dark matter is quite successful on cosmological scales, its efficacy at galactic

cales is less easy to establish. On such small scales the impact of baryons can be quite important. This impact is very hard
o calculate. While cold collisionless dark matter can be simulated using N-body simulations, treating baryons requires
ncluding hydrodynamics at the very least, and to be entirely realistic one must include stellar evolution and the feedback
f supernovae on the gravitational potential. This is obviously extremely challenging. Not only is the dynamic range,
rom the scale of a supernova explosion to cosmological scales, very large. But also the simulation of individual aspects,
uch as the evolution of stars, their emission, their impact on the gas and through gravity on the dark matter, is very
omputationally intensive. Nevertheless, such simulations are being done with increasing levels of sophistication, see for
nstance [435] for a publicly available state-of-the-art structure formation code. The best simulations include baryons and
nclude a variety of feedback processes through ‘‘sub-grid’’ prescriptions. The parameters of these prescriptions are tuned
o match a number of astrophysical observations, and once this has been achieved, it is possible to make predictions for
ow dark matter and baryons ought to be distributed in a galaxy and around it.
It appears that there are some difficulties in trying to match the predictions of cold dark matter to observations. Cold

ark matter predicts a universal Navarro–Frenk–White density profile for dark matter halos. This density profile has a cusp
hat grows as 1/r in the inner regions of the halo. Determinations of the dark matter density profile of dwarf galaxies
eem to indicate that halos are not always cuspy. This is known as the cusp–core problem. Another prediction of cold
ark matter is that in a halo, say the size of the Milky Way’s dark matter halo, there ought to be about 103 smaller dark
atter halos that should host observable satellite galaxies. We certainly do not see so many satellites. This is known as

he missing satellites problem. These issues have been known since the 1980s, and it had already been appreciated that
he resolution to these problems, especially the latter, might lie in baryonic feedback and lack of adequately sensitive
bservations. However, in the late 2000s a refined version of these problems was pointed out. If one were to restrict
ne’s attention to the most massive subhalos of a Milky-Way-like galaxy in an N-body simulation, they are too dense
n comparison to the corresponding satellite galaxies in real life. Usually this comparison is made by using the maximal
ircular velocity of stars in the satellite galaxy as a proxy for its mass. Somehow, the real satellites of the Milky Way are
ess massive than they should be according to simulations. This is called the too-big-to-fail problem, as in the simulation,
hese halos are too big to have failed to form stars, and there is no reason why they are not seen. Subsequently, rapid
evelopments in hydrodynamic simulations have shown that the mismatch is not as large as originally thought. However
ome mismatch still persists. For more details on small scale problems of dark matter, see the reviews [436,437].
One might wonder if the problem is perhaps with assuming that dark matter is completely cold? Warm dark matter is

mplementable within N-body codes, essentially requiring only some change in the initial conditions. This has been studied
uite extensively, and it was shown that warm dark matter, e.g., comprising of sterile neutrinos, leads to smearing of the
nner density profiles of galaxies and a cut-off in the linear matter power spectrum that restricts the number of satellites.
hile qualitatively these changes go in the correct direction, the most recent comparisons show that at a quantitative

evel warm dark matter does not fully address the small-scale issues highlighted above [438,439]. The main issue is that
he required particle mass to address the issues is quite low, ms < 2keV for a thermal particle, which is forbidden by
yman-α data. There are, however, escape routes; see [440] for example.
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.2.4. Phase space restrictions
One of the most remarkable features of sterile neutrino dark matter is that it finds itself under attack from an

nexpected but fundamental restriction — the Pauli exclusion principle. Consider a self-gravitating halo of mass M and
adius R, composed of non-relativistic fermionic dark matter particles of mass ms. Obviously, one has

M = ms

∫
d3x d3p
(2π )3

f (p, x) , (6.6)

here f is the phase space distribution. The Pauli principle says that no elementary volume of phase space can contain
ore than 1 fermion, where we ignore a factor of gs that counts the internal degrees of freedom of the particle. If we
ssume p = mv and that v extends to at most the escape velocity of the halo vesc ≈

√
2GNM/R (ignoring order one factors

from the density distribution), then demanding that f ≤ 1 gives a conservative lower boundm4
s ≳ (9π/2)M/(R3v3esc) in the

degenerate limit. Putting in numbers for R andM corresponding to a dwarf galaxy halo, leads to a constraintms ≳ 0.05keV.
This is the degeneracy bound, which can be further improved by considering properties of the phase space distribution.

Astronomical observations do not directly see the fine-grained phase space distribution, but rather the coarse grained
phase space distribution today. However, the maximal fine-grained true distribution f , predicted by a dark matter model,
must always exceed the observed coarse grained f . This is simply because coarse-graining can only lead to reduction
in height of the maximal peaks. Enforcing this requirement gives the Tremaine–Gunn bound on ms [441]. Depending
on various details, bounds in the range 0.2 keV to 6 keV have been obtained by various groups [442–444]. A recent
conservative study shows that [445]

ms ≳ 0.1 keV
(
0.2
Ωs

)1/3

, (6.7)

y using astronomical data from dwarf galaxies to estimate the coarse-grained f . The main uncertainty that leads to this
lightly weaker bound, is the lack of knowledge of the velocity dispersion anisotropy.
These exact bounds are sensitive to the momentum distribution assumed for the sterile neutrinos, i.e., the production

echanism, in addition to what astronomical data is used. In particular, the lower bound weakens slightly for resonantly
roduced neutrinos with slightly colder spectra. Ref. [442] provides a good understanding of how the lower bound on
s depends on what is assumed about the momentum distribution. For example, the Tremaine–Gunn bound changes

rom 2.79 keV for non-resonantly produced neutrinos to 2 keV for resonantly produced neutrinos [442]. These bounds are
tronger than what we quote in the equation above; the difference stems mainly from the more conservative assumptions
n Ref. [445].

.2.5. Searches
So far we have discussed effects of sterile neutrinos on the large scale structure, focusing on the smaller scales therein.

ow we return to the issue of possible decays of sterile neutrinos. We have already argued in Section 6.2.1 that the
ominant sterile neutrino decay mode, into three active neutrino, is unfortunately invisible. The most easily observable
ecay mode is instead the radioactive decay νs → νa + γ , via a one loop process involving a W boson and a charged
epton (see Fig. 4.4 in Section 4.2). This two-body decay gives an essentially monochromatic photon of energy ≈ ms/2,
s ma ≪ ms. For ms ≈ 10 keV, these photons lie in the X-ray band. Of course, there are many atomic lines in this energy
ange so there is great scope for confusion.

For Majorana neutrinos, the decay rate is given by [187]

Γνs→νa+γ ≈ 1.35 × 10−30 sec−1
(
sin2 2θs
10−8

)(
ms

1 keV

)5

, (6.8)

ee also Eq. (4.15) in Section 4.2. This rate is suppressed by a factor of 27α/(8π ) with respect to the decay to 3 active
eutrinos. As we previously noted, this is very small and the lifetime exceeds the age of the Universe, so that the sterile
eutrino is after all a good dark matter candidate. Nevertheless, given that modern X-ray telescopes see about 1078

ark matter particles in their line of sight to a nearby galaxy cluster of mass 1015 M⊙, a signal may be detectable. As
ne is looking at a decay, as opposed to an annihilation process, the dependence on the dark matter density (and its
ncertainties) is weaker than for dark matter searches targeting annihilation, especially if the field of view is somewhat
arger than the scale height of the halo in question.

Given a smorgasbord of astrophysical objects, one is limited only by money and imagination when choosing where
o look for potential signals of radiatively decaying sterile neutrinos. The first proposals suggested targeting the diffuse
ignal [446] and the signals from massive dark matter halos like galaxy clusters [447,448] and galaxies. Since then
onstraints using a variety of sources have been derived; see for example [273,274,449–454]. A more complete list of
eferences can be found in [455]. A representative compilation of constraints is shown in Fig. 6.2. As is obvious, at least
or the simplest model the parameter space is squeezed tight from all directions.

In 2014, stacked observations of galaxy clusters using XMM-Newton data has led to the detection of an unidentified
ine near 3.55 keV with high significance [429]. The possible interpretation of this signal as a hint for a sterile neutrino
f mass m ≈ 7.1keV has sparked frenetic activity and heated discussion about the reality and origin of the line. This
s
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Fig. 6.2. Constraints on the parameter space of keV-scale sterile neutrino dark matter from X-ray observations (colored and dark gray regions and
contours) and from structure formation arguments (medium gray region labeled ‘‘MW Satellite Counts’’ [456]). The light gray region labeled ‘‘BBN
Limit (Resonant Production)’’ is disfavored by BBN constraints on the lepton asymmetry of the Universe if production via the Shi–Fuller mechanism
is assumed. The red point denotes the claimed detection of a 3.5keV line [429,430].
Source: Figure taken from [273].

has been adequately reviewed in reviews focused on keV sterile neutrino dark matter, such as Refs. [272,455]. The main
development since the appearance of these reviews is that the constraints proposed in [457] appear to rule out a dark
matter interpretation of the 3.55 keV line. Other groups have raised questions about the assumptions made in Ref. [457] for
the dark matter density and supposedly improper treatment of nearby lines [458,459]. However, the authors of Ref. [457]
have responded to these criticisms in detail [460].

Among other constraints, it has been suggested that core-collapse supernovae and the natal velocities of the resultant
pulsar can be affected by keV sterile neutrinos [461,462]. These have been recently studied by several groups [463–465].

Sterile neutrinos can be produced in the laboratory through their mixing with active neutrinos. Observation of
anomalous Tritium beta decay in KATRIN is touted as a possible technique to look for this possibility, even though reaching
cosmologically interesting mixing angles seems challenging using this method. We have already discussed this type of
searches in Section 4.3.

7. Heavy sterile neutrinos and the cosmic baryon excess

An outstanding problem of theoretical physics is to explain why there is more matter than antimatter in the Universe.
This observation is encoded in the baryon-to-photon ratio ηb = nb/nγ ≈ 6 × 10−10 and in the observational fact that
here are essentially no anti-baryons in the Universe. Evidently, the baryon asymmetry ηb − ηb̄ is the same as ηb itself,
hich is tiny but nonzero. One might think that explaining this small asymmetry ought not to be too difficult. If matter
nd antimatter are almost but not exactly identical to each other, there would be a small excess of one over another and
hat would be the end of the story. It turns out, though, that it is very challenging to implement this idea in practice. We
ill only provide a pedagogical introduction to this rich subject, with the goal of establishing the connection of sterile
eutrinos to this important problem. For more details and references, see the dedicated review by Davidson, Nardi, and
ir [466] that has previously appeared in this series. We comment on some recent developments at the end.
It was pointed out by Sakharov already in 1967 that a baryon asymmetry could arise in a Universe with completely

ymmetric initial conditions only if three conditions are met:

• baryon number B is not strictly conserved (otherwise, there can be no B asymmetry)
• C and CP are not exact symmetries of nature (otherwise, baryons and anti-baryons, or the left-handed and right-

handed sectors, respectively, would contain equal but opposite asymmetries, preventing the generation of a net
asymmetry)

• there is departure from thermal equilibrium (otherwise, any asymmetry in a non-conserved quantum number such
as B gets erased in chemical equilibrium).

hen Sakharov proposed these condition, baryon number was thought to be a strictly conserved quantum number. Only
n the late 1970s, after the advent of grand unified theories, the idea of baryon number violation began to be taken
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eriously. The other two conditions are already met within the Standard Models of particle physics and cosmology – there
s C and CP violation in the weak interactions, and the expansion of the Universe allows out-of-equilibrium conditions.
his allowed the development of a theoretical framework to explain baryogenesis. Unfortunately, it is not possible to
btain successful baryogenesis within the Standard Model. Interestingly, the road block is not baryon number violation
in fact, B is violated in the Standard Model by non-perturbative processes. The key obstacle is instead the somewhat
eavy Higgs boson: at a Higgs mass of 125GeV, the electroweak phase transition is not strongly first order but rather a
mooth crossover, and the departure from thermal equilibrium is not strong enough. Further, the extent of CP violation
n hadronic interactions, encoded in the Jarlskog invariant of the CKM matrix, is not sufficient either.

The preceding discussion might appear to imply no connection to neutrinos at all. All of this changed in the 1980s,
ollowing some observations by ’t Hooft. In a seminal paper Kuzmin, Rubakov, and Shaposhnikov pointed out that
onperturbative solutions of the Standard Model, called sphalerons, do not independently conserve B and L, but only their
inear combination B − L. The other combination, B + L, is in fact violated [467]. This led to the realization that there is a
emarkable connection between baryogenesis and neutrinos. Fukugita and Yanagida showed that if heavy right-handed
ajorana neutrinos exist, as strongly motivated by the seesaw mechanism and several grand unified theories, they can
ecay in a lepton number-violating way to Standard Model leptons and the Higgs boson. The decay rate can be smaller
han the Hubble expansion rate [468], leading to out-of-equilibrium decays. If these decays violate C and CP , all three
akharov conditions (now substituting L for B) are satisfied, and there can be an asymmetry between leptons and anti-
eptons. Further, the lepton asymmetry can be converted to a baryon asymmetry through sphalerons, thereby explaining
he matter–antimatter asymmetry.

.1. Standard leptogenesis

The text-book variety of a leptogenesis model involves extending the Standard Model by three heavy right-hand
eutrinos NiR. This is the same model that we described in Section 3.2.1 as the simplest implementation of the type-I
eesaw mechanism as a way to explain the smallness of active neutrino masses. In complete generality, but using a
lightly different notation, the relevant part of the Lagrangian density is

−LR =

∑
i

mℓ

v
ψ̄iLHℓiR +

∑
i,j

hijψ̄iL(iσ 2H∗)NjR +

∑
i

MiNT
iRC

−1NiR , (7.1)

where i, j are generation indices, ψiL are the left-handed Standard Model lepton doublet, ℓiR are the right-handed charged
lepton fields, and H is the Higgs doublet. Here the basis has been chosen such that the mass-matrices for the charged
leptons and right-handed neutrinos are diagonal, and the second term causes mixing between left-handed and right-
handed neutrinos. The last term implies Majorana masses, and there is lepton number violation in the model through
these ∆L = 2 operators. If the dimensionless Yukawa couplings hij are complex, there is CP violation; C is violated
lready by the weak interaction. If the decay rate of the NiR fields can be made slower than the Hubble rate, all the
akharov conditions will be satisfied.
The relevant decay rate of a right-handed neutrinos into a charged lepton and a Higgs boson is

Γi ≃
Mi

8π

∑
j

|hij|
2 , (7.2)

ssuming the three NiRs have hierarchical masses, M1 ≪ M2 ≪ M3. The out-of-equilibrium condition requires Γi ≲ H ,
which during radiation-domination translates to

Mi ≳
MPl

8π
√
g⋆

∑
j

|hij|
2 . (7.3)

s such, we have no information on the Yukawa couplings hij. However, if we assume hij ∼ mui/v, i.e., related to the up-
uark masses as motivated by some grand unified theories, one finds M1 ≳ 107 GeV, M2 ≳ 1012 GeV, and M3 ≳ 1016 GeV.

These are clearly very large masses, but independently well-motivated by the small masses of the active neutrinos that
would arise through the seesaw mechanism. It is easy to see that 2 → 2 processes involving NiR are strongly Boltzmann
suppressed at any temperature below their masses.

Once the Universe cools to a temperature below M1, most of the NiR decay away. The asymmetry in this decay is
parameterized as

ϵ1 =
ΓN1→ℓH − ΓN1→ℓ̄H

ΓN1→ℓH + ΓN1→ℓ̄H
. (7.4)

ote that this asymmetry would be predicted to be zero if only the tree-level diagram generated by the second term in
q. (7.1) were considered. At the one-loop level, however, it can be non-zero thanks to interference between tree and
oop diagrams. It should also be noted that at the very high temperatures under consideration, above the electroweak
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ymmetry breaking, all four degrees of freedom of the Higgs doublet H are physical because they have not yet been eaten
p by the weak bosons. One finds [466]

ϵ1 = −
3

16π (hh†)11

∑
j̸=1

Im[(hh†)21j]
M1

Mj
. (7.5)

his lepton asymmetry converts to a baryon asymmetry through the sphaleron processes. Roughly, B = r(B− L), where r
s a model-dependent conversion factor determined by the conserved chemical potentials. It is −28/79 for the Standard
odel. Further, there is partial washout, encoded in an efficiency factor κ , due to scattering and inverse decays. Finally,

b/nγ is further reduced due to the reduction in the number of degrees of freedom from its high-temperature value
⋆ ≈ 106.75 to the value g0

⋆ = 3.75 in the present-day Universe. All in all, one finds the baryon-to-photon ratio

ηb = r κ
g0
⋆

g⋆
ϵ1 ≃ 10−3 ϵ1 , (7.6)

here in the last equality we have plugged in the typical efficiency κ = 0.1. To obtain the observed baryon asymmetry,
one thus requires ϵ1 ∼ 10−6 or larger.

Is this a good prediction? It naively seems to be. There is a clear constraint on ϵ1, and surely it puts constraints
on the parameter space of the neutrino mass Lagrangian? Unfortunately, this turns out to be a mirage. The problem
is the h-matrix, which, even though connected to neutrino masses, is sufficiently underdetermined that essentially no
constraints on low-energy neutrino parameters are possible. This is easy to see because, even if we ignore CP violation,
h has nine parameters and the Mi amount to 3 more, whereas at low energy we only have the 3 masses and 3 mixing
angles (again assuming no CP violation). Even including CP violation, there are far too many parameters at high energy to
make a robust connection with observations at low energy. This disconnect is most transparently encoded in the Casas–
Ibarra parameterization, which explicitly factorizes h in such a way that low-energy and high-energy parameters are
separated [469]. On the other hand, if one assumes that nature has drawn neutrino masses and mixing parameters from
some random distribution, as in ‘‘neutrino anarchy’’ scenarios [470–475], it is more likely that CP violation at high scales
implies observable CP violation at low scales, and vice-versa.

We have thus hit upon the fly in the leptogenesis ointment: is this even a testable theory? One has enough freedom
of parameters to get the correct baryon asymmetry, essentially no matter what experimental constraints one imposes
on the values of the low-energy parameters. In other words, even the simplest model works far too well. The other
phenomenological challenge in this paradigm is that the high-energy sector is at energies that are too high to be accessible
at laboratory experiments.

The response to this quandary has been two-fold. On one hand the above mechanism has been analyzed and computed
in more detail, with many subtle effects taken into account. This is partly motivated by the hope that such detailed
calculations would reduce the viable parameter space for the model, enhancing its predictive power. The other approach
has been to look at other models of leptogenesis, often aimed at lowering the scale of the high energy sector so that
collider experiments can put additional constraints. We now discuss these more recent developments.

7.2. Modern developments

Since the 1990s, a great deal of effort has gone into making the treatment of basic thermal leptogenesis, i.e., the model
described above, increasingly more sophisticated. These developments include improved treatments using semi-classical
Boltzmann equations and the closed time path formalism in thermal quantum field theory in order to consistently account
for thermal masses, decay widths, etc. Modern calculations also account for the full flavor structure of the neutrino sector,
i.e., they do not assume any more that the asymmetries in each generation of light leptons is identical, but instead track
each of them individually, including correlations. Other developments include better treatments of so-called spectator
processes, which do not change lepton number themselves but affect the washout efficiency, rates of sphaleron processes,
etc. See the recent review in [476] for a detailed discussion of these issues.

Another development has been the advent of alternative leptogenesis models. The hierarchical masses in the thermal
leptogenesis scenario introduced above make the lightest NiR still too heavy — the reheating temperature must exceed its
mass, and in supersymmetric models leads to production of too many gravitinos whose decays spoil BBN [477]. Choosing
quasi-degenerate masses for the right-handed neutrinos, on the other hand, allows stronger CP violation in NiR–NjR mixing
and helps lower the reheating temperature. Of course, there might not be supersymmetry at all in nature, but given that
typical leptogenesis models are not really testable, this conditional constraint was hoped to be the guiding light to the
correct model. After all, supersymmetry was to be insisted upon for other reasons that do not bear repeating here.

Among the alternative models, we find the model proposed by Akhmedov, Rubakov, and Smirnov [478] to be a
particularly attractive alternative to standard leptogenesis. Loosely speaking, the starting point here is the neutrino mass
sector of the νMSM model described in Section 3.2.2. One of the right handed states is at the keV-scale, and the other two
are at the GeV-scale, but strongly degenerate. In this model, the right-handed neutrinos do not start out in equilibrium.
Instead, like for the Dodelson–Widrow production mechanism described before, their abundance grows with time until
it freezes in to a desired level. Their decays then transfer the asymmetry to the light leptons. A key feature is that in
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his model the CP violation occurs in oscillations between the two right-handed sterile neutrinos, so there is no lepton
umber violation as such. Instead, part of the lepton number is hidden in the sterile states, where the sphalerons do not
ee it. This leads to the generation of an effective lepton asymmetry in the active sector. CP violation in oscillation can
e strongly enhanced if the two heavy neutrinos are degenerate. This also brings the heavy neutrino mass scale below
he electroweak scale, and in fact the model can be probed at colliders and fixed-target experiments. One can also obtain
eptogenesis in type-II and type-III seesaw models, as well as in various non-thermal mechanisms that can tolerate a
ower reheating temperature.

The decays of the right-handed neutrinos may have signatures in collider and fixed target experiments if their masses
re at the few hundred GeV-scale or below. They either decay promptly or after traveling a small but macroscopic
ength, and can be detected in displaced vertex searches at LHC, or SHiP, MATHUSLA, etc. Observation of lepton number
iolation at the LHC could set a decisive constraint on thermal leptogenesis, possibly falsifying it because of the strong
ashout effect that is predicted in this case. However, there are ways of evading this constraint, e.g., flavor-dependence
r conserved quantum numbers that protect the baryon asymmetry from washout. A very promising idea in this context
s the low-scale seesaw, which has been studied in great detail in recent times, especially in the context of left–right
ymmetric models. The discovery of a right-handed gauge boson at the LHC would pose a strong constraint on leptogenesis
n such scenarios. We point the reader to three recent reviews [479–481], where more references can be found.

Our brief review of leptogenesis does not do justice to the rich and complex subject. Nevertheless, we hope to have
ighlighted that sterile neutrinos that are as ‘‘sterile’’ as they can possibly get, i.e., even when they are experimentally
lmost inaccessible, can still play an important and interesting role in cosmology, and may in fact be the key to
nderstanding one of the grandest mysteries of the Universe, namely the dominance of matter over antimatter.

. Summary and outlook

In summary, we have outlined the manifold applications of sterile neutrinos in particle physics and cosmology,
eginning in Section 2 with an overview over several statistically significant experimental anomalies that have spurred
nterest in particular in sterile neutrinos at the eV scale. It is interesting that, when interpreted as hints for sterile
eutrinos, all anomalies point towards the same parameter region. Explaining them in terms of more mundane effects –
hich may be possible because each of them suffers from large and hard-to-quantify systematic uncertainties – on the
ther hand requires several independent effects. Moreover, no convincing Standard Model explanation exists for any of
he anomalies so far.

We have seen in Section 3 how eV-scale sterile neutrinos could be embedded into well-motivated theoretical models
f the neutrino sector, and we have discussed their phenomenology in Section 4. There, we have in particular highlighted
he tension between the simplest sterile neutrino scenario and non-anomalous data, in particular from νµ disappearance
earches.
Given the strong and fairly consistent hints on the one side, and the exclusion of the minimal sterile neutrino models

n the other side, it is clear that resolving the anomalies should be a top priority for neutrino physics in the coming years:
ither, a fundamental discovery with far-reaching consequences will be made, or we will learn important lessons about
ystematic effects in neutrino experiments, for instance about the subtleties of neutrino–nucleus interactions (relevant
o MiniBooNE) or about precision predictions for nuclear beta decay spectra (relevant to reactor experiments). Such
essons would be indispensable for the successful operation of future billion-euro scale facilities like DUNE and Hyper-
amiokande. Fortunately, a large number of new experiments that are already running or are in advanced R&D stages
ill hopefully achieve this goal – provided they are accompanied by an equally vigorous theory effort.
Besides constraints from other oscillation experiments, eV-scale sterile neutrinos also have to face cosmology. We

ave offered an introduction to this topic in Section 5, highlighting in particular the main cosmological observables
elevant here: the effective number of neutrino species, Neff, the sum of neutrino masses,

∑
mν , and observables related to

ossible self-interactions of sterile neutrinos. Once again, minimal models are already in gross conflict with cosmological
bservations, while the extended scenarios reviewed in Section 5.3 can avoid this conflict, typically by preventing sterile
eutrinos from being produced abundantly in the early Universe. As cosmology continues to progress at breakneck speed,
terile neutrino cosmology is sure to flourish for many years to come. Future large scale structure surveys will reach
ensitivity to even the active neutrino mass scale, making it more and more difficult to hide extra neutrino states from
hem. The precision at which Neff at recombination can be measured will take another leap forward with the next-
generation CMB-S4 experiment. And, finally, we have shown that sterile neutrinos might play a role in relaxing the tension
between local and cosmological measurements of the Hubble constant. As this tension is one of the biggest unsolved
problems in modern cosmology, massive observational and theoretical efforts are directed towards its resolution, resulting
in a thorough reappraisal of sterile neutrino cosmology at every step.

In the final part of the review, we have extended our focus to sterile neutrinos with masses significantly heavier than
1 eV. We have in Section 6 briefly reviewed the possibility that keV-scale sterile neutrinos constitute the dark matter in
the Universe. And while this possibility is getting more and more constrained observationally, it remains quite intriguing.
We refer the reader to the dedicated reviews on this topic, cited in Section 6, for a more detailed discussion of sterile
neutrino dark matter.
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In Section 7, we have outlined the basics of leptogenesis, wherein the decays of superheavy sterile neutrinos generate
he observed particle–anti-particle asymmetry in the Universe, which is another major unsolved problem in cosmology.
nce again, readers interested in a more thorough discussion of this topic are referred to the literature cited in Section 7.
We see that sterile neutrino appear in manifold forms in theories beyond the Standard Models of particle physics and

osmology, and could be related to many of the most pressing unsolved problems in both fields. We therefore hope that
his review will be a useful reference for researchers working on this active field. Simultaneously, we expect that many
f the results highlighted here as ‘‘state-of-the-art’’, will be rendered obsolete by newer and more impressive results by
he next generation of experiments and observations.

Finally, let us reiterate that a sterile neutrino is simply a SM-singlet fermion, so having one in nature is really not
sking for much. If the authors had to make a bet, one of us would bet that there is a sterile neutrino in nature — though
ith no idea at what mass scale it may be hiding. The other would bet the same, but has no idea as to what its ‘‘mixing’’

s with known particles. Both of us dream of a day when sterile neutrinos will transcend their status as a hypothesized
xplanation for a potpourri of anomalies, become a reality, and open a new window into the nature of matter and the
niverse.
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