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We show that, leaving aside accelerated cosmic expansion, all experimental data in high energy physics
that are commonly agreed to require physics beyond the Standard Model can be explained when
completing the model by three right-handed neutrinos that can be searched for using present-day
experimental techniques. The model that realizes this scenario is known as the Neutrino Minimal
Standard Model (vMSM). In this article we give a comprehensive summary of all known constraints in
the YMSM, along with a pedagogical introduction to the model. We present the first complete quantitative
study of the parameter space of the model where no physics beyond the »MSM is needed to
simultaneously explain neutrino oscillations, dark matter, and the baryon asymmetry of the Universe.
The key new point of our analysis is leptogenesis after sphaleron freeze-out, which leads to resonant dark
matter production, thus evading the constraints on sterile neutrino dark matter from structure formation
and x-ray searches. This requires one to track the time evolution of left- and right-handed neutrino
abundances from hot big bang initial conditions down to temperatures below the QCD scale. We find that
the interplay of resonant amplifications, CP-violating flavor oscillations, scatterings, and decays leads to a
number of previously unknown constraints on the sterile neutrino properties. We furthermore reanalyze
bounds from past collider experiments and big bang nucleosynthesis in the face of recent evidence for a
nonzero neutrino mixing angle #3. We combine all our results with existing constraints on dark matter
properties from astrophysics and cosmology. Our results provide a guideline for future experimental
searches for sterile neutrinos. A summary of the constraints on sterile neutrino masses and mixings has
appeared in Canetti ef al. [Phys. Rev. Lett. 110, 061801 (2013)]. In this article we provide all details of our

calculations and give constraints on other model parameters.
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L. INTRODUCTION

The Standard Model of particle physics (SM), together
with the theory of general relativity (GR), allows one to
explain almost all phenomena observed in nature in terms
of a small number of underlying principles—Poincaré
invariance, gauge invariance, and quantum mechanics—
and a handful of numbers. In the SM these are 19 free
parameters that can be chosen as three masses for the
charged leptons; six masses, three mixing angles, and
one CP-violating phase for the quarks; three gauge cou-
plings and two parameters in the scalar potential and the
QCD vacuum angle. Three leptons, the neutrinos, remain
massless in the SM and appear only with left-handed
chirality. GR adds another two parameters to the barcode
of nature, the Planck mass and the cosmological constant.

Despite its enormous success, we know for sure that the
above is not a complete theory of nature for two reasons.'
On one hand, it treats gravity as a classical background for

'We do not address theoretical issues of “aesthetic” nature
such as fine-tuning in the context of the hierarchy problem, the
strong CP problem, and the flavor structure. They may be
interpreted as hints for new physics, but could also simply
represent nature’s choice of parameters.
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the SM, which is a quantum field theory. Such a description
necessarily breaks down at energies near the Planck scale
M p and has to be replaced by a theory of quantum gravity.
We do not address this problem here, which is of little
relevance for current and near-future experiments. On the
other hand, the SM fails to explain a number of experi-
mental facts. These are neutrino oscillations, the observed
baryon asymmetry of the Universe (BAU), the observed
dark matter (DM), and the accelerated expansion of the
Universe today. In addition, there are a number of cosmo-
logical problems (e.g., the flatness and horizon problems).
These can be explained by cosmic inflation, another phase
of accelerated expansion in the Universe’s very early his-
tory, for which the SM cannot provide a mechanism either.
To date, these are the only confirmed empirical proofs of
physics beyond the SM.” In this article we argue that,
leaving aside accelerated cosmic expansion, all of them

*We leave aside all experimental and observational anomalies
that do not lead to a claim of detection of new physics, i.e., that
may be explained within the SM or by systematic errors. This
includes the long-standing problem of the muon magnetic mo-
ment, the inconclusive results of different direct DM searches, as
well as various anomalies of limited statistical significance.
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may be explained by adding three right-handed (sterile)
neutrinos to the SM that can be found in experiments.
The model in which this possibility can be realized is
known as the Neutrino Minimal Standard Model (vMSM)
[1-3]. The vMSM is an extension of the SM that aims to
explain all experimental data with only minimal modifica-
tions. This, in particular, means that there is no modifica-
tion of the gauge group, the number of fermion families
remains unchanged, and no new energy scale above the
Fermi scale is introduced.® The matter content is, in com-
parison to the SM, complemented by three right-handed
counterparts to the observed neutrinos. These are singlet
under all gauge interactions. Over the past years, different
aspects of the ¥MSM have been explored using cos-
mological, astrophysical, and experimental constraints
[1-3,6-31]. Moreover, it was suggested that cosmic infla-
tion [32-34] and the current accelerated expansion [35-38]
may also be accommodated in this framework by non-
minimal coupling of the Higgs field to gravitational Ricci
scalars and by introducing yet another particle—the
dilaton—realizing exact, but spontaneously broken scale
invariance.* However, though the abundances of dark and
baryonic matter have been estimated individually in the
framework of the ¥MSM, to date it has not been verified
that there is a range of right-handed neutrino parameters
for which they can be explained simultaneously without
any new physics between the Fermi and Planck scales, and,
in particular, for experimentally accessible sterile neutri-
nos. Claims made in Ref. [3] were based on estimates and
turn out to be somewhat premature from today’s point of
view due to constraints on the properties of DM sterile
neutrinos from Ly, and x-ray observations, which were not
known at that time. These constraints can be resolved if
DM production is enhanced by a lepton asymmetry gen-
erated after sphaleron freeze-out. In this article we present
detailed results of the first complete quantitative study to
identify the range of parameters that allows one to simul-
taneously explain neutrino oscillations, the observed DM
density Qpy, and the observed BAU, responsible for
today’s remnant baryonic density (. In the following
we refer to this situation, in which no physics beyond the
vMSM is required to explain these phenomena, as scenario
L. In this scenario DM is made of one of the right-handed
neutrinos, while the other two are responsible for baryo-
genesis and the generation of active neutrino masses. We
also study systematically how the constraints relax if one
allows the sterile neutrinos that compose DM to be

3Because of this, the technical hierarchy problem may be
absent in the vMSM because no new states with energies
between the electroweak and the Planck scale are required [4,5].

“Inflation can be realized without introducing the nonminimal
coupling by adding an extra scalar to the ¥MSM [15]. This
inflaton can be light enough to be detected in direct searches
[39]. It also provides a new mechanism for sterile neutrino dark
matter production [15] (see also Refs. [40,41]).

PHYSICAL REVIEW D 87, 093006 (2013)

produced by some mechanism beyond the »MSM
(scenario II). Finally, we briefly comment on a scenario III,
in which the ¥vMSM is a theory of baryogenesis and
neutrino oscillations only, with no relation to DM. A
more precise definition of these scenarios is given in
Sec. ITB. Only scenarios I and II are studied in this article,
which is devoted to the ¥MSM as the common origin of
DM, neutrino masses, and the BAU. While scenario II has
previously been studied in Ref. [22], the constraints com-
ing from the requirement to thermally produce the ob-
served (py in scenario I are calculated for the first time
in this work. We combine our results with bounds coming
from big bang nucleosynthesis (BBN) and direct searches
for sterile neutrinos, which we rederive in the face of recent
data from neutrino experiments (in particular, ;3 # 0).

The centerpiece of our analysis is the study of all lepton
numbers throughout the evolution of the early Universe. As
will be explained below, in the ¥MSM, lepton asymmetries
are crucial for both baryogenesis and DM production. We
determine the time evolution of left- and right-handed neu-
trino abundances for a wide range of sterile neutrino pa-
rameters from hot big bang initial conditions at temperatures
T > Tgw ~ 200 GeV down to temperatures below the
QCD scale by means of effective kinetic equations. They
incorporate various effects, including thermal production of
sterile neutrinos from the primordial plasma, coherent os-
cillations, backreaction, washouts, resonant amplifications,
decoherence, finite temperature corrections to the neutrino
properties, and the change in the effective number of degrees
of freedom in the SM background. Many of these were
only roughly estimated or completely neglected in previous
studies. The various different time scales appearing in the
problem make an analytic treatment or the use of a single
CP-violating parameter impossible in most of the parameter
space. Most of our results are obtained numerically.
However, the parametric dependence on the experimentally
relevant parameters (sterile neutrino masses and mixings)
can be understood in a simple way. Furthermore, we dis-
cover a number of tuning conditions that can be understood
analytically and that allow one to reduce the dimensionality
of the parameter space.

We find that there exists a considerable fraction of the
vMSM parameter space in which the model can simulta-
neously explain neutrino oscillations, dark matter, and the
baryon asymmetry of the Universe. This includes a range
of masses and couplings for which the right-handed neu-
trinos can be found in laboratory experiments [16]. The
main results of our study, constraints on sterile neutrino
masses and mixings, have previously been presented in
Ref. [1]. In this article we give details of our calculation
and constraints on other model parameters, which are not
discussed in Ref. [1].

The remainder of this article is organized as follows. In
Sec. Il we overview the YMSM and its parametrization and
describe the Universe history in this framework, including
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baryogenesis and dark matter production. In Sec. III we
discuss different experimental and cosmological bounds on
the properties of right-handed neutrinos in the vMSM. In
Sec. IV we formulate the kinetic equations which are used
to follow the time evolution of sterile neutrinos and active
neutrino flavors in the early Universe. In Sec. V we present
our results on baryogenesis in scenario II. In Sec. VI we
study the generation of lepton asymmetries at late times,
essential for thermal dark matter production in the vMSM.
In Sec. VII we combine the constraints of the two previous
sections and define the region of parameters where sce-
nario I can be realized; i.e., the YMSM explains simulta-
neously neutrino masses and oscillations, dark matter, and
baryon asymmetry of the Universe. In Sec. VIII we present
our conclusions. In a number of appendixes we give tech-
nical details on kinetic equations (Appendix A), on the
parametrization of the ¥MSM Lagrangian (Appendix B),
on different notations to describe lepton asymmetries
(Appendix C), and on the decay rates of sterile neutrinos
(Appendix D).

II. THE vMSM
The vMSM is described by the Lagrangian

Loism = Lsu + ivpfvg — L Frg® — 7pFtL, T

- %(y;MMVR + TrM ). (1)
Here we have suppressed flavor and isospin indices. Ly is
the Lagrangian of the SM. F is a matrix of Yukawa
couplings and M,, a Majorana mass term for the right-
handed neutrinos vg. L; = (v;, e;)! are the left-handed
lepton doublets in the SM and ® is the Higgs doublet. We
chose a basis where the charged lepton Yukawa couplings
and M, are diagonal. The Lagrangian (1) is well known in
the context of the seesaw mechanism for neutrino masses
[43-46] and leptogenesis [47]. While the eigenvalues of
M, in most models are related to an energy scale far above
the electroweak scale, it is a defining assumption of the
vMSM that the observational data can be explained with-
out involvement of any new scale above the Fermi one.

A. Mass and flavor eigenstates

For temperatures T << My, below the mass of the W
boson we can, to a good approximation, replace the
Higgs field @ by its vacuum expectation value v =
174 GeV. Then (1) can be written as

L= Lo+ iV 19vr1 — (Mp)aiVL o Vr1 — (MD) i PR 1V 4
1 _ .
- E((MM)IJV% vry+ My VR Vg ) ()

with the Dirac mass matrix mp = Fv. When the eigenval-
ues of M, are much larger than those of mp, the seesaw
mechanism naturally leads to light active and heavy sterile
neutrinos. This hierarchy is realized in the YMSM.
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In the seesaw limit m, << M}, (in terms of eigenvalues),
the complete 6 X 6 neutrino mass matrix has two sets of
eigenvalues in vacuum. Three of them are of the same
order as the eigenvalues of M,,; the other three are sup-
pressed by two powers of the active-sterile mixing matrix
04 = (mpM;;') ;. Expansion in 6 allows us to block-
diagonalize the mass matrix. At leading order one obtains
the 3 X 3 mass matrices

m, = —OM 07, (3)

1
My = My, + 5(meMM + M1,076%). “4)

The mass matrices m, and My are not diagonal and lead to
neutrino oscillations. Diagonalizing them yields the mass
eigenstates in vacuum. Due to the seesaw hierarchy 6 < 1
there are two distinct sets of them: on one hand, active
neutrinos »; with masses m;, which are mainly mixings of
the SU(2) charged fields v;,

P v, = (Ul((ﬂ - %00*)14 - 0;»;;)); (5)

and on the other hand, sterile neutrinos® N, with masses
M, which are mainly mixings of the singlet fields vg,

1
PRNI = (U[t/((]l - §0T0*>VR + GTVZ))I. (6)

Here P are chiral projectors and N; (¥;) are Majorana
spinors, the left chiral (right chiral) part of which is fixed
by the Majorana relations Ny = N; and v; = v{. The
matrix Uy diagonalizes the sterile neutrino mass matrix
My defined in (4). The entries of the matrix 6 determine
the active-sterile mixing angles. While there is very little
mixing between active and sterile flavors at all tempera-
tures of interest, the oscillations between sterile neutrinos
can be essential for the generation of a lepton asymmetry.

m, can be parametrized in the usual way by active
neutrino masses, mixing angles and phases, m,=
U,diag(m,, my, m;)UL. In the basis where the charged
lepton Yukawas are diagonal, U, is identical to the
Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix.
The physical sterile neutrino masses M; are given by the
eigenvalues of M;{,M n- In the seesaw limit the diagonal
elements of My are much bigger than the off-diagonals
and are very close to the entries of M,,. We nevertheless
need to keep terms O(#?) because the masses M, and M5 are
degenerate in the ¥MSM (see Sec. Il F), and the mixing of
the sterile neutrinos N, 3 amongst each other may be large
despite the seesaw hierarchy.® This mixing is given by the
matrix Uy, which can be seen as an analogue to U,. We

In Ref. [6] the notation is slightly different and the letter
“N;” does not denote mass eigenstates.

6 - . . .

It turns out that in scenario I the region where Uy, is close to
the identity phenomenologically is the most interesting: see
Sec. ITF.
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chose the phase convention in Uy such that My =
Uydiag(M,, M, M3)U%, with M, real and positive. Note,
however, that Uy cannot be tested in realistic low energy
experiments at this stage. The experimentally measurable
combination is defined in Eq. (7).” It is worth noting that due
to (4) the matrix Uy is real at this order in F.

The experimentally relevant coupling between active
and sterile species is given by the matrix ©® with®

0O, = (0UY) 0 = (mpMy, U3 ar- @)

In practice, experiments to date cannot distinguish the
sterile flavors and are only sensitive to the quantities

UZ=1 0,00, =200 ®)
1 1

B. Benchmark scenarios

The notation introduced above allows us to define sce-

narios I-III, introduced in Sec. I, more precisely.

(I) Inscenario I no physics beyond the vMSM is needed
to explain the observed ()py, neutrino masses and
Q. DM is composed of thermally produced sterile
neutrinos N;. N, and N; generate active neutrino
masses via the seesaw mechanism, and their
CP-violating oscillations produce lepton asymme-
tries in the early Universe. The effect of N; on
neutrino masses and lepton asymmetry generation
is negligible. This is because its Yukawa couplings
F,, must be tiny by the known constraints on DM,
cf. Sec. III A 2. The lepton asymmetries produced by
N, 5 are crucial on two occasions in the history of the
Universe: On one hand, the asymmetries generated
at early times (7 = 140 GeV) are responsible for
the generation of a BAU via flavored leptogenesis;
on the other hand, the late-time asymmetries
(T ~ 100 MeV) strongly affect the rate of thermal
N, production. Due to the latter the requirement to
produce the observed ()py; imposes indirect con-
straints on the particles N, 3. There are determined
in Secs. VI and VII and form the main result of our
study.

(II) In scenario II the roles of N, 3 and N, are the same
as in scenario I, but we assume that DM was
produced by some unknown mechanism beyond
the vMSM. The astrophysical constraints on the

"This does not mean that Uy is not physical. After diagonaliza-
tion of My, it appears in the coupling of the sterile mass eigen-
states IV, to the electroweak current (in contrast to v, N; couples
to the weak current via its »§ component). Six of the 18 vMSM
parameters are contained in Uy. Experimentally these are, how-
ever, only accessible in processes of higher order in F' and with
ideal detectors, which have a mass resolution that is high enough to
distinguish different sterile neutrino mass eigenstates.

8In Eq. (6) the matrix U},6” = O appears (rather than ©)
because the N; couple to v, ,, but overlap with »§ ,.
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N; mass and coupling equal those in scenario I.
N, 3 are again required to generate the active neu-
trino masses via the seesaw mechanism and to
produce sufficient flavored lepton asymmetries at
T ~ 140 MeV to explain the BAU. However, there
is no need for a large late-time asymmetry. This
considerably relaxes the bounds on N, 5. Scenario II
is studied in detail in Sec. V.

(IIT) In scenario III the YMSM is not required to explain
DM; i.e., it is considered to be a theory of neutrino
masses and low energy leptogenesis only. Then, all
three N; can participate in the generation of lepton
asymmetries. This makes the parameter space
for baryogenesis considerably bigger than in
scenarios I and II, including new sources of CP
violation. We do not study scenario III in this work;
some aspects are discussed in Ref. [30].

C. Effective theory of lepton number generation

In scenarios I and II the lightest sterile neutrino N; is a
DM candidate. In this article we focus on these two sce-
narios. If N; is required to compose all observed DM, its
mass M; and mixing are constrained by observational data;
see Sec. III. Its mixing is so small that its effect on the
active neutrino masses is negligible. Note that this implies
that one active neutrino is much lighter than the others
[with mass smaller than @(107°) eV [2]]. If experiments
find three massive active neutrinos, this finding would
exclude the YMSM with three sterile neutrinos as common
and only origin of active neutrino oscillations, dark matter
and baryogenesis. N; does not contribute significantly to
the production of lepton asymmetry at any time either. This
process can therefore be described in an effective theory
with only two sterile flavors N, ;. In the following we will
almost exclusively work in this framework. To simplify the
notation, we will use the symbols My and Uy for both the
full (3 X 3) mass matrix and mixing matrices defined
above and the (2 X 2 and 3 X 2) submatrices that only
involve the sterile flavors / = 2, 3, which appear in the
effective theory. The mixing between N, and N, 3 is neg-
ligible due to the smallness of F,;, which is enforced by
the seesaw relation (3) and the observational bounds on M,
summarized in Sec. III A 2. The effective N, ; mass matrix
can be written as

My = Ml + AMosy + M~ 'Re(mbmp),  (9)

where o5 is the third Pauli matrix and we choose the
parametrization M,, = diag(M — AM, M + AM). This
equality holds because we choose M}, real and diagonal.
The physical masses M, and M5 are given by the eigen-
values of M. They read

M,z =M %= 8M, (10)
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_ 1
M=M+— Re(tr(m},mp)), (11)

1 2
(3M)” = (57 (Relmbmp)ss ~ Re(mbmp)) + AM )
1
v Re(m)mp)3;. (12)

For all parameter choices we are interested in, M ~ M
holds to a very good approximation. The masses M, ; are
too big to be sensitive to loop corrections. In contrast, the
splitting 6M can be considerably smaller than the size of
radiative corrections to M, 3 [48]. The above expressions
have a different shape than those given in Ref. [6] because
we use a different base in flavor space; see Appendix B.

These above formulas hold for the (zero temperature)
masses in the microscopic theory. At finite temperature the
system is described by a thermodynamical ensemble, the
properties of which can usually be described in terms of
quasiparticles with temperature-dependent dispersion rela-
tions. We approximate these by temperature-dependent
“thermal masses.”

D. Thermal history of the Universe in the vMSM

Apart from the very weakly coupled sterile neutrinos,
the matter content of the ¥MSM is the same as that of the
SM. Therefore, the thermal history of the Universe during
the radiation dominated era is similar in both models. Here
we only point out the differences that arise due to the
presence of the fields vp; see Fig. 1. They couple to the
SM only via the Yukawa matrices F', which are constrained
by the seesaw relation. For sterile neutrino masses below
the electroweak scale, the abundances are too small to
affect the entropy during the radiation dominated era sig-
nificantly. However, the additional sources of CP violation
contained in them have a huge effect on the lepton chemi-
cal potentials in the plasma.

1. Baryogenesis

The YMSM adds no new degrees of freedom to the SM
above the electroweak scale. As a consequence of the
smallness of the Yukawa couplings F, the N; are produced
only in negligible amounts during reheating [33].
Therefore, the thermal history for T > Tgyw closely
resembles that in the SM.® The sterile neutrinos have to
be produced thermally from the primordial plasma in the
radiation dominated epoch. During this nonequilibrium
process, all Sakharov conditions [49] are fulfilled:

°If a nonminimal coupling of the Higgs field ® to gravity is
introduced in the ¥MSM, ® can play the role of the inflaton.
Though in this way no fields are added, the thermal history at
very early times (during reheating) changes due to a nonminimal
coupling to curvature; see Ref. [33]. Here we assume an initial
state without N; at T > Tgy.
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T zero abundance of N

thermal production of Ny, N3
— |epton asymmetry generated

200 Gev  Tew Electroweak Symmetry Breaking

— |epton asymmetry converted to baryon asymmetry

‘ 7: N,, N3 reach equilibrium
— |epton asymmetry washed out
fewGev T N,, N;freeze out
— |epton asymmetry generated
‘ T N,, N;decay
— |epton asymmetry generated
100 MeV  Tow resonant Ny Dark Matter production

FIG. 1 (color online).
the vYMSM.

The thermal history of the Universe in

Baryon number is violated by SM sphalerons [50], and
the oscillations amongst the sterile neutrinos violate CP
[51]. Sources of this CP violation are the complex phases
in the Yukawa couplings F,;. Due to the Majorana
mass M), neither the individual (active) leptonic currents,
defined in (A45) and (A46), nor the total lepton number are
strictly conserved. However, for T >> M the effect of the
Majorana masses is negligible. Though the neutrinos are
Majorana particles, one can define neutrinos and anti-
neutrinos as the two helicity states, transitions between
which are suppressed at 7 >> M. We will, in the following,
always use the terms “neutrinos” and ‘‘antineutrinos’ in
this sense.

In scenarios I and II the abundance of N; remains
negligible until 7 ~ 100 MeV because of the smallness
of its coupling that is required to be in accordance with
astrophysical bounds on DM; see Sec. III A 2. N, 3, on the
other hand, are produced efficiently in the early Universe.
During this process flavored “lepton asymmetries” can
be generated [51]. N, 3 reach equilibrium at a temperature
T, [6]. Though the total lepton number (A45) at T, > M
is very small, there are asymmetries in the above helicity
sense in the individual active and sterile flavors.
Sphalerons, which only couple to the left chiral fields,
can convert them into a baryon asymmetry. The washout
of lepton asymmetries becomes efficientat 7 < T, . Itisa
necessary condition for baryogenesis that this washout has
not erased all asymmetries at Tgyw, which is always ful-
filled for T, < Tgw. The BAU at T ~ Tgw can be esti-
mated by today’s baryon to photon ratio; see Ref. [42] for a
recent review. A precise value can be obtained by combin-
ing data from the cosmic microwave background and large
scale structure [52],

ng = (6.160 = 0.148) X 10710, (13)
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The parameter 7y is related to the remnant density of
baryons )z, in units of the critical density, by g =
1g/(2.739 X 1073h%), where h parametrizes today’s
Hubble rate H, = 100/ (km/s)/Mpc. In order to generate
this asymmetry, the effective (thermal) masses M,(T) and
M;(T) of the sterile neutrinos in the plasma need to be
quasidegenerate at T = Tgy; see Sec. IIF.

After N, and N5 reach equilibrium, the lepton asymme-
tries are washed out. This washout takes longer than the
kinetic equilibration, but it has been estimated in Ref. [6]
that no asymmetries survive until N,;-freeze-out at
T = T_. In Ref. [53] it has been suggested that some
asymmetries may be protected from this washout by the
chiral anomaly, which transfers them into magnetic fields.
Here we take the most conservative approach and assume
that no asymmetry survives between 7, and 7_. Around
T = T_, the interactions that keep N,; in equilibrium
become inefficient. During the resulting freeze-out the
Sakharov conditions are again fulfilled and new asymme-
tries are generated. Even later, a final contribution to the
lepton asymmetries is added when the unstable particles
N, 5 decay at a temperature T .

2. DM production

The abundance of the third sterile neutrino N; in sce-
nario I remains below equilibrium at all times due to its
small Yukawa coupling. In the absence of chemical poten-
tials, the thermal production of these particles (Dodelson-
Widrow mechanism [54]) is not sufficient to explain all
dark matter as relic N; abundance if the observational
bounds summarized in Sec. III are taken into considera-
tion. However, in the presence of a lepton asymmetry in the
primordial plasma, the dispersion relations of active and
sterile neutrinos are modified by the Mikheyev-Smirnov-
Wolfenstein effect (MSW effect) [55,56]. The thermal
mass of the active neutrinos can be large enough to cause
a level crossing between the dispersion relation for
active and sterile flavors at Tpy,, resulting in a resonantly
enhanced production of N; [19] (resonant or Shi-Fuller
mechanism [57]). This mechanism requires a lepton asym-
metry |u,| = 8 X 107° to be efficient enough to explain
the entire observed dark matter density Qpy in terms
of N; relic neutrinos [19]. Here we have characterized
the asymmetry by'’

Ny

Mo == (14)

5
where s is the entropy density of the Universe and n,, the
total number density (particles minus antiparticles) of
active (SM) leptons of flavor «. The relations between

1%Note that u,, is not a chemical potential, but an abundance (or
yield). We chose the symbol u for notational consistency with
Ref. [6]. The relation of u, to the lepton chemical potential wu,,
is given in Appendix C.
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Mo defined in (14) and other ways to characterize the
asymmetry (e.g., the chemical potential) are given in
Appendix C.

3. Cosmological constraints

Thus, in scenario I there are two cosmological require-
ments related to the lepton asymmetry that have to be
fulfilled to produce the correct {1z and (py within the
vMSM:

(i) e ~ 10710 at Tgw ~ 200 GeV for successful bar-

yogenesis and

(i) |pql > 8 X 1076 at Ty for dark matter production.
In scenarios I and II the asymmetry generation in both
cases relies on a resonant amplification and quasidegener-
acy of M, and M3, which we discuss in Sec. I F. This may
be considered as fine-tuning. On the other hand, the fact
that the BAU (and thus the baryonic matter density ()p)
and DM production in the SM both rely on essentially the
same mechanism may be considered as a hint for an
explanation for the apparent coincidence Qp ~ Qpp,
though the connection is not obvious as z and Qpy
also depend on other parameters.

In scenario II only the condition (i) applies. The result-
ing constraints on the N, 3 properties have been studied in
detail in Ref. [22]. In Sec. V we update this analysis in the
face of recent data from neutrino experiments, in particu-
lar, evidence for an active neutrino mixing angle 63 # 0
[58-60]. In Sec. VI we include the second condition and
study which additional constraints come from the require-
ment |u,| > 8 X 107° at Tpy. Previous estimates suggest
Tpm ~ 100 MeV = Toep [19] and T- <My [6,21],
where My, is the mass of the W boson and Tycp the
temperature at which quarks form hadrons.

Though we are concerned with the conditions under
which N; can explain all observed dark matter, the N,
will not directly enter our analysis because the lepton
asymmetry that is necessary for resonant N; production
in scenario I is created by N, 3. Instead, we derive con-
straints on the properties of N, 3, which can be searched for
in particle colliders. N;, in contrast, cannot be detected
directly in the laboratory due to its small coupling.
However, the N; parameter space is constrained from
all sides by indirect observations, including structure
formation, Ly, forest, x rays, and phase space analysis;
see Sec. III.

E. Parametrization

Adding k flavors of right-handed neutrinos to the SM
with three active neutrinos extends the parameter space of
the model by 7k — 3 parameters. In the YMSM k = 3;
thus, there are 18 parameters in addition to those of the
SM. These can be chosen as the masses m; and M; of the
three active and three sterile neutrinos, respectively, and
three mixing angles as well as three phases in each of the
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mixing matrices U, and Uy that diagonalize m, and My,
respectively.

In the following we consider an effective theory with
only two right-handed neutrinos, which is appropriate
to describe the generation of lepton asymmetries in
scenarios I and II. After dropping N, from the Lagrangian
(2), the effective Lagrangian contains 11 new parameters in
addition to the SM. Seven of them are related to the active
neutrinos. In the standard parametrization these are two
masses m; (one active neutrino has a negligible mass),
three mixing angles 6;;, a Dirac phase &, and a Majorana
phase ¢. They can, at least in principle, be measured in
active neutrino experiments. The remaining four are re-
lated to sterile neutrino properties. In the common Casas-
Ibarra parametrization [61] two of them are chosen as M,,
M;. The last two are the real and imaginary parts of a
complex angle w."" The Yukawa coupling is written as

F = Umi®RM,, (15)

di . .
where m3“® = diag(m,, m,, ms). For normal hierarchy of
active neutrino masses (im; = 0), R is given by

0 0
cos (w) sin (w)
—&sin(w)  €cos(w)

while for inverted hierarchy (m; = 0), it reads

R =

normal hierarchy, (16)

cos(w) sin(w)
R =| —ésin(w) écos(w) |inverted hierarchy, (17)
0 0

where ¢ = *1. The matrix U, can be parametrized as
U, = Vo3UsVi3U_5Vypdiag(e'™/?, @2/, 1) (18)

with U.g = diag(eii5/2, 1, e*9/2) and

(1 0 0
V=10 5 s3]
0 —sx 023)
(013 0 s13
Vi3 = 0 1 0 | (19)
—si3 0 013/
Ci2 S12 0\
Vio=| s cn 0}
0 0 1)

where ¢;; and s;; stand for cos (6,;) and sin (6;;), respec-
tively, and «;, a, and 6 are the CP-violating phases. For
normal hierarchy the Yukawa matrix F only depends on the

""Note that F as a polynomial in z = ¢’ only contains terms of
the powers z and 1/z.
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TABLE I. Neutrino masses and mixings as found in Ref. [62].
We parametrize the masses m; according to m; = 0, m} = m2,
m3 = mk, +m2,/2 for normal hierarchy and m} =
My, — m2,/2, m3 = mZ,, + m2;/2, my = 0 for inverted hier-
archy. Using the values for 6;; found more recently in

Refs. [60,63] has no visible effect on our results.

m2 [eV?]

7.58 X 1077

mgtm[e\/z]

235X 1073

Sin2913 Sin2023

0.021 0.42

Sin2012

0.306

phases «, and §; for the inverted hierarchy, it depends on &
and the difference a; — a,. This is because N; has no
measurable effect on neutrino masses due to M| < M, 3.
In practice, we will use the following parameters: two
active neutrino masses m;, five parameters in the active
mixing matrix (three angles, one Dirac phase, one
Majorana phase), the average physical sterile neutrino
mass M = (M, + M,)/2 =~ M, and the mass splitting AM.

The masses and mixing angles of active neutrinos have
been measured (the absolute mass scale is fixed, as the
lightest active neutrino is almost massless in scenarios
I and II). We use the experimental values obtained from
the global fit published in Ref. [62] in all calculations,
which are summarized in Table 1. Shortly after we finished
our numerical studies, the mixing angle 6,3 was measured
by the Daya Bay [60] and RENO [63] collaborations. The
values found there slightly differ from the one given in
Ref. [62]; see also Ref. [64]. We checked that the effect of
using one or the other value on the generated asymmetries
is negligible, which justifies using the self-consistent set of
parameters given in Table I. The remaining parameters
can be constrained in decays of sterile neutrinos in the
laboratory.

It is one of the main goals of this article to impose
bounds on the parameters to provide a guideline for ex-
perimental searches. In order to identify the interesting
regions in parameter space, we proceed as follows. We
neglect AM in (15), but of course keep it in the effective
Hamiltonian introduced in Sec. IV. This is allowed in the
region AM < M, which we consider in this work. Unless
stated differently, we always allow the CP-violating
Majorana and Dirac phases to vary. We then numerically
determine the values that maximize the asymmetry and fix
them to those. In Sec. V, where we study condition (i) for
baryogenesis, we apply the same procedure to w. On the
other hand, requirement (ii), necessary to explain py; in
scenario I, almost fixes the parameter Rew to a multiple of
/2."2 In Sec. VI we therefore fix Rew = /2.

The remaining parameters &, M, AM and Imw contain a
redundancy. For AM < M changing simultaneously the
signs of ¢, AM and Imw, along with the transformation
Rew < 7 — Rew, corresponds to swapping the names of
N, and N3. To be definite, we always choose ¢ = 1 and

">This is explained in Sec. ITF.
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consider both signs of Imw. Our main results consist of
bounds on the parameters M, Imw and AM.

For experimental searches the most relevant properties
of the sterile neutrinos are the masses M =~ M and their
mixing with active neutrinos. We therefore also present our
results in terms of M, the physical mass splitting M and

U? =w(010) = u(6te) = Y U2, (20)

where © and U? are given by (7) and (8), respectively. U?
measures the mixing between active and sterile species.
M and U? can, however, not be mapped on parameters in
the Lagrangian in a unique way; there exists more than one
choice of w leading to the same U?.

F. “Fine-tunings” and the constrained vMSM

In most models that incorporate the seesaw mechanism
the eigenvalues of M), are much larger than the electro-
weak scale. It is a defining feature of the yMSM that all
experimental data can be explained without the introduc-
tion of such a new scale. In order to keep the sterile
neutrino masses below the electroweak scale and the
active neutrino masses in agreement with experimental
constraints, the Yukawa couplings F have to be very small.
As a consequence of this, the thermal production rates for
lepton asymmetries are also very small unless they are
resonantly amplified. In scenarios I and II this requires a
small mass splitting between M, and Mj3. This can either be
viewed as fine-tuning or be related to a new symmetry
[6,10]. In the following we focus on these two scenarios, |
and II. We do not discuss the origin of the small mass
splitting here, but only list the implications.13

Fermionic dispersion relations in a medium can have a
complicated momentum dependence. In the following we
make the simplifying assumption that all neutrinos have
hard spatial momenta p ~ T and parametrize the effect of
the medium by a temperature-dependent quasiparticle
mass matrix My(7),'* which we define as My(T)* =
H?> — p* at |p| = p ~ T. Here H is the dispersive part of
the temperature-dependent effective Hamiltonian given in
Appendix A, cf. (A32). The general structure of My(T)
is rather complicated, but we are only interested in the

3As far as this work is concerned the sterile neutrino mass
spectrum in the ¥MSM follows from the requirement to simul-
taneously explain ) and Qpy. It is in accordance with the
principle of minimality and the idea to explain new physics
without the introduction of a new scale (above the electroweak
scale). In this work we do not discuss a possible origin of the
mass spectrum and flavor structure in the SM and ¥YMSM, which
to date is purely speculative. Ideas on the origin of a low seesaw
scale can be found in Refs. [65,66] and references therein, cf.
also Refs. [67-83]. Some speculations on the small mass split-
ting have been made in Refs. [6,10,48,84]. A similar spectrum
has been considered in a supersymmetric theory in Ref. [85].

“See, e.g., Refs. [86-89] for a discussion of the quasiparticle
description.
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regimes 7 < M (DM production) and T > Tgy (baryo-
genesis). Analogous to the vacuum notation in (10)—(12),
we refer to the temperature-dependent eigenvalues of
My(T) as M,(T) and M,(T), their average as M(T) and
their splitting as M(T). Though N; are the fields whose
excitations correspond to mass eigenstates in the micro-
scopic theory, the mass matrix My(T) in the effective
quasiparticle description is not necessarily diagonal in
the N; basis for T # 0. The effective physical mass split-
ting SM(T) depends on T in a nontrivial way. This depen-
dence is essential in the regime M(T) > SM(T), which we
are mainly interested in. In principle, M(T) also depends
on temperature. This dependence is practically irrelevant at
T =< T_ and replacing M(T) by M during late time lepto-
genesis does not cause a significant error.

There are three contributions to the temperature-
dependent physical mass splitting: the splitting AM that
appears in the Lagrangian, the Dirac mass mp,(T) = Fv(T)
that is generated by the coupling to the Higgs condensate,
and thermal masses due to forward scattering in the
plasma, including Higgs particle exchange.'” The interplay
between the different contributions leads to nontrivial
effects as the temperature changes.

1. Baryogenesis

For successful baryogenesis it is necessary to produce a
lepton asymmetry of u, ~ 107!% at T = T, that survives
until Tgw and is partly converted into a baryon asymmetry
by sphalerons; see condition (i). In this work we focus on
scenarios I and II, in which only two sterile neutrinos N, 3
are involved in baryogenesis. In these scenarios baryo-
genesis is only possible if the physical mass splitting is
sufficiently small [6M(T) << M] and leads to a resonant
amplification. On the other hand, it should be large enough
for the sterile neutrinos to perform at least one oscillation.
Thus, baryogenesis is most efficient if it is of the same
order of magnitude as the relaxation rate (or thermal damp-
ingrate) at T = T,

5M(T) -~ (FN)(T)IJ‘ (21)

Here I'y is the temperature-dependent dissipative part of
the effective Hamiltonian that appears in the kinetic equa-
tions given in Sec. IV; it is defined in Appendix A 3 b and
calculated in Sec. IV B. It is essentially given by the sterile
neutrino thermal width. However, (21) only provides a rule
of thumb to identify the region where baryogenesis is
most efficient. Numerical studies in Sec. V show that the
observed BAU can be explained even far away from this
point, for M > SM(T) > I'y(T). Thus, the mass degen-
eracy M(T) < M is the only serious tuning required in
scenario II. In Ref. [30] it has been found that no such mass
degeneracy is required in scenario III.

>We ignore the running of the mass parameters, which has
been studied in Ref. [48].
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2. Dark matter production

In scenario I N; dark matter has to be produced ther-
mally from the primordial plasma [54]. In the absence of
chemical potentials, the resulting spectrum of N; momenta
has been determined in Ref. [24]. State of the art x-ray
observations, structure formations and Ly, forest observa-
tions suggest that this production mechanism is not suffi-
cient to explain )y because the required N; mass and
mixing are astrophysically excluded [21,90]. However, in
the presence of a lepton chemical potential, the dispersion
relation for active neutrinos is modified due to the MSW
effect. If the chemical potential is large enough, this can
lead to a level crossing between active and sterile neutri-
nos, resulting in a resonant amplification of the N; pro-
duction rate [57]. The full dark matter spectrum is a
superposition of a smooth distribution from the nonreso-
nant production and a nonthermal spectrum with distinct
peaks at low momenta from a resonant mechanism. In
order to explain all observed dark matter by N, neutrinos,
lepton asymmetries |u,|~ 8 X 107® are required at
Tom ~ 100 MeV [19]. This is the origin of condition (ii)
already formulated in Sec. IID. Again, the resonance
condition (21) indicates the region where the asymmetry
production is most efficient. For T, T_ << Tgyy it imposes
a much stronger constraint on the mass splitting than
during baryogenesis because the thermal rates I'y are
much smaller.

The asymmetries u, can be created in two different
ways, either during the freeze-out of N, 3 around 7'~ T_
or in their decay at T ~ T,. During these processes we can
use the vacuum value for v. As discussed in Appendix A 3 a,
the temperature dependence of SM(T) is weak for T < T_.
The rates, on the other hand, still depend rather strongly on
temperature; thus, it is usually not possible to fulfill the
requirement (21) at 7 = T_ and T = T, simultaneously.
Therefore, one can distinguish two scenarios: The asymme-
try generation is efficient either during freeze-out (freeze-
out scenario) or during decay (decay scenario). On the other
hand, (21) can be fulfilled simultaneously at 7 = T, and
T=T;oratT =T, and T = T_ because at T = T, the
mass splitting also depends on temperature. The strongest
fine-tuning requirement in the vMSM is therefore'®

SM(T,) ~(Ty)y(Ty) and  SM(T_) ~ (Uy)(T-)
or SM(Ty)~ (Ty)(Ty) and SM(T,) ~ (Uy)1(Ty).
(22)

From (12) it is clear that during the decay 6M(T,;) =
SM(T = 0) and

'°It is in fact sufficient for baryogenesis if M(T) ~ (I'y);,(T)
at some temperature 7 > T, as long as some flavor asymmetries
survive until Tgw. The washout of the u, typically becomes
efficient around 7', but chemical equilibration can take a long
time if active neutrinos of one flavour couple to the sterile
neutrinos much weaker than those of the other two.
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1
oM = m(Re(mBmD):{; - Re(mBmD)zz) + AM, (23)

1
|6M| = i Re(m}ymp)os. (24)

Fulfilling the resonance condition (21) at low temperatures
requires a precise cancellation of the parameters in (23) and
(24), both of which have to be fulfilled individually. The
condition (24) imposes a strong constraint on the active
neutrino mass matrix (3). It can be fulfilled when the real
part of the off-diagonal elements is small. Note that this, due
to (9), implies that Uy is close to unity. This is certainly the
case when the real part of complex angle w in R is a
multiple of 77/2. In Secs. VI and VII we will focus on this
region and always choose Rew = 7r/2. It should be clear
that this is a conservative approach, since the production of
lepton asymmetries can also be efficient away from the
maximally resonant regions defined by (22). The lower
bound (23) can always be made consistent with (21) by
adjusting the otherwise unconstrained parameter AM. At
tree level this parameter is effectively fixed by

1
AM = = 5 (Re(mfymp)s; = Re(mbymp)zn) = M,

(25)

where the dependence of the right-hand side on AM is weak.
The range of values for AM dictated by this condition is
extremely narrow; it is fixed to values around AM/M ~
10" at a relative precision of roughly 10~'3. This is
imposed by the required tuning SM/M < 1073 we find
numerically. Quantum corrections are of order ~m; [48],
i.e., much bigger than 6M(T_). The high degree of tuning,
necessary to explain the observed {)py, is not understood
theoretically. Some speculations can be found in
Refs. [6,10,48,84]. However, the origin of this fine-tuning
plays no role in the present work.

In the following we will refer to the ¥MSM with the
condition Rew = 5 and the fixing of AM as constrained
vMSM. Since the first term in the square root in (12) also
depends on Rew, fixing this parameter exactly to a mul-
tiple of 77/2 usually does not exactly give the minimal SM.
However, it considerably simplifies the analysis, and devi-
ations from such a value can, in any case, only be small due
to the above considerations.

III. EXPERIMENTAL SEARCHES AND
ASTROPHYSICAL BOUNDS

The experimental, astrophysical and BBN bounds pre-
sented in this section and in the figures in Secs. V, VI, and
VII are derived under the premise that the mass and mixing
of N; qualify it as a DM candidate, while N, ; are respon-
sible for baryogenesis (scenarios I and II). Some of them
loosen if one drops the DM requirement and considers the
vMSM as a theory of baryogenesis and neutrino oscilla-
tions only in scenario III.
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A. Existing bounds

A detailed discussion of the existing experimental and
observational bounds on the ¥MSM can be found in
Ref. [21]. Some updates that incorporate the effect
of recent measurements of the active neutrino mixing
matrix U, in particular, ;3 # 0, have been published in
Refs. [26,27,29]. In the following we reanalyze all relevant
constraints on the seesaw partners N, 3 from direct search
experiments and BBN in the face of these experimental
results. We also briefly review existing constraints on the
dark matter candidate N,.

As far as the known (active) neutrinos are concerned,
the main prediction of the YMSM is that one of them is
(almost) massless. This fixes the absolute mass scale of the
remaining two neutrinos [2]. Currently, there is neither a
clear prediction for the phases in U, in the vMSM nor
an experimental determination, though the experimental
value for 6,3 [60,63] suggests that a measurement, in
principle, might be possible. Regarding the sterile neutri-
nos, one has to distinguish between N, 3 and N;.

1. Seesaw partners N, and N;

LHC.—The small values of M; < v, in principle, make
it possible to produce them in the laboratory. However, the
smallness of the Yukawa couplings F implies that the
branching ratios are very small. Therefore, the number of
collisions (rather than the required collision energy) is the
main obstacle in direct searches for the sterile neutrinos.
This number is too small in high energy experiments such
as ATLAS or CMS [91].'7 It is therefore a prediction of the
vMSM that the LHC finds no new particles except the
Higgs boson. Vice versa, the lack of findings of new
physics beyond the SM at the LHC can be viewed as
indirect support for the model (though this prediction is
of course relaxed if nature happens to be described by the
vMSM plus something else).

Direct searches.—The sterile neutrinos participate in all
processes that involve active neutrinos, but with a proba-
bility that is suppressed by the small mixings UZ. The
mixing of N, 3 to the SM is large enough that they can be
found experimentally [16]. A number of experiments that
allow us to constrain the sterile neutrino properties have
been carried out in the past [92,93], in particular, CERN
PS191 [94,95], NuTeV [96], CHARM [97], NOMAD [98]
and BEBC [99] (see Ref. [100] for a review). These can be
grouped into beam dump experiments and peak searches.

Peak search experiments look for the decay of charged
mesons into charged leptons (e* or u*) and neutrinos. Due
to the mixing of the active neutrino flavor eigenstates with
the sterile neutrinos, the final state in a fraction of decays

"The authors of Ref. [91] claim that this conclusion may be
avoided for M near the electroweak scale if there is a strong
cancellation between the contributions from different right-
handed neutrinos to the light neutrino masses.
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suppressed by U2 (or U2) is e* + N; (or pu™ + Np).
The kinematics of the two-body decay can be reconstructed
from the detected charged lepton, but the sterile flavor
cannot be determined because of the N; mass degeneracy.
Therefore, these experiments are only sensitive to the
inclusive mixing U? defined in (8), where « is the flavor
of the charged lepton.

In beam dump experiments, sterile neutrinos are also
created in the decay of mesons, which have been produced
by sending a proton beam onto a fixed target. A second
detector is placed near the beamline to detect the decay of
the sterile neutrinos into charged particles. Also in beam
dump experiments, the sterile flavors cannot be distin-
guished. In this case, the expected signal is of the order
U, U} because creation and decay of the N, each involve
one active-sterile mixing. For instance, the CERN PS191
experiment constrains the combinations (U?)?, (U%)?,
U2U?% and'®

S U2 (csU3), (26)
B

where

1+ 4sin%6y + 8sin6y
4 s
1 —4sin@y, + 8sin?Gy
1 .

This set differs from the quantities considered by the
experimental group [94,95]. It has been pointed out in
Ref. [27] that the original interpretation of the PS191
(and also CHARM) data cannot be directly applied to the
seesaw Lagrangian (1). The authors of Ref. [27] translate
the bounds on active-sterile neutrino mixing published by
the PS191 and CHARM collaborations into bounds that
apply to the YMSM and kindly provided us with their data.
We use these bounds, along with the NuTeV constraints, as
an input to constrain the region in the YMSM parameter
space that is compatible with experiments.

Our results are displayed as green lines of different
shades in the summary plots in Figs. 7, 13, and 14 in
Secs. Vand VII. The different lines have to be interpreted
as follows. Each shade of green corresponds to one experi-
ment. For each experiment, there is a solid and a dashed
line. The solid line is an exclusion bound. This means that
there exists no choice of YMSM parameters that leads to a
combination of U? and M above this line, which is con-
sistent with Table I and the experiment in question. In order
to obtain the exclusion bound from an experiment for a
particular choice of M, we varied the CP-violating phases
and Imw."”” We checked, for each choice, whether the

Ce

27)

=c,

8 There are also constraints on U? which are, however, too
weak to be of practical relevance.

“The mixings U2 do not depend on Rew, and the dependence
on AM is negligible.
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resulting U2 are compatible with the experiment in ques-
tion. The exclusion bound in the M-U? plane is obtained
from the set of parameters that leads to the maximal U? for
a given M amongst all choices that are in accordance with
experiment. The exclusion plots are independent of the
other lines in the summary plots. The dashed lines (in the
same shade as the exclusion plots) represent the bounds
imposed by each experiment if the CP-violating phases are
self-consistently fixed to the values that we used to produce
the red and blue lines in the summary plots, which encircle
the regions in which enough asymmetry is created to
explain the BAU and DM. The NuTeV experiment puts
bounds only on the mixing angle U i This induces a much
weaker constraint in the M-U? plane for inverted mass
hierarchy than the other experiments. Our results differ
from those of Ref. [22]. In this reference, the experimental
constraints on the individual U? were directly reported in
the M-U? plane plotted in Fig. 3 of Ref. [22]. Moreover,
only the PS191 exclusion bound was computed by distin-
guishing between mass hierarchies.

Active neutrino oscillation experiments.—The region
below the seesaw line in Figs. 7, 11, 13, and 14 is excluded
because, for the experimental values listed in Table I, there
exists no choice of ¥MSM parameters that would lead to
this combination of M and U?.

Big bang nucleosynthesis.—It is a necessary require-
ment that N,; have decayed sufficiently long before
BBN that their decay products do not affect the predicted
abundances of light elements, which are in good agreement
with observation. The total increase of entropy due to the
N, 3 decay is small, but the decay products have energies in
the GeV range and even a small number of them can
dissociate enough nuclei to modify the light element abun-
dances. Since the sterile neutrinos are created as flavor
eigenstates, they oscillate rapidly around the time of
BBN. On average, they spend roughly half the time in
each flavor state, and it is not the individual lifetimes of
each flavor that determine the relaxation time, but rather
their average. This allows us to estimate the inverse N, 3
lifetime 7 by 7! =1 uTly at T =1 MeV. For 7 <0.1 s
the decay products and all secondary particles have lost
their excess energy to the plasma in collisions and reached
equilibrium by the time of BBN.?® We impose the condi-
tion 7 < 0.1 s and vary all free parameters to identify the
region in the M-U? plane consistent with this condition.
The BBN exclusion bounds in Figs. 7, 13, and 14 represent
the region in which no choice of ¥MSM parameters exists
that is consistent with Table I and the above condition.
Note that 77! ~ % trl’y and the condition 7 <<0.1 s are
both rough estimates; the BBN bound we plot may change
by a factor of order 1 when a detailed computation is
performed.

20A more precise analysis of this condition for M < 140 MeV
has been performed in Ref. [29].
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FIG. 2 (color online). Different constraints on N; mass and
mixing. The blue region is excluded by x-ray observations, and
the dark gray region M; < 1 keV by the Tremaine-Gunn bound
[114,115,137]. The points on the upper solid black line corre-
spond to observed {py; produced in scenario I in the absence of
lepton asymmetries (for w, = 0) [19]; points on the lower solid
black line give the correct Qpy for |u,| = 1.24 X 1074, the
maximal asymmetry we found. The region between these lines is
accessible for 0 =< |u,| = 1.24 X 107*. We do not display
bounds derived from Ly, forest observations because they
depends on u, in a complicated way, and the calculation
currently includes considerable uncertainties [90].

2. Dark matter candidate N,

The possibility of sterile neutrino DM has been studied
by many authors; see, e.g., Refs. [7,13,21,90,101-131].
The coupling of the DM candidate N, is too weak to be
constrained by any past laboratory experiment. However,
there are various different requirements that constrain the
allowed region in the 62,-M; plane. N; has to have a
lifetime comparable to the age of the Universe and be
consistent with bounds from indirect DM searches; it is
subject to phase space density restrictions (because it is a
fermion) and its gravitational clustering must reproduce
the observed structure in the Universe.?! In scenario 1, it is,
in addition, crucial that the right amount of () can be
produced within the vYMSM.

As a decaying dark matter candidate, N; particles pro-
duce a distinct x-ray line in the sky that can be searched for
(see, e.g., Refs. [7,12,13,109,122-125,127,128,134-136]).
These pose an upper bound on M; in the keV range
[109,110,124] that depends on the mixing, cf. Fig. 2. A
lower limit M; ~ 1 keV can be obtained when applying
the Tremaine-Gunn bound on phase space densities [137]
to the Milky Way’s dwarf spheroidal galaxies [114,115].
Other bounds can be derived from the observed matter
distribution in the Universe, as the gravitational collapse
of DM overdensities was the driving force for nonlinear
structure formation in the matter dominated era. This

2lgee, e.g., Refs. [132,133] for a more detailed discussion of
these bounds.
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constrains the DM free-streaming length; the formation of
structure smaller than the free-streaming length is strongly
suppressed. In order to translate the free-streaming length
into a bound on the N; properties, one needs to make
assumptions on the N; momentum distribution. If it is
simply proportional to a Fermi-Dirac distribution,
the DM distribution in the observable Universe recon-
structed from Ly, forest observations (cf. e.g.,
Refs. [105,110,112,138-142]) suggests a lower bound on
the mass M, = 8 keV [110].%

The expected momentum distribution depends on the
production mechanism for N;; hence, we can only make
quantitative predictions in scenario I, where this mecha-
nism is specified. Within the ¥MSM, there are two differ-
ent ways to produce N; thermally. The first one, common
thermal (nonresonant) production [54], leads to a smooth
distribution of momenta that is roughly proportional to a
Fermi-Dirac spectrum. If this were the only mechanism,
then tension between the x-ray and structure formation
bounds would exclude scenario 1. However, the DM pro-
duction rate can be resonantly amplified by the presence of
a lepton chemical potential in the plasma [19,57]. While
the presence of a lepton chemical potential created by the
N, 5 freeze-out and decay at late times (T < GeV) is a very
generic prediction in the ¥MSM, it turns out to be highly
nontrivial to produce the right amount of lepton asymmetry
to explain Q. The resonant amplification of the thermal
N, production rate occurs due to a level crossing between
active and sterile neutrino dispersion relations, caused by
the MSW effect. It enhances the production rate for par-
ticular momenta as they pass through the resonance,
resulting in a nonthermal DM momentum distribution
that is dominated by low momenta and thus “colder.””?
Effectively, this mechanism ‘“‘converts” lepton asymme-
tries into DM abundance, as the asymmetries are erased
while DM is produced. The full DM spectrum in the
vMSM is a superposition of the two components. The
dependence on wu, is, however, rather complicated. In
particular, the naive expectation that the largest |w,l,
which maximized the efficiency of the resonant production
mechanism, leads to the lowest average momentum
(““coldest DM”’) is not true because w, does not only
affect the efficiency of the resonance, but also the momen-
tum distribution of the produced particles. In a realistic
scenario involving both production mechanisms (|u,| =
1073), the lower bound on M, from structure formation

22Gee also Refs. [105,111,112]. There, it has been assumed that
baryonic feedback on matter distribution (see, e.g., Refs. [143]
for a discussion) has a negligible effect.

Z3The results quoted in Ref. [113] suggest that the resonantly
produced sterile neutrino is “warm enough” to overcome some
problems of cold DM simulations [144,145] (i.e., change the
number of substructures of a Galaxy-size halo), but “cold
enough” to be in agreement with Ly, bounds on large scale
structures [90].
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relaxes and has been estimated as M| > 2 keV [90]. In our
analysis we take these results for granted, though some
uncertainties remain to be clarified; see Sec. III B 1.

The N, abundance must correctly reproduce the ob-
served DM density Qpy. In scenario 1 this requirement
defines a line in the M,-Y ,|0,,|> plane, the production
curve. All combinations of M; and ¥ ,16,|* along the
production curve lead to the observed DM abundance.
Because of the resonant contribution, the production curve
depends on w,. This dependence has been studied in
Ref. [19], where it was assumed that u, = p, = W,

Finally, DM sterile neutrinos may have interesting
effects for supernova explosions [117-121].

Figure 2 summarizes a number of bounds on the proper-
ties of N;. The two thick black lines are the production
curves for u, = 0 and |u,| = 1.24 X 10~*, the maximal
asymmetry we found at 7 = 100 MeV in our analysis;
see Fig. 12. The allowed region lies between these lines;
above the u, = 0 line, the nonresonant production alone
would already overproduce DM, and below the production
curve for maximal asymmetry N,; fail to produce the
required asymmetry for all choices of parameters. The
maximal asymmetry has been estimated as ~7 X 10~ in
Refs. [6,19], which agrees with our estimate shown in
Fig. 12 up to a factor ~5. (The production curve corre-
sponding to that estimate is shown as a dotted line in Fig. 2.)
Our result is smaller and imposes a stronger lower bound on
the Ny mixing, which makes it easier to find this particle (or
exclude it as the only constituent of the observed (Qpy) in
x-ray observations. However, though our calculation is
considerably more precise than the previous estimate, the
exclusion bound displayed in Fig. 12 still suffers from
uncertainties of order 1 due to the issues discussed in
Appendix A 4. It also relies on the assumption® u, =
My = M., made in Refs. [6,19] to find the dependence of
the production curve on the asymmetry. In order to deter-
mine the precise exclusion bound, the dependence of the
production curve on individual flavor asymmetries has
to be determined. The shadowed (blue) region is excluded
by the nonobservation of an x-ray line from N, decay in
DM dense regions [7,13,101,103,109,122—-128].

B. Future searches
1. Dark matter candidate N,

Indirect detection.—The DM candidate N; can be
searched for astrophysically, using high resolution x-ray

2Indeed, we find that this assumption does not hold in most of
the parameter space. The asymmetries in individual flavors can
be very different and even have opposite signs. The reason is that
asymmetries generated at 7 > M are mainly “flavored” asym-
metries (i.e., the total lepton number violation is small), but the
individual flavors can carry asymmetries. In spite of this we
believe that the condition Y, |u,| still gives the right order of
magnitude, see Appendix A 4.
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spectrometers to look for the emission line from its
decay in DM dense regions. For details and references
see the proposal submitted to European Strategy
Preparatory Group by Boyarsky et al. [146], cf. also
Refs. [65,132,147,148].

Structure formation.—Model-independent constraints
on N; can be derived from the consideration of dynamics
of dwarf galaxies [114,115,137]. The existing small scale
structures in the Universe, such as galaxy subhalos, provide
another probe that is sensitive to N, properties, because
such structures would be erased if the mean free path of
DM particles were too long. This can be exploited by
comparing numerical simulations of structure formation
to the distribution of matter in the Universe that is recon-
structed from Ly, forest observations. However, the
momentum distribution of resonantly produced N; parti-
cles can be complicated [19,57], leading to a complicated
dependence of the allowed mixing angle on the N; mass
and lepton asymmetries u, in the plasma [90,110]. It is
difficult to understand the implications of these spectra for
the formation of small scale structures [83,90,106,107]. A
reliable quantitative analysis would involve numerical
simulations that use the nonthermal N; momentum distri-
bution predicted in scenario I as input. While for cold dark
matter extensive studies have been performed (see, e.g.,
Ref. [149]), simulations for other spectra have only been
done for certain benchmark scenarios [113].

Direct detection.—As the solar system passes through the
interstellar medium, the DM particles N, can interact with
atomic nuclei in the laboratory via the 6,67, suppressed
weak interaction. This, in principle, opens the possibility of
direct detection [150]. Such detection is extremely chal-
lenging due to the small mixing angle and the background
from solar and stellar active neutrinos. It has, however, been
argued that this may be possible [151,152].

BBN.—The primordial abundances of light elements are
sensitive to the number of relativistic particle species in the
primordial plasma during BBN because these affect the
energy budget, which determines the expansion rate and
temperature evolution. Any deviation from the SM predic-
tion is usually parametrized in terms of the effective num-
ber of neutrino species, Ngy. At temperatures around
2 MeV, most N, particles are relativistic. However, the
occupation numbers are far below their equilibrium value,
and the effect of the N on Ny is very small. Given the
error bars in current measurements [153-155], the vYMSM
predicts a value for N that is practically indistinguishable
from N = 3.

In principle, the late-time asymmetry in active neutrinos
predicted by the »MSM also affects BBN because the
chemical potential modifies the momentum distribution
of neutrinos in the plasma. However, the predicted asym-
metry is several orders of magnitude smaller than existing
bounds [42], and it is extremely unlikely that this effect can
be observed in the foreseeable future. In particular, though
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N, DM particles are relativistic during BBN (while they
are nonrelativistic at the time of photon decoupling), they
cannot explain tentative hints for ‘“‘dark radiation” in
recent observations (see, e.g., Ref. [156] for a summary).

2. Seesaw partners N, 3

The singlet fermions participate in all the reactions in
which the ordinary neutrinos do, with the probability sup-
pressed roughly by a factor U?. However, due to their
masses, the kinematic changes when an ordinary neutrino
is replaced by N;. The N, particles can be found in the
laboratory [16] using the strategies outlined in Sec. [IT A 1,
which have been applied in past searches.

One strategy, used in peak searches, is the study of
kinematics of rare K, D, and B meson decays that can
constrain the strength of the N, masses and mixings. This
includes two-body decays (e.g., K= — u=N, K= — ¢*N)
or three-body decays (e.g., K; g — 7 + e + N,3). The
precise study of the kinematics is possible in ® (like K
long experiment), charm, and B factories, or in experi-
ments with kaons where the initial 4-momentum is well
known. For 3 MeV < M; <414 MeV this possibility has
recently been discussed in Ref. [157].

The second strategy aims at observing the decays of the
N, themselves (‘“nothing” — leptons and hadrons) in pro-
ton beam dump experiments. The N; are created in the
decay of K, D, or B mesons emitted by a fixed target, into
which the proton beam is dumped. The detector must be
placed at some distance along the beamline. Several exist-
ing or planned neutrino facilities (related, e.g., to CERN
SPS, MiniBooNE, MINOS or J-PARC) could be comple-
mented by a dedicated near detector for these searches.
Finally, these two strategies can be unified [31], and the
production and the decay could occur inside the same
detector [158].

For the mass interval M < mg, both strategies can be
used. An upgrade of the NA62 experiment at CERN would
allow us to search the mass region below the kaon mass
mg. For mg < M < myp it is unlikely that a peak search
for missing energy at beauty, charm, and 7 factories will
gain the necessary statistics. Thus, in this region the
search for N,; decays is the most promising strategy.
Dedicated experiments using the SPS proton beam at
CERN can completely explore the very interesting parame-
ter range for M <2 GeV. This has been outlined in
detail in the European Strategy Preparatory Group by
Gorbunov et al. [159].

An upgrade of the LHCb experiment could allow us to
combine both strategies. This would allow us to constrain
the cosmologically interesting region in the M-U? plane.
With existing or planned proton beams and B-factories, the
mass region between the D-mass and B-meson thresholds
is, in principle, accessible, but such experiments would be
extremely challenging. A search in the cosmologically
interesting parameter space would require an increase in
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the present intensity of the CERN SPS beam by 2 orders of
magnitude or to produce and study the kinematics of more
than 10'° B mesons [159].

IV. KINETIC EQUATIONS

Production, freeze-out and decay of the sterile neutrinos
are nonequilibrium processes in the hot primordial
plasma. We describe these by effective kinetic equations
of the type used in Ref. [160] and further elaborated in
Refs. [3,6,8,51], cf. also Refs. [161-164]. These equations
are similar to those commonly used to describe the propa-
gation of active neutrinos in a medium. They rely on a
number of assumptions and may require corrections when
memory effects or off-shell contributions are relevant.
These assumptions are discussed in Appendix A. We post-
pone a more refined study to the time when such precision
is required from the experimental side. In the following we
briefly sketch the derivation of the kinetic equations we
use. More details are given in Appendix A.

A. Short derivation of the Kinetic equations

We describe the early Universe as a thermodynamical
ensemble. In quantum field theory, any such ensemble—
whether it be in equilibrium or not—can be described by a
density matrix p. The expectation value of any operator A
at any time can be computed as

(A) =1tr(pA). (28)

As there are infinitely many states in which the world can
be, infinitely many numbers are necessary to exactly char-
acterize p. These can either be given by all matrix elements
of p or, equivalently, by all n-point correlation functions
for all quantum fields. Either way, any practically comput-
able description requires truncation.

The leptonic charges can be expressed in terms of field
bilinears; thus, it is sufficient to concentrate on the two-
point functions. Instead of bilinears in the field operators
themselves, we consider bilinears in the ladder operators
ar, a;r for sterile and a,, al for active neutrinos. In
principle, there is a large number of bilinears, but only a
few of them are relevant for our purpose.

For each momentum mode of sterile neutrinos, we con-
sider two 2 X 2 matrices formed by products of ladder
operators a}La 7, one for positive and one for negative
helicity.25 Since M is diagonal in the N; basis, a;r a; can
be interpreted as a number operator for physical sterile
neutrinos, while a;ra ; with I # J correspond to coher-
ences. N; are Majorana fields, but we can define the notion
of “particle” and “‘antiparticle” by their helicity states. In
the limit 7 > M, i.e., for a negligibly small Majorana

ZThis description is similar to the one commonly used in
neutrino physics and could also be formulated in terms of
“polarization vectors.”
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mass term, the total lepton number (sum over « and )
defined in this way is conserved. All other bilinears in the
ladder operators for sterile neutrinos are either of higher
order in F or quickly oscillating and can be neglected.
Practically, we are not interested in the time evolution of
individual modes, but only in the total asymmetries. We
therefore describe the sterile neutrinos by momentum
integrated abundance matrices py for particles and py
for antiparticles. The precise definitions are given in
Appendix A 1.

The active leptons are close to thermal equilibrium at all
times under consideration. This is because kinetic equili-
bration is driven by fast gauge interactions, while the
relaxation rates for the asymmetries are of second order
in the small Yukawa couplings F. We thus describe the
active sector by four numbers,>® the temperature and three
asymmetries (one for each flavor, integrated over momen-
tum). More precisely, the asymmetry in the SM leptons
of flavor a is given by the difference between lepton
and antilepton abundances, which we denote by w,;
see (14).7 We study the time evolution of each flavor
separately and find that they can differ significantly from
each other. Following the steps sketched in Appendix A,
one can find the effective kinetic ‘‘rate equations”

.dp i i =
i~ = [H py] = 20w py = p*h + S palh 29)
i %P8 T, pg) — i oy — ) — LT GO)
dx 2 p Ha
d a T . o
iSHs = —iTf g + it (py — p0)]
— it (py — p9)]. (31)

Here X = M/T, p® is the common equilibrium value of
the matrices py and py, H is the dispersive part of the
effective Hamiltonian for sterile neutrinos that is respon-
sible for oscillations, and rates I'y, T'¢ and I'¢ form the
dissipative part of the effective Hamiltonian.

It is convenient to describe the sterile sector by p . and
p—, the CP-even and CP-odd deviations from equilibrium,
rather than py and pg,

py—pi=p, — 2= 32

py—p=py + 2, 5

2
In terms of p, and p_, (29)-(31) read

It has been found in Ref. [165] that mixing amongst the
different SM lepton doublets can occur due to their coupling to
the right-handed neutrinos and could affect leptogenesis.
However, in the ¥MSM the Yukawa couplings F are too tiny
to lead to a sizable effect.

Z"Note that the u, here are abundances, not chemical poten-
tials, which could alternatively be used to characterize the
asymmetries. The relations between different characterizations
of the asymmetries are given in Appendix C.

093006-14



DARK MATTER, BARYOGENESIS AND NEUTRINO ...

.d i
i =[ReH, pi] ~ {Rely. pi} + S0 (33)
9P [ReH, p_]— L{Rely, p_} + S (34)
ldX € ,p, 2 ( N> Pf —
A, T
e —ilf e + S, (35)
with
dpd i 1 1 t
= — + — _ + — o — =
Sy i 2[ImH,p ] 4{ImFN,p } 2,U,aImFN,
(36)
S_=2[ImH, p, ]+ {Imly, p,} + inRely,  (37)
S, = it[Re(I')p_] = 2u[Im(T'¥)p, 1 (38)

Equations (33)—(38) are the basis of our numerical studies.

B. Computation of the rates
The rates appearing in (33)—(38) can be expressed as

FN = TZ(FQIFZJR(T’ M)aa + FZIFD(JRM(T: M)aa),

(39)

(fg)ll = (f]%)IJ
= T(FaIFZJR(T’ M)aa - FZIF(IJRM(T: M)aa)’
(40)

= T((FF1) aa(R(T, M)ao + Ry (T, M) ao)), (41

with no sum over « in (40) and (41). The flavor matrices R
and R m are defined in Appendix A 3; see (A42) and (A43).
Here FF = FUy and

T T T T
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FIG. 3 (color online). Number of effective relativistic degrees
of freedom g, as a function of temperature [166].

PHYSICAL REVIEW D 87, 093006 (2013)

v

! N N N
v v L ( : L

(a) (b)

FIG. 4. Contributions to the N; self-energies. Diagram
(a) dominates for T <wv, and diagram (b) for T >v. I'y is
obtained from the discontinuity of the diagrams [205], which
can be computed by cutting it in various ways [167]. The gray
self-energy blobs indicate that dressed lepton and Higgs propa-
gators have to be used. Cuts through them reveal a large number
of processes, which are summarized in Refs. [8,24] and
Appendix A of Ref. [6]. Recently, it has been pointed out that
current estimates suffer from an error O(1) due to infrared and
collinear enhancements at high temperatures. Systematic
approaches to include these effects can be found in
Refs. [176,206] for T > M (relevant for baryogenesis) and
[177,207,208] for M > T (relevant for late-time asymmetries).
We ignore this effect in our current study, as it is comparable to
other uncertainties in the kinetic equations and would only
slightly change the results for the relevant regions in the
vMSM parameter space.

ot T2 0 M,

X M oT 2T%
where T?/M, is the Hubble rate and M, =
Mp(45)'/2 /(473 g,)'/2, with the effective number of rela-
tivistic degrees of freedom g, computed in Ref. [166] and
shown in Fig. 3.

The flavor matrices R(T, M) and R,,(T, M) are almost
diagonal since off-diagonal elements of p,gz(p) include
active neutrino oscillations, which are at least suppressed
by m;/T. We will always neglect the off-diagonal ele-
ments. R(T, M) and R,,(T, M) contain contributions from
decays and scatterings. In finite temperature field theory
these can be associated with different cuts [167] through
the N; self-energy shown in Fig. 4. The scatterings keep the
N; in thermal equilibrium for 7> 7_. At T =T_ they
become inefficient and the sterile neutrinos freeze out.
Because of their small coupling they are long-lived but
unstable and decay at a temperature 7,. For T, < T_,
decay and freeze-out are two separate processes and can
be treated independently. This is the case in the interesting
part of the vMSM parameter space.

(42)

1. Baryogenesis

For T > v the SM fields are light and M, is negligible.
We can therefore neglect Ry, (T, M) as well as the flavor
dependence of R(T, M). Dispersion relations as well as
relaxation rates are dominated by contributions from scat-
terings between vy and Higgs and lepton particles. The
corresponding rates can be extracted from cuts through the
diagrams shown in Fig. 4(b). They have been computed
in Refs. [3,22],
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FIG. 5 (color online). The functions RS/(T, M) and RS(T, M) for M
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T
R(T, M) = 0.02— ﬂ2><2’
4 (43)
RM(T, M) = 0 fOr T = TEW'

2. Dark matter production

For T; < T_, which is the case in the interesting part of
the YMSM parameter space, freeze-out and decay happen
in different temperature regimes. At temperatures 7 = 7
the processes that keep the plasma in equilibrium are
scatterings mediated by the weak interaction. Further-
more, the lepton masses are, in a first approximation,
negligible.?® Thus, R(T, M) and R,,(T, M) are proportional
to the unit matrix and can be described by two scalar
functions RS(T, M) and R;‘;)(T, M). Around T_ ~ M,
RE{?(T, M) gives a small correction, which we account for
in our analysis. In practice, these functions have to be
computed numerically. They are displayed in Fig. 5.

To be specific, in the high temperature limit, when all
lepton masses are negligible, (39) simplifies to

Ty = 7UL((FTF)*RO(T, M) + FTFRS) (T, M))U,
atT~T-_. (44)

In the low temperature regime, where R = R,,, one finds

[y =7 Re(FyFi )R (M) atT~T, (45

The indices (S) and (D) indicate that the dominant contri-
bution to the rate comes from scatterings or decays,
respectively. The functions R (T, M) and Rfl,sl)(T, M) can
be obtained from the discontinuity of the N; self-energies
shown in Fig. 4 at finite temperatures. At 7 < M the differ-
ent SM lepton masses become relevant.

When the sterile neutrinos decay around 7; << M, the
flavors are distinguishable. The decaying particle is

ZFor some parameter choices this assumption can be violated
for the 7 mass, introducing a small error.

nonrelativistic, and the density of the surrounding plasma
islow. For T =0, R(0, M) = R;,(0, M) take the same values,
and their elements are given by R(0, M), =Ry (0, M) 4, =
RP) (M), where RP)(M) are functions that can be com-
puted from the vacuum decay rates for sterile neutrinos.
The N; can decay into various different final states; see
Appendix D. There are leptonic and semileptonic channels,
depending on the temperature, either with quarks (before
hadronization) or mesons (after hadronization) in the final
state. Let 'y, be the rate at which N; decays into a final
state ¢, of flavor « (e.g., v,qq or VaI:BLB). Then

Un—y,

(D) -
RO (M) =2 “Nba
Ve |Fa1|2

(46)

where the sum runs over all possible final states that have
flavor «. The factor 2 is due to the equal probabilities
for decay into particles and antiparticles at tree level. The
simple form of (46) is a result of the fact that the Yukawa
couplings can be factored out of the corresponding ampli-
tudes, and the kinematics of N, and Nj; is the same due to
their degenerate mass. Most of the rates required for our
study have been computed in Ref. [16]; the remaining ones
are given in Appendix D. For T~T,#0 with T, <M
the sterile neutrinos are nonrelativistic, and one can
estimate

M

R(T < M, M),, ~ ER?.P)(M), (47)
E-pM g

Ry(T <M M), ~—LZ RO, (48

t o = p L HRPOD, )

with E = (M? + p%)!/2. Here p ~ T is the average sterile
neutrino momentum. We therefore do not need all elements
of the matrices R(T, M) and R,,(T, M) at all temperatures,
but only two functions R)(T, M) and RE?(T, M) for T=
T_ and three other functions R (M) for T < T,< M.In
practice, we can simply add these contributions at all tem-
peratures. In principle, however, we do not know the scat-
tering contribution outside the range plotted in Fig. 5, and
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the decay contribution is obtained from vacuum rates. This
is justified because for T = T_ our expressions for the
decay rates are incorrect, but RO (M) < RS(T, M). On
the other hand R'” (M) > Rg)(T, M) in the regime T <
M, T_, which is not covered by the data shown in Fig. 5. For
T, <T < T_ our expressions for both decay and scattering
rates are incorrect, but they are both smaller than the rate of
Hubble expansion and have a negligible effect.

V. BARYOGENESIS FROM STERILE
NEUTRINO OSCILLATIONS

The BAU in the ¥MSM is produced during the thermal
production of sterile neutrinos N;. This is in contrast to
most other (thermal) leptogenesis scenarios, where decays
and inverse decays play the central role. The violation of
total fermion number by the Majorana mass term M, is
negligible at Tgw >> M, but asymmetries in the helicity
states of the individual flavors can be created. The sum
over these flavoured asymmetries vanishes up to terms
suppressed by M /Ty, but because sphaleron processes
only act on left chiral fields, the generated BAU can be
much bigger. In this sense baryogenesis in the ¥MSM can
be regarded as a version of “flavored leptogenesis.”

In this section we explore the part of the vMSM
parameter space where a BAU consistent with (13), i.e.,
7~ 10719 can be generated. We assume two sterile
neutrinos N, 3 participate in baryogenesis, as required in
scenarios I and II. This assumption is motivated by the
premise that Ny should be a valuable DM candidate, with
masses and mixing consistent with astrophysical bounds.
These bounds require its Yukawa interaction to be too
small to be relevant for baryogenesis; see Sec. IIl. In this
sense, we consider the YMSM as a model of both baryo-
genesis and DM production, but are not concerned with the
DM production mechanism, which is discussed in Sec. VI.
This corresponds to scenario II. The requirement to explain
Qp) only enters implicitly, as we demand the N mass and
mixing to be consistent with astrophysical observations.
If one completely drops the requirement to explain the
observed DM and study the YMSM as a theory of baryo-
genesis and neutrino oscillations only (scenario III), the
resulting bounds n the parameters weaken considerably. In
particular, it was found in Ref. [30] that no mass degener-
acy between the sterile neutrino masses is needed.

We extend the analysis performed in Ref. [22] but take
into account two additional aspects. First, we use the non-
zero value for the active neutrino mixing angle 6,5 given in
Table I, which brings in a new source of CP violation
through the phase 6. Second, we include the contribution
from the temperature-dependent Higgs expectation value
v(T) to the effective Hamiltonian, coming from the real
part of the diagram in Fig. 4(a). It is relevant for tempera-
tures close to the electroweak scale.

We solve numerically the system of equations (33)—(38)
to find the lepton asymmetries at 7 ~ Tgyw, assuming that
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there is no initial asymmetry. The effective Hamiltonian is
given by (A36) and (39)—(41) with (43). We fix the active
neutrino masses and mixing angles according to Table I
and choose the phases 0, a; and a5, as well as Rew, to
maximize the asymmetry. Interestingly, for normal hier-
archy of neutrino masses, the value of Rew that maximizes
the asymmetry is close to 7, as required in the constrained
vMSM. This allows us to identify the region in the remain-
ing three-dimensional parameter space consisting of M,
AM and Imw, where an asymmetry = 107!° can be cre-
ated. Deep inside this region, the asymmetry generated for
this choice of phases can be much too large, but it can
always be reduced by choosing different phases. Thus, any
choice of M, AM and Imw inside this region can reproduce
the observed BAU.

In practice, it is difficult to find the phases that maximize
the asymmetry in each single point, as we are dealing with
a seven-dimensional parameter space. However, the analy-
sis can be simplified. First, the choice of phases that max-
imize the asymmetry practically does not depend on AM
because the dependence of the Yukawa coupling (15) on
AM is very weak. Second, our numerical studies reveal
that, in most of the parameter space, Imw is the main
source of CP violation. The other phases have comparably
little effect on the final asymmetry, except for the region
around Imw = 0. Surprisingly, the values for §, «; and «,
that maximize it vary only very little and are always close
to zero. One possible interpretation is that Imew provides
the main source for the asymmetry generation, while J, a;
and a, contribute more strongly to the washout. However,
due to the various different time scales involved, we cannot
extract a single CP-violating parameter at this point, which
is commonly used in thermal leptogenesis scenarios to
study such connections analytically. The above seems to
be valid everywhere except in the region Imw ~ 0, where
8, a; and «, are the only sources of CP violation.

We therefore split the parameter space into two regions.
In the region 0.5 < ¢™® < 1.5 we choose a, = 7, § = 0,
Rew = % 7 for normal hierarchy and o, — o) = 7, 0 =
7, Rew = %77 for inverted hierarchy. Everywhere else we

choose a; = “Zand § = 557, Rew = }  for normal hier-

archy and @, —a; = i—(l)n', 0= %77, Rew =37 for
inverted hierarchy. Note that for normal hierarchy F only
depends on «, and &, while for inverted hierarchy it
depends on @, — @ and & because one neutrino is mass-
less. In order to determine v(7T) one needs to fix the Higgs
mass my. We used the value my = 126 GeV suggested by
recent LHC data [168,169], corresponding to an electro-
weak scale of Tgw ~ 140 GeV. This is consistent with the
vMSM being a valid description of nature up to the Planck
scale [170].

We present our results in Fig. 6, which shows the al-
lowed region in the AM-Imw plane for several masses M.
The lines correspond to the exact observed asymmetry;
inside, more asymmetry is generated. As pointed out
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FIG. 6 (color online). Values of AM and Imw that lead to the
observed baryon asymmetry in scenarios I and II for different
sterile neutrino masses M = 10, 100 MeV, 1 and 10 GeV. The
blue (shortest dashed) line corresponds to M = 10 MeV, red
(short dashed) to M = 100 MeV, brown (long dashed) to M =
1 GeV and green (longest dashed) to M = 10 GeV. The phases
that maximize the asymmetry differ significantly for Imw = 0
and away from that region. In the region 0.5 < e!™® < 1.5 we
choose ap, = 7, 6§ =0, Rew = %77 for normal hierarchy and
ay—ay =m, &6=m Rew=3m for inverted hierarchy.
Everywhere else we choose 6 = 23—077, Rew = 57 for normal
hierarchy and «a, — a; = %77, 6= %77, Rew =z 7 for
inverted hierarchy. The upper panel shows the results for normal
hierarchy, the lower panel for inverted hierarchy.

above, any point inside the lines is consistent with obser-
vation because the asymmetry can be reduced by choosing
different phases. Figure 6 shows that, even for small
masses around 10 MeV, enough asymmetry can be created.
However, for small masses the CP violation contained in &,
a, and a, is not sufficient, and the allowed region consists
of two disjoint parts that are separated by the Imw =0
region. The area of these increases with M. For masses of a
few GeV, the CP violation from 0, @; and «, alone is
sufficient and the regions join. Interestingly, there appear to
be mass-independent diagonal lines in the AM-e™® plane
that confine the region where enough asymmetry can be
generated. We currently have not understood the origin
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of these lines parametrically. The inverted hierarchy
generally allows one to produce more asymmetry than
the normal hierarchy. There is an approximate symmetry
between regions with positive and negative Imw. It would
be exact when simultaneously changing ¢ and is related to
the symmetry of the Lagrangian under the exchange of N,
and N;. As expected, these results are close to those
obtained in Ref. [22], which provides a good consistency
check. The slightly bigger asymmetry is due to the addi-
tional source of CP violation for 65 # 0.

For experimental searches, the most relevant parameters
are the mass M and the mixing between active and sterile
neutrinos. In Fig. 7 we translate our results into bounds on
the flavor-independent mixing parameter U? defined in
Eq. (20). Using the results displayed in Fig. 6, we choose
6M to maximize the asymmetry and find the region in the

10-6

10-8

UZ

10710

10"

10-6

10-8

UZ

1071

10—12 L L L 1 L
0.2 0.5 1.0 2.0 5.0 10.0

M [GeV]

FIG. 7 (color online). Constraints on the N, ; masses M, 3 ~ M
and mixing U2 = tr(616) from baryogenesis in scenarios I and
II: upper panel—normal hierarchy; lower panel—inverted hier-
archy. In the region between the solid blue “BAU” lines, the
observed BAU can be generated. The regions below the solid
black “seesaw’ line and dashed black “BBN’’ line are excluded
by neutrino oscillation experiments and BBN, respectively. The
areas above the green lines of different shades are excluded by
direct search experiments, as indicated in the plot. The solid
lines are exclusion plots for all choices of YMSM parameters; for
the dashed lines the phases were chosen to maximize the BAU,
consistent with the blue lines.
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FIG. 8 (color online). ~Constraints on the N, ; masses M3 =~ M
and lifetime 77! =~ % trl'y|7—; Mmev from baryogenesis in
scenarios I and II. In the region between the blue “BAU” lines,
the observed BAU can be generated (solid line—normal hier-
archy; dotted line—inverted hierarchy). The region above the
solid black “BBN” line is excluded by BBN.

U?-M plane within which baryogenesis is possible. The
plot has to be read as follows: For each point in the region
between the blue lines, there exists at least one choice of
vMSM parameter that allows for successful baryogenesis.
The plots in Fig. 7 are similar to the ones of Fig. 3 in
Ref. [22], but the allowed region is slightly bigger due to
the effect of the new source of CP violation for 6,3 # 0.

The constraints on the mixing angle U? shown in Fig. 7
can be translated into constraints on the neutrino lifetime
VRS % trl'y (at T = 1 MeV) shown in Fig. 8. The plot in
Fig. 8 is similar to the ones of Fig. 4 in Ref. [22].

VI. LATE-TIME LEPTON ASYMMETRY AND
DARK MATTER PRODUCTION

The lepton asymmetry at temperatures of a few hun-
dred MeV is of crucial importance for the dark matter
production in scenario I. Resonant dark matter production
requires a lepton asymmetry |u,|~8X107® in the
plasma, much larger than the baryon asymmetry. The
details of this process have been outlined in Ref. [8].
Here, we are not concerned with the dark matter produc-
tion itself, but with the mechanisms that generate the
required lepton asymmetry. This asymmetry must come
from a source that is different from that of the baryon
asymmetry because N,; reach chemical equilibrium at
some temperature 7, < Tgyw and the asymmetry in the
leptonic sector is washed out (while the baryon asymme-
try remains, as sphalerons are inefficient at T < Tgy).>
There are two distinct mechanisms that contribute to the

It has been suggested that some asymmetry may be preserved
in magnetic fields down to temperatures 7 < 7_ due to the chiral
anomaly [53]. Here we take the most conservative approach and
do not take into account this possibility.

PHYSICAL REVIEW D 87, 093006 (2013)

late-time asymmetry: the freeze-out of N3 at T ~ T_ and
their decay at T ~ T,.

The requirement that these two mechanisms produce
enough asymmetry puts severe constraints on the parame-
ters of the model, described in Sec. II F. The value of Rew
is fixed to values near 77/2. The mass splitting AM is
limited to a very narrow range by Eq. (25). Therefore, we
will use the mass splitting in vacuum M instead of AM as
a free parameter in the following. All experimentally
known parameters are fixed to the values given in
Table 1. The phases 8, @ and «, are chosen to maximize
the asymmetry. As in Sec. V we observe that in most of the
parameter space Imw is the main source of CP violation.
We again find that it is convenient to split the parameter
space into the region 0.5 < e!™® < 1.5 and its comple-
ment. For normal hierarchy we choose the phases a, =
7,8 =3mintheregion 0.5 < e™® < 1.5and a, = Zand
6 = 0 everywhere else. For inverted hierarchy we choose
ay — a; =Zand 8§ =327 in the region 0.5 < ™ < 1.5
anda, —a; =0,6 = % 7 everywhere else. Note that for
normal hierarchy F only depends on «, and o, while for
inverted hierarchy it depends on @, — @ and & because
one neutrino is massless. We then study the parameter
space spanned by M, 6M and Imw.

As in Sec. V, we use the kinetic equations (33)—(38) in
order to calculate the lepton asymmetries as a function of
T. The effective Hamiltonian is calculated from (A39) and
(39)—(41) with (44)—(48). We impose thermal equilibrium
with vanishing chemical potentials as initial conditions at a
temperature 7 > 7_ and look for the parameter region
where 3, | i, | > 8 X 1070 at T = 100 MeV.*

The results are shown in Figs. 9 and 10. The required
asymmetry can be created when the sterile neutrinos have
masses in the GeV range. For small masses of M =
2-4 GeV the CP violation contained in &, @, and & alone
is not sufficient for normal hierarchy and barely sufficient
for inverted hierarchy; a nonzero Imw is required, and the
allowed region consists of two disjoint parts along the Imw
axis which are separated by the Imw = 0 region. For larger
masses (M = 7 GeV for normal hierarchy, M = 4 GeV
for inverted hierarchy), the regions merge, but Imw con-
tinues to be the most relevant source of CP violation in
most of the parameter space. In addition, one can also
observe disjoint regions along the 6 M axis. These can be
identified with the decay scenario and freeze-out scenario.
In the upper part of the figures, the asymmetry is mainly
created during the freeze-out of N,3, in the lower part
during the decay. At T_, Iy has considerably larger entries
than at 7. Thus, the resonance condition (21) requires a
smaller mass splitting in the decay scenario. For larger
masses, both regions merge. However, freeze-out and de-
cay are always two separated processes, i.e., T_ > T,.

*OWe solve the kinetic equations down to 7 = 50 MeV in order
to avoid numerical artifacts at the boundary.
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FIG. 9 (color online).
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Values of 6M and Imw that lead to the lepton asymmetry required for dark matter production in scenario I for

different singlet fermion masses, M = 2.5, 4, 7, and 10 GeV and for normal hierarchy. The upper left panel corresponds to M =
2.5 GeV, the upper right panel to M = 4 GeV, the lower left panel to M = 7 GeV and the lower right panel to M = 10 GeV. The
phases that maximize the asymmetry differ significantly for Imw =~ 0 and away from that region. We choose the phases a, = 7,
6= %77' in the region 0.5 < ¢!™® < 1.5 and a, = Z and & = 0 everywhere else.

As in Fig. 6, there is an approximate symmetry under a
change of sign for Imw, which is related to the symmetry
of the Lagrangian under exchange of N, and N; and
becomes exact when also changing &.

For experimental searches for sterile neutrinos, the most
relevant parameters are the mass M and the mixing
between active and sterile species. As in Sec. V, we trans-
late our results for the parameters in the Lagrangian into
bounds on the mass and mixing. For each mass, we choose
6M in a way that maximizes the allowed region in the
U?-M plane. The results are shown in Fig. 11.

Finally, we estimate the maximal asymmetry that can
be generated at 7 ~ 100 MeV as a function of M by its
largest value within the data files that we used to create
Figs. 9 and 10. The maximal asymmetry allows us to
impose a lower bound on the N; mixing; bigger lepton
asymmetries make the resonant DM production more
efficient and allow for smaller N; mixing, as displayed
in Fig. 2. Furthermore, the maximal |u,| is of interest
because in Ref. [171] it was pointed out that a large
lepton asymmetry may lead to a first order phase transi-
tion during hadronization. The maximal asymmetries we
found are shown in Fig. 12. For both hierarchies they
remains well below cosmological bounds (see Ref. [42])
at all masses under consideration and are about a factor 5

smaller than the value 7 X 10™* estimated in Ref. [6].
However, given the uncertainties summarized in
Appendix A 4, they can easily change by a factor O[1].

VIL. DM, BAU AND NEUTRINO
OSCILLATIONS IN THE vMSM

In Secs. V and VI we have studied independently the
conditions for successful baryogenesis on one hand, and
sufficient dark matter production on the other. The most
interesting question is of course in which part of the
vMSM parameter space scenario I can be realized; i.e.,
both can be achieved simultaneously. This region cannot be
found by simply superposing the figures from the previous
sections because the phases that maximize the asymmetry
are different for T = Tgw and T =< T_. The requirement to
produce enough DM imposes the stronger constraint. We
therefore fix the CP-violating phases in a way that is
consistent with ¥ [sol >8 X 1076 at T = 100 GeV in
some significant region in the M-U? plane. We then check
for which combination of M and U? the correct BAU is
created by these phases.

We start with the phases used in Fig. 11, which were
chosen to maximize the area in the M-U? plane where
S lpel >8 X 107%at T = 100 MeV. The result is shown
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Values of §M and Imw that lead to the lepton asymmetry required for dark matter production in scenario I for

different singlet fermion masses, M = 2.5, 4, 7, and 10 GeV and inverted hierarchy. The upper left panel corresponds to M = 2.5 GeV,
the upper right panel to M = 4 GeV, the lower left panel to M = 7 GeV and the lower right panel to M = 10 GeV. The phases that
maximize the asymmetry differ significantly for Imw = 0 and away from that region. We choose a, — a; = % and 6 = %77' in the
region 0.5 <e™® <15and a, —a; =0, 5§ = %77 everywhere else.

in Fig. 13. The blue line corresponds to the points where
the asymmetry at Tgy corresponds to the observed BAU.
While the requirement to produce enough DM only im-
poses a lower bound on the asymmetry at 100 MeV, the
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FIG. 11 (color online). Constraints on the N, 3 masses M3 =
M and mixing U? = tr(816) in scenario 1. The lepton asymmetry
at T = 100 MeV can be large enough that the resonant enhance-
ment of N, production is sufficient to explain the observed Qpy
inside the dashed blue and red lines for normal and inverted
neutrino mass hierarchy, respectively. The regions below the
“seesaw’’ lines are excluded by neutrino oscillation experiments
for the indicated choice of hierarchy.

value of the BAU is known to be given by (13), i.e., has a
fixed value. Thus, only the points on the blue line that lie
within the region encircled by the red line (DM region)
form the allowed parameter space. The shape of the blue
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2x1074 B
1x107* |

< 5x10%

2x107°

1x1075 F

1.0 1.5 20 3.0 5.0 7.0 10.0
M [GeV]

FIG. 12 (color online). Estimate of the maximal lepton asym-
metry that can be created in scenario I around 7 = 100 MeV.
The blue small dashed line corresponds to normal hierarchy, the
red long dashed line to inverted hierarchy. This plot was gen-
erated using the maximal values found in the data files used to
produce Figs. 9 and 10.
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FIG. 13 (color online). Constraints on the N,3; masses M,z =~
M and mixing U? = tr(9* #) in the constrained ¥MSM (scenario I):
upper panel—normal hierarchy; lower panel—inverted hier-
archy. In the region between the solid blue “BAU” lines, the
observed BAU can be generated. The lepton asymmetry at T =
100 MeV can be large enough that the resonant enhancement of
N, production is sufficient to explain the observed Qpy; inside
the solid red “DM” line. The CP-violating phases were chosen
to maximize the asymmetry at 7 = 100 MeV. The regions
below the solid black “seesaw” line and dashed black
“BBN” line are excluded by neutrino oscillation experiments
and BBN, respectively. The areas above the green lines of
different shades are excluded by direct search experiments, as
indicated in the plot. The solid lines are exclusion plots for all
choices of YMSM parameters; for the dashed lines the phases
were chosen to maximize the late-time asymmetry, consistent
with the red line.

BAU line can be modified by changing the phases (see
Fig. 14), but this also changes the shape of the red line (DM
region). Solving the kinetic equations for different phases
reveals that the BAU line can be brought to most points
within the DM region. This region therefore gives a good
estimate of the allowed parameter space.

The constraints derived on the mixing angle U? are
translated into constraints on the neutrino lifetime 77! =~
;uly (at T =1 MeV) in Fig. 15.

In the plots of Fig. 14, there are two regions where the
BAU and DM lines are close to each other, leading to the
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FIG. 14 (color online). Same as Fig. 13, but with a different set
of CP-violating phases. The plot illustrates how the “BAU”’ line
moves when the phases are changed; it can cross through points
deep inside the maximal “BAU” region, while the phase still
allows for DM production. The sign of the BAU is opposite in
the two disjoint “BAU” regions.

successful baryogenesis and dark matter production. One is
near the seesaw line and the other is for higher mixing.
These regions are easier to identify in the Imw-M plane
shown in Fig. 16. The baryon asymmetry almost vanishes
for Imw close to 0, but this is not the case for dark matter
production. Therefore, there is a region near Imw = 0
which produces the right amount of baryon asymmetry
and enough dark matter. This is the region where the
blue BAU line is inside the red DM line in Fig. 16. For
large values of |Imw|, there also are regions where the two
lines are close.
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FIG. 15 (color online). Constraints on the N, 3 masses M,z =~
M and lifetime 77! =3 tT'y|7—; ey in the constrained YMSM
(scenario I). In the region between the blue “BAU” lines, the
observed BAU can be generated. The lepton asymmetry at 7 =
100 MeV can be large enough that the resonant enhancement of
N, production is sufficient to explain the observed {)py; inside
the red “DM” line. The CP-violating phases were chosen to
maximize the asymmetry at 7 = 100 MeV. Solid lines—normal
hierarchy; dotted lines—inverted hierarchy.
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FIG. 16 (color online). Constraints on the N, 3 masses M3 =
M and parameter Imw in the constrained ¥MSM (scenario I):
upper panel—normal hierarchy; lower panel—inverted hier-
archy. In the region between the solid blue “BAU” lines, the
observed BAU can be generated. The lepton asymmetry at T =
100 MeV can be large enough that the resonant enhancement of
N, production is sufficient to explain the observed py; inside
the solid red “DM” line. The CP-violating phases were chosen
to maximize the asymmetry at 7 = 100 MeV.

VIII. CONCLUSIONS AND DISCUSSION

We tested the hypothesis that three right-handed neutri-
nos with masses below the electroweak scale can be the
common origin of the observed dark matter, the baryon
asymmetry of the Universe and neutrino flavor oscillations.
This possibility can be realized in the yMSM, an extension
of the SM that is based on the type-I seesaw mechanism
with three right-handed neutrinos N;. The centerpiece of
our analysis is the study of sterile and active neutrino
abundances in the early Universe, which allows us to
determine the range of sterile neutrino parameters in which
DM, baryogenesis and all known data from active neutrino
experiments can be explained simultaneously within the
vMSM. We combined our results with astrophysical con-
straints and reanalyzed bounds from past experiments in
the face of recent data from neutrino oscillation experi-
ments. We found that all these requirements can be fulfilled
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for a wide range of sterile neutrino masses and mixings; see
Figs. 13 and 14 in Sec. VII.

This is the first complete quantitative study of the above
scenario (scenario I), in which no physics beyond the
vMSM is required. We found that the ¥MSM can explain
all experimental data if one sterile neutrino (N;), which
composes the dark matter, has a mass in the keV range,
while the other two (N, 3) have quasidegenerate masses in
the GeV range. The heavier particles N,; generate neu-
trino masses via the seesaw mechanism and create flavored
Iepton asymmetries from CP-violating oscillations in the
early Universe. These lepton asymmetries are crucial on
two occasions in the early Universe. On one hand, they
create the BAU via flavored leptogenesis. One the other
hand, they affect the rate of thermal DM production via the
MSW effect. The second point allows us to derive strong
constraints on the N, 3 properties from the requirement to
explain the observed Qpy; by thermal N, production; see
Sec. VL. This can be achieved by resonant production,
caused by the presence of lepton asymmetries in the pri-
mordial plasma at 7 ~ 100 MeV. The required asymme-
tries can be created when N, 3 are heavier than 1-2 GeV
and the physical mass splitting between the N, and N;
masses is comparable to the active neutrino mass differ-
ences. This can be achieved in a subspace of the vYMSM
parameter space that is defined by fixing two of the
unknown parameters (the Majorana mass splitting AM
and a mixing angle Rew in the sterile sector). This choice,
in which scenario I can be realized, is dubbed ‘‘constrained
vMSM.”

We also studied systematically how the parameter
constraints relax if one allows N; DM to be produced
by some unspecified mechanism beyond the YMSM (sce-
nario II); see Sec. V. In this case the strongest constraints
come from baryogenesis and the required mass degener-
acy is much weaker, AM/M < 1073, These results are
based on an extension of the analysis performed in
Ref. [22] that accounts for a nonzero value of the neu-
trino mixing angle 6;35 and a temperature-dependent
Higgs expectation value. While the low mass region is
severely constrained by BBN and experiments, the
allowed parameter space becomes considerably bigger
for masses above ~0.5 GeV. Detailed results for the
allowed sterile neutrino masses and mixings are shown
in Figs. 6 and 7.

If one completely drops the requirement that DM is
composed of N; and considers the YMSM as a theory of
baryogenesis and neutrino oscillations only (scenario III),
no degeneracy in masses is required. Note that this also
implies that no degeneracy is required in scenario II
if more than three right-handed neutrinos are added to
the SM.

We conclude that right-handed neutrinos can explain all
confirmed detections of physics beyond the standard
model, except accelerated cosmic expansion.
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The testability of the model depends on the type of
scenario and on the mass of sterile neutrinos. If scenario I
is realized, the DM mass and mixing N, is bounded from
all sides, allowing one to exclude (or confirm) the pre-
diction of the ¥MSM by the searches of a narrow decay
line in a dedicated x-ray mission (see Ref. [146] for a
detailed discussion). The searches for N, ; at the SPS-type
experiment [159], which can look for N,; below the
charm threshold, can only explore the case of inverted
hierarchy (see Fig. 13) in a limited domain of N, 3 masses.
Going above 2 GeV is very challenging, as discussed in
Ref. [16].

For scenario II the lower bound on the mixing angle of
dark matter sterile neutrinos (see Fig. 2) is lost, as N| can
be produced by some other mechanism, not related to the
sterile-active neutrino mixing. In this case the x-ray
searches may confirm, but will not be able to exclude,
the YMSM. At the same time, the parameter space for
N, 5 opens up, allowing their search even in K-meson
decays; see Fig. 7. For scenario III the constraints on N, 3
masses and mixing angles are even more relaxed.
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APPENDIX A: KINETIC EQUATIONS

In the following we sketch the derivation of the kinetic
equations (29)—(31). Our basic assumptions can be sum-
marized as follows:

(1) Coherent states containing more than one N; quan-
tum are not relevant. Their contributions are sup-
pressed by additional powers of the small mixing
0 ;. Processes involving one sterile neutrino include
decays of N, particles, their scatterings with SM
particles, and flavor oscillations.

(2) Screened one-particle states are the only relevant
propagating neutrino degrees of freedom. In particu-
lar, we do not consider any collective excitations,
which are infrared effects and only give a small
contribution when the typical neutrino momenta
are hard, ~T.

(3) The interactions that keep the SM fields in equilib-
rium act much faster than interactions involving N,
at all times due to the smallness of F.

@4 T- =T, ie., the lifetime of the N; is suffi-
ciently long that freeze-out and decay are two
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well-separated events. This is the case in the
parameter space we study.

(5) The typical momentum of N; particles is p ~T
even when they are out of equilibrium. This is
justified because they are produced from a thermal
bath and freeze out from a thermal state; hence, their
distribution functions are proportional to equilib-
rium distributions even when out of equilibrium
[101].

(6) We neglect the effect of the N, ;3 on the time evolu-
tion of the entropy (or temperature). This is justified,
as their contributions to the total entropy and energy
densities are always small.

(7) We neglect the effect of the lepton asymmetry on
hadronization. This aspect has, e.g., been discussed
in Ref. [171].

1. How to characterize the asymmetries

The leptonic charges that we are interested in can be
expressed in terms of field bilinears. Instead of bilinears in
the field operators themselves, we consider expectation
values of bilinears in the ladder operators a;, a;r for sterile
and a,, al for active neutrinos. To be explicit, we decom-
pose N; as’!

N = (277)3 Z

+ v,’pe’pxa”(p t))

(uf,pe_i""az,s(p, 1)

(AD)

Here p is momentum, s the spin index, and u, v the usual
plane wave solutions to the Dirac equation,
($—Mpuj, =0

(B + Mp)vj, = 0. (A2)

We will, in the following, always assume that the spatial
momentum is directed along the z axis, which is also the
axis of angular momentum quantization. We choose the

convention that huy, = (—1)**'uy, while hvy, = (—1)*v3,
where [) is the helicity matrix
Loyl lis s e iyt a3)
21pl Cik

2|pl

All relevant matrix elements of the density matrix p can be
identified with expectation values of bilinears in the ladder
operators. Because of this, the matrix p of bilinears, to be
defined in (A4), is often referred to as the “‘density matrix”
(rather than p itself). In principle, there is a large number
of such bilinears. A complete characterization of the

*IThe sterile neutrinos may be described as Weyl, Dirac or
Majorana spinors. Here we have chosen to write vy as a right
chirality four-spinor and pulled the P out of the definition (6) so
that the N; are Majorana spinors.
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system requires knowledge of all their expectation values
at all times. However, it can be simplified dramatically, and
for our purpose, it will be sufficient to follow the time
evolution of two 2 X 2 matrices py and py and three
chemical potentials.

The only term in (1) that violates lepton number is M.
For T > M, it is negligible and lepton number is approxi-
mately conserved. The total lepton asymmetry is negligible
at Tgw in the vMSM, but there can be asymmetries of
opposite sign for fermions with different -chirality.
Baryogenesis occurs because sphalerons only couple to
left-handed fermions. As far as the (Majorana) neutrinos
are concerned, the two helicity states act as a “‘particle”
and an “antiparticle.” Terms containing two creation or
two annihilation operators, such as {(a;a;) or (ala}é}, can
be related to processes that violate lepton number and are
suppressed at T > M. For T < M they could, in principle,
contribute, but the leading order contribution in the
Yukawa coupling F to the corresponding rates %(a,a 7
etc.?? oscillates fast. We therefore only consider terms that
contain exactly one creation and one annihilation operator.
Since only two of the sterile neutrinos are relevant here,
these form a 10 X 10 matrix that can be written as

PNN  PNN PNL PNL
PNN PNN PNL PNL
p= , (A4)
PLN PLN PLL PLL
PIN PLN PiL PILL

with

(Pan)y = <a;1a1,1>/v (onw)s = <a;r,1611,2>/v

(pne)ig = (a;1a3,1>/v (pni)ig = <a}r,|aﬂ,2>/v
(PN = (a;r’zajJ}/V (P = <a}L’2aJY2>/V
(PrL)ig = <a;203,1>/v (pyi)ig = <G;r,zaﬁ,z>/v
(PLN)as = <a;la“>/v (PLW)as = <al,laj,2>/v
(Pri)ap = alyap)/V  (Prr)ap = Sakiap2)/V
(prndas ={abias)/V (prg)as = (akras)/V

(PrD)ap = (al,ap)/V,
(AS)

(PLL)aﬁ = <GZ,205,1>/V

where we have suppressed time and momentum indices (all
momenta are p and all times #). V is the overall spatial
volume, which will always drop out of the computations in
the end.

32Whether the ladder operators or p or both change with time
depends on whether one chooses the Heisenberg, Schrodinger or
interaction picture. The expectation value, however, always has
the same time dependence.
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2. Effective kinetic equations

The time evolution of p is governed by an effective
Hamiltonian. In the absence of a Hubble expansion, which
we will add later, we get kinetic equation

dp
dt

i =[Hp] - S{I%.p} + 5051 -pk  (A6)
H can be viewed as the dispersive part of the effective
Hamiltonian. The absorbtive part given by the matrices I'=
arises because the system is coupled to the background
plasma formed by all other degrees of freedom of the SM.
Note that (A6) is valid for each momentum mode
separately. The different modes are coupled by H and
I'=, which, in principle, depend on p and the lepton
chemical potentials. The smallness of the sterile neutrino
couplings F allows us to simplify (A6) due to a separation
of time scales: The time scale associated with the N;
dynamics and the time scale on which chemical equilibra-
tion of the lepton asymmetries occurs are much longer than
the typical relaxation time to kinetic equilibrium in the
SM plasma. This allows us to employ a relaxation time
approximation and relate I'” and I' by a detailed balance
(or Kubo-Martin-Schwinger) relation [3,6,160],
.dp

i
= H) - = ry - eq )
i— = [Hpl =5l p = p)

withT' = '™ — ', p® is p evaluated with an equilibrium
density matrix, p = Z/trZ, Z = exp (—H/T), where H is
the Hamiltonian corresponding to (1). The matrices H and
I' are Hermitian.

The effective masses of active and sterile neutrinos are
very different, and fast oscillations between them play no
role. We thus put pyr., prns PNL> PN PNE» PLs P L and
pix to zero. The time evolution of the asymmetries is
related to the relaxation time scales of the ;. Since inter-
actions of the active neutrinos amongst themselves and with
other SM fields are much faster, coherent effects in the
active sector are negligible on this time scale. This allows
us to furthermore neglect p;; and p;;. p;; and py are
taken to be diagonal with equilibrium occupation numbers
and are thus characterized by the temperature 7 and three
slowly varying chemical potentials. Thus, we can entirely
describe the active sector by four numbers. Instead of the
chemical potentials, we will, in the following, use n, =
(PrL)aa — (P ) aas 1.€., the number of particles minus the
number of antiparticles, to characterize the asymmetries.™

(A7)

*We work in the F = FUy base in flavor space. This is the
mass base of sterile neutrinos in vacuum, but the flavor base for
active neutrinos. Hence, the diagonal elements of pyy and py 5
have a straightforward interpretation as number densities for
physical particles in vacuum, while the ladder operators aq
create linear combinations of physical particles, and the matrices
prr and pj; are, strictly speaking, not diagonal in thermal
equilibrium. This adds a subtlety to the interpretation of n, as
“particles minus antiparticles,” which, however, is of no prac-
tical relevance due to the smallness of the neutrino masses.
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The relation between both can be found in the Appendix C.
In the sterile sector we have to keep track of coherences.
The system can then be described by the following set of
kinetic equations,

d i @ +in,g
iEPN 11 o] — Sy o — PNt =n¥%,  (AB)
dt 2 2
ldeNZ[H*p”]_i{’y* p———pe,q,}—il’l ,?a*
- PNN] T YN PR NN Ta VN
(A9)
.dn, . e Y
i = —iy¥n, + T (onny — pv)]
— M7 (ppw — Py (AL0)

Here vy, vy are the appropriate block-diagonal submatri-
ces of I'; for the corresponding submatrix of H, we used the
same symbol as for the full matrix to simplify the notations.
These equations do not take into account the expansion of
the Universe. As usual, it can be included by using abun-
dances (or “yields”) instead of number densities. It is also
convenient to introduce the variable X = M /T rather than
time ¢.

All quantities appearing in the above equations depend
on momentum. The different momentum modes are
coupled by the scattering and decay processes. We
have suppressed this momentum dependence. We
define the abundances py = [d°p/Q27)’pyn/s, Py =
fd3p/(27r)3pNN/S pll= fd3p/ 277)3P1XN/S~ deP/
(277)3p /s and p, = fd3p/ (27)n,/s.>* Assumption
5) is Justlﬁed if the common kinetic equilibrium
assumption

(PN)IJ
(P11,

(pxw)is _
(P;/qN)IJ

(Al1)

holds. We can use (A11) to rewrite the anticommutator in
(A8) as {I'y, py — p®?} with

- de3p7N PNNS [d3 fF(F"), (A12)

= [@afiiwy (A13)
We again emphasize that pyy, Yn, €tc., appearing in
(A8)-(A10) depend on momentum, while I'y, py, p¢?,
etc. do not.

For T <« M, almost all particles have the momentum
p~ T, and I'y is essentially obtained by evaluating yy
at p = p. Practically, we compute the rates as described
in Sec. IVB2. Similarly, we can use H = THlp:ﬁ for
the Hermitian part of the effective Hamiltonian. For

3Note that the w, defined this way are dimensionless and
basically abundances, not chemical potentials, cf. Appendix C.
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[pl ~T =M, np can be approximated by np=
3£(3)T? = 1.8T3, but 7y, has to be computed numerically.

Using the above considerations, we can write down the
following effective kinetic equations:

.dp i
BN — (1, p) = Ty o = 0} ST (AL
de s [
i~ H eyl =5 {T% py = P9} = uar . (AL5)
! dl;( = —il'f o +iTIE(py — p*9)]
— T (py — p°9)]. (A16)

These equations are equivalent to the ones used in Ref. [3].
Their interpretation is straightforward. In the mass base,
the diagonal elements of p, and py are the abundances of
sterile neutrinos and antineutrinos, respectively. The off-
diagonal elements are flavor coherences. p thus gives the
abundances for particles and py those for antiparticles,
defined as the helicity states of the Majorana fields Nj;.
This interpretation holds in vacuum, while at finite
temperatures the effective mass matrix rotates due to the
interplay between the (temperature-dependent) Higgs ex-
pectation value, the Majorana mass M;, and thermal
masses in the plasma.

The first two terms in (Al14) and (A15) are due to
sterile neutrino oscillations and dissipative effects,
respectively, either by scatterings or by decays and in-
verse decays of sterile neutrinos. More precisely, the
Hermitian 2 X 2 matrix H in (Al4) and (Al5) is the
dispersive part of the effective Hamiltonian for py and
pn- The matrix I'y is the dissipative part of the effective
Hamiltonian for p, and py that arises because the sterile
neutrinos are coupled to the SM. p? is the common
equilibrium value of py and py in the absence of an
asymmetry. All these terms appeared already in earlier
studies [51]. The equations of motion (A16) for the
asymmetries in the active sector follow from consistency
considerations and the symmetries of the ¥MSM. The
terms containing I'¢ in (A16) are their counterparts in
the active sector. The last term is due to backreaction and
has been discussed in Ref. [161].

3. The effective Hamiltonian

We follow the approach used in Ref. [8] and split the
Hamiltonian in the Heisenberg picture into a free part H,
and an interaction H;,. We perform the computation in
Minkowski spacetime and, for the moment, omit the factor
dt/9X included in the definition (A12). The same rates,
multiplied by this factor, can be used in the early Universe
when abundances are considered instead of number den-
sities. The starting point of this computation is the von
Neumann equation in the interaction picture,
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dPI(Z)

= [Hi(1), pr(1)], (A17)

where p; = exp (iHot)ﬁ exp (—iHyt) is the density
matrix in the interaction picture and H; = exp (iHyt)X
H,, exp(—iH1), where p is the (time-independent) den-
sity matrix in the Heisenberg picture. Equation (A17) can
be solved perturbatively,

iy /0 QTR po] + (=i /0 Lt
% [t de"[H, (), [H(¢"), pol] + - -,
0

where py = p(0) = p,(0).

We use (Al8) to compute the expectation values
(azr(p, ays(p, 1))/V by insertion into (28). For p, we
choose a product density matrix py = py ® pgyy, Where
Py is an equilibrium density matrix for the SM fields and

pn = > P af |0X0la,. (A19)
1

p1(1) = Py

(A18)

This is not the most general density matrix that can be built
from one-particle N, states, but it is sufficient to derive the

M .
3 PA[—«(SA, — 5 L Re(AMy)y
A=12 w

d {af,a;,) _
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effective Hamiltonian. The formula (A18) formally gives
expressions for the bilinears at all times. These are strictly
valid only at times much shorter than the sterile neutrino
relaxation time because the perturbative expansion at some
point breaks down due to secular terms. In the relaxation
time approximation (A7) we can use a trick to deal with
this problem. We differentiate <a A(p, ay ((p, 1))/ V with
respect to time to obtain a “‘rate.” We then send 7 to infinity
to eliminate its explicit appearance from the rate. This last
step is allowed because all correlation functions of SM
fields are damped on time scales much shorter than the
sterile neutrino relaxation time by thermal damping rates
due to the gauge interactions. Thus, the late-time part of the
integrand in (A18) does not contribute significantly to
d(a{r(p, ay s(p, 1))/(Vdt). This way, we obtain the rate
of change of the matrices pyy and py 5 at the initial time.
In the relaxation time approximation, these rates can also
be used at later times because backreaction is accounted
for in the py — p¢? term.

Repeating literally all steps in Sec. 2.2 of Ref. [8] for the
two-flavor case and the initial density matrix (A19), we
obtain

1 —2fp(wy,)
2w

iV p P
X I:(BAI + Saptr(Pr(P) 1y PLIL(p) + PRr(PY) P IL ()
d 1
+i(dy 0P [S1 o PP P 0, ) + PrP)nPL T |l @
p 0
with A7 (x; = xp) = (P (x))D(x,)), (A25)
vy y — T
AMy = My = IM. My = UyMyUy  (A21) A< — 1) = (D)D()),  (A26)
and
_ _ S5 — x2) = (v4i(x)) P g;(x2)), (A27)
P)y=ur,(Pi;p), (PY)y=v,,(p)v,(p). (A22) pis g VERA
In the limit 8M — 0 the projectors are independent of the apij(x1 = x2) = (P () v4i(x)))- (A28)

sterile flavor indices and reduce to

(P = ;5+M>( —(—1)&5),
A23
(P = (f— M>(+< 1)b> o

where [) is the helicity matrix (A3). We have used u¢ =
Ci” = v and introduced the self-energies

.- d*k
FU‘IFZJ[W(UZS(I’ — k)
+A%(p + K)SZ,0),

75 (p) =
(A24)

with F = FUy. The thermal Wightman functions appear-
ing therein are defined as

Here i, j are spinor indices, which we suppress in the
following. Transitions with r # s do not contribute at
leading order in 6#,; due to the projectors. This justifies
our description of the sterile sector by two 2 X 2 matrices
pn and py rather than a 4 X 4 matrix including elements
« pyy» etc. Transitions with & # [ are suppressed by the
small active neutrino masses m;/T << 1. The above ex-
pressions are written in the F base (vacuum mass base).
They can be translated into the F base used in (1) by the
replacements F — F and AM,;, — AMo5. Note that M is
defined at T = 0.

With (A19), the initial value for p can be written as
py « diag(P;, P,). The right-hand side of (A20) has a real
and an imaginary part. These parts allow us to extract the
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dispersive and dissipative parts, H and -y, of the effective
Hamiltonian.

a. Dispersive part H
Comparison of (A20) and (AS8) in the absence of active
lepton asymmetries (since we choose pgiy without chemi-
cal potentials) allows us to define the dispersive part of the
effective Hamiltonian appearing in (33),

Hyy = 7(M? + p>)36,, + 7 f d3pf7F,§wp)
F

M ~ 1-2
X [__ Re(AMM)” + M
wy 2w,

d 1
<[P [T b, 110 p)
2T wy — q
P00 ) ]| (A29)
where we have introduced the short notation
1
P, = Pr(P"),PL = (E + b)PL»
1 (A30)
P, = PR(lezl).I[PL = (E - b)PL-

The additional factor fr(wp)/nr and the momentum in-
tegral come from the momentum averaging, cf. (A12). One
can distinguish between three contributions. The term in-
volving AM,, comes from the splitting of the Majorana
masses and remains present in vacuum. The term involving
IT;; is due to the Yukawa interactions. It contains two
contributions [see (A24)], which are related to the
Feynman diagrams shown in Fig. 4. The part « v(T)? is
due to the interaction with the Higgs condensate and
produces the Dirac mass at T << Tgyw. The part involving
A= comes from scatterings with Higgs particles. The
Higgs expectation value as a function of temperature can
be calculated for a given Higgs mass. We used my =
126 GeV, as suggested by recent LHC data [168,169], to
obtain the dependence shown in Fig. 17. However, we
checked that varying mpy within the allowed window
115-130 GeV does not have a big effect on the results.

Evaluation of (A29) requires knowledge of the dressed
active neutrino and Higgs propagators, S ,4(p) and A=,
respectively. These are, in principle, complicated functions
of p and T. However, we are mostly interested in very high
or low temperatures, T = Tgw > M during baryogenesis
and T = M in the context of DM production. This allows
us to simplify the expressions. It is convenient to dissect
the self-energy 11~ into the Lorentz components

P I1;,(p) = PL(A(p) P + Br(pih),

where u = (1, 0, 0, 0) is the four-velocity of the primordial
plasma, and write

(A31)
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FIG. 17 (color online). The Higgs expectation value as a
function of temperature for my = 126 GeV.

H[] = T(MZ + T2)6]J + deSPfF(a)p)
nr
M . 1—-2
X [— 2 Re(AM,),, + 1= 2fr(@y)
@p @p

qu 1

——(wy(B;; + By))
27 @, — 4o p\DOuy JI

x[’P

+p(Byy — By) + M*(Ay + Au))]]- (A32)
Here, the momentum dependence of B;(q,, p), A1;(qo, P)
has been suppressed and p has to be read as |p|. At
temperatures 7 > M, the integral is dominated by hard
momenta ~7 and the term involving B;; dominates Hj;.
For T < v(T), the interaction with the Higgs condensate
dominates the N; self-energy and B;; can be estimated as
. T

ajmbaﬁ(p)(a(w - |P| + b)

— 8(w + Ipl + b))
for T < v(T).

By;(p) = v(T)*F , F

(A33)

Here, b is the so-called “‘potential contribution” to the
active neutrino propagator [6], obtained by decomposing
the retarded active neutrino self-energy as

Re X0 5(p) = aap(p)p + bap(p)ih.

Since active neutrinos mainly scatter via weak gauge in-
teractions, the coefficients are, to a good approximation,
flavor independent in the primordial plasma; we can define
b8 4p = bop(p), where b,g(p) is to be evaluated on shell.
For hard momenta, b gives [172,173]

(A34)

—”CQV;TZ(ZJ%OSZ(; ) T > My
b= 16c? v . (A35)
el 2+ cos20y) ZEL T < My,

Here, 6y, is the Weinberg angle and ay, the weak gauge
coupling. This leads to a contribution to H;; of the form
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w, +p bw,
5 .
2p M+ 2bw,

U(T)2FaIFZJ

For T > Tgy, scatterings with Higgs bosons dominate and
the hard thermal loop result H =~ FTFT/8 from Ref. [3]
can be used. Combining the two contributions, we approxi-
mate H by

2
r v (T)) (A36)

H~ -+ (FTF)*<— "
T 8 T

during the calculations in Sec. V. In practice, it is more
convenient to work in the F base, where the Hamiltonian

reads —o3 X AM + FTF(E + 20),
At temperatures 7 << Tgy, there are no Higgs particles
in the plasma and the Higgs expectation value is constant;
thus, By = v2E% Fpibap, Ay =v*Fl Fgra,e. InRef. [6]
it has been estimated that thermal corrections to the active
neutrino propagator are small, below a temperature

M 1
Toot = 13(—)3 GeV.

A37
GeV ( )

For the masses under consideration in this work, we can
approximately use free active neutrino propagators in
Sec. VI because T < T),. Furthermore, due to the con-
siderations in Sec. IIF, we are mainly interested in the
case Uy =1 for DM production; thus, F =~F. Then
bap(po. IPD) =0 and  aup(po, Ipl) = (U,)0i(U,)g; & X
(8(po — w;) = 8(py + wy)),  with  w; = (p* + m})'/2
[174], where m; are the active neutrino masses. This
recovers the vacuum result for the mass matrix at |p| =
0, cf. (9). H can be approximated by

H = 1(p> + M3)"/2. (A38)

In the basis of vacuum mass eigenstates, it has the form
H = diag((p? + M3)'/%, (p> + M3)'/?). Since M < T,
M we can expand in §M and obtain for p =T

H=~7MX 2+ 1)"2g,, (A39)

with X = M/T and the third Pauli matrix o3. The part of H
that is proportional to the identity matrix has been dropped,
as it always cancels out of the commutators in the kinetic
equations.

b. Dissipative part Ty
Again comparing (A20) and (A8), we define

(FN)]j _ T[dSPfF(wp) 1 - fF(a)p)

2
ngp 2w

tr(P, I17;(p)
p

+ P, I17,(p)). (A40)

The rate for the antiparticles py can be found by using
projectors analogous to (A30), but with helicity index 2.
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It is given by (I'y)”", as expected.” For what follows, it is
useful to pull the Yukawa matrices out of the self-energies
and define

4
34(p) = f (jﬂl; (W28(p — k) + AZ(p + K)SZ,4(K).

(A41)

Obviously, I1= = F*  F 8 Jﬁfﬂ. For the computation of Iy,
according to (39) we can now define the matrices

1-2 _
R0, = [ 520 ) e 1,
(A42)
1-2 _
Ry(T, M) ,p = jd3PfF’i(;)p) 2{::;(0)") tr(P, 11, 5(p)).
(A43)

These matrices, in general, have to be computed numeri-
cally. We discuss their properties in Sec. IV B.

As usual in thermal field theory, the sterile neutrino self-
energies I1= and I1~ can be associated with the gain and
loss rate. Their difference I1~ = I1~ — I1= gives the total
relaxation rate I'y for the sterile neutrinos. This acts as the
thermal production rate when their occupation numbers are
below their equilibrium values and as a dissipation rate in
the opposite case. In configuration space, the self-energy
I1~ (x) is related to the retarded self-energy by IT1%(x) =
6(xo)I1~(x). This implies I1~(p) = 2i{ImII%(p) in mo-
mentum space. As usual in field theory, the imaginary
part of II® can be related to the total scattering cross
section by the optical theorem (or its finite temperature
generalization) [167], while the real part is responsible for
the mass shift (or modified dispersion relation in the
plasma). Both are related by the Kramers-Kronig relations.
The appearance of II™ in (A40) is in accordance with the
optical theorem, and the contributions to the dispersive and
dissipative parts of the effective Hamiltonian are indeed
related by a Kramers-Kronig relation, cf. (A29) and (A40).
This provides a good cross-check for our result.

¢. The remaining rates

The remaining rates (40) and (41) appearing in (29)—(31)
have to, in principle, be calculated independently. The
precise computation is considerably more involved than
in the case of I'y. I'y is related to the discontinuities of the
N, self-energies, which to leading order in the tiny Yukawa
couplings F,; only contain propagators of SM fields as
internal lines. Due to the fast gauge interactions these are
in equilibrium in the relaxation time approximation, and

*This can be seen by noticing that the traces are real and
PrP2P; = PyPl'P,, PRP2?P; = PxP.'P, under the trace.
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the right-hand side of (A40) can be computed by means of
thermal (equilibrium) field theory. This is not possible in
the computation of the damping rates for the SM-lepton
asymmetries, which are related to self-energies where the
out of equilibrium fields N; appear as internal lines. For
simplicity we follow the approach taken in Ref. [6] (see
Sec. VI therein) and use the symmetries of the ¥MSM in
certain limits to fix the structure of the rates.

We first consider the limit (M,,);; — 0, that is, the
absence of a Majorana mass term. In this case the ‘“‘total
lepton number” is conserved,

0=o (S 3)
1 a My=0

Ji = p1y*vr (A45)

Jg = IjL,a'yM VL,a + éL,ayMeL,a' (A46)

To leading order in the small mixing 6; this implies

d
—(trpo_ + a =~ 0.
dt( P %“)

My =0

(A47)

This situation is, to a good approximation, realized for
T > M, when baryogenesis takes place—the total lepton
number is not violated during this process and a nonzero
baryon number is only realized because sphalerons couple
exclusively to left-handed fields. Equation (A47) implies
[y=YTf

'y =T for (My),; =0. (A48)

Other interesting limits considered in Ref. [6] include
F,; — 0 with fixed « for all I (leading to conservation of

&) and F,; — 0 with fixed I for all « (leading to individ-
ual conservation of the combination J;* + ¥, J& and the
remaining current J4., ;). These limits allow us to fix the
basic structure of Egs. (40) and (41). For a general choice
of parameters some corrections of O[1] to these relations
may be necessary, the determination of which we postpone
until the precision of experimental data on the vMSM
requires it.

We also introduced an error when neglecting the N,
background in the plasma. However, at this point we are
only interested in the cases T = T, (baryogenesis),
T=T_ and T = T, (creation of late time asymmetry).
During baryogenesis the N;-abundances are below their
equilibrium values and can be neglected in first approxi-
mation. For T << M the effects of the N; background
are suppressed by T/M (e.g., in equilibrium fp(M) =
(exp(M/T) + 1)~1). This is certainly the case at T, <
M. For the decay there may be corrections O[1] as for
some choices of parameters 7, > M. We also postpone the
computation of these until the precision of experimental
data on the YMSM requires it.
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4. Uncertainties

Our study is the most complete quantitative study of
bounds on the ¥MSM parameter space from cosmology to
date. However, the various assumptions made in the deri-
vation of the kinetic equations lead to uncertainties that
may be of order 1. These can be grouped into three
categories.

(i) We only consider momentum averaged quantities.
Since the sterile neutrinos can be far from thermal
equilibrium, one, in principle, has to study the time
evolution of each mode separately. Our treatment is a
reasonable approximation as long as the kinetic
equilibrium assumption (A11) holds. A study of
this aspect published in Ref. [161] suggests that
deviations from kinetic equilibrium are indeed only
of order 1.

(i1) The rates (40) and (41) have been calculated in a
rather crude way in Appendix A 3 c, leading to
another source of uncertainty of order 1. In addition,
a precise calculation of the BAU requires knowl-
edge of the sphaleron rate throughout the electro-
weak transition. Including this is expected to yield a
slightly bigger value for the BAU [175].

(iii) Though they are matrix valued and allow us to
study flavor oscillations, Eqs. (A14)—-(A16) are of
the Boltzmann type. They assume that the system
can be described as a collection of (possibly
entangled) individual particles that move freely
between isolated scatterings and carry essentially
no knowledge about previous interactions
(““molecular chaos™).

The first two issues can be fixed by more precise computa-
tions. However, with the current experimental data, order 1
uncertainties are small compared to the experimental and
observational bounds on the model parameters. The correc-
tions will only slightly change the boundaries of the allowed
regions in parameter space found in this work. We therefore
postpone more precise calculations to the time when such
precision is required from the experimental side.

In contrast, the third point is more conceptual. In a dense
plasma, multiple scatterings, off-shell and memory effects
may affect the dynamics. The effect of these cannot be
estimated within the framework of Boltzmann-type equa-
tions; it requires a derivation from first principles that either
confirms (A14)—(A16) and allows us to estimate the size of
the corrections or replaces them by a modified set of equa-
tions. In the past years, much progress has been made in the
derivation of effective kinetic equations from first principles
[86-89,160,165,176-204]. Recent studies suggest that
kinetic equations of the Boltzmann type are, in principle,
applicable to study leptogenesis [88,89,188,202], but the
resonant amplification may be weaker than found in the
standard Boltzmann approach [88]. It remains to be seen
which effects possible corrections have in the vYMSM, where
baryogenesis and dark matter production both crucially rely
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on the resonant amplification. A first principles study is
difficult in the YMSM due to the various different time-
dependent scales related to production, oscillations, freeze-
out and decay of the sterile neutrinos and the vast range of
relevant temperatures. However, at this stage it seems likely
that a first principles treatment is, if at all, only of phenome-
nological interest in the region around I'y ~ 6M, which
makes up only a small fraction of the relevant parameter
space, cf. Fig. 6.

APPENDIX B: CONNECTION
TO PSEUDO-DIRAC BASE

In our notation, the elements of py and py are bilinears
in ladder operators that create quanta of the fields N,
i.e., mass eigenstates in vacuum. This has the advantage
that the diagonal elements can be interpreted as abundan-
ces of physical particles. The rates R and R,, have been
introduced in Ref. [6], to which we regularly refer in this
article. The basis in the field space of right-handed neu-
trinos there differs from the one we use in (1) and corre-
sponds to Uvyp with

g L]
)

In this basis M}, is not diagonal and the Yukawa couplings
should be rewritten as AU = F. The computation of the
rates is then performed by defining a Dirac spinor

W = Uyvg; + (Usvg ). (B2)

This is possible when the small mass splitting between the
sterile neutrinos is neglected (or viewed as a perturbation
and placed in the interacting part of £). The fields v ; can
be recovered from this as vz ; = U3, PxV + U3, Pr¥°. In
terms of W, the vMSM Lagrangian reads

(B1)

L =Lou+ Lo+ Lig (B3)
Ly=V(if — M)V,
Lin = —v(haspr W = HogWevp g = hoo 91,V
— W Pvi) — %AM(‘PC‘I’ + Ppe), (B4)

The analogue of our matrix py (which is also called py in
Ref. [6]) is defined as

v _ d’p <C;rC1> <C}Ld1>
= vami | o A B CCE)

™ (d 1 Cl> (d 1 d 1>
where c; (ci) and d; (a';r) are the annihilation (creation)
operators for W particles (antiparticles) with momentum p

and helicity s. The corresponding rate I'y in the kinetic
equations is given by36

3Note that there were errors in the corresponding expressions
(5.19), (5.20) in Refs. [6] and that, there, only the case T > M
was considered.
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fr(wp) 5 fr(po)
Y= [d3 S P2 B (kY  R(T, M
NTT panzwp(aIB,]( )ap

+(0-1hT)Ia(ho-l)BJRM(T:M)aB)J (B6)

where h = FU', o, is the first Pauli matrix and we have
neglected flavor off-diagonal elements. In the high
temperature regime that was considered in Ref. [6], this
simplifies to
V71 = (Wth)*RO(T, M) + o htha RS(T, M).  (B7)
oyhtho, is (hth)* with the diagonal elements swapped.
Equation (A42) defines the quantities R(7, M) and
Ry(T, M).*" Ignoring the small mixing between active
and sterile neutrinos, I'y is related to I'¥ by
Ty = (UU,)TY(UUN)" (BS)
for T > m,.

Finally, the Yukawa matrix in Refs. [6,22] is expressed
in terms of the parameters €,;, 14, ¢4, which differ from
those we use here. In the limit €;; >> 1, these can be related
to our parameters by

Jeui = e e, N4 = 2Rew,
o
ay ==,  bu=0 (B9)

Here, we prefer to use the parametrization fixed in Sec. I[IE
because the expressions in terms of (B9) given in Ref. [6]
are only approximate.

APPENDIX C: HOW TO CHARACTERIZE
THE LEPTON ASYMMETRIES

In the vMSM neither the individual lepton numbers,
related to the currents (A46), nor their sum are conserved.
However, since the rates of all processes that violate them
are suppressed by the small Yukawa couplings F, they
evolve on a much slower time scale than other processes
in the primordial plasma and are well defined. For practical
purposes the magnitude of flavored lepton asymmetries in
the primordial plasma can be characterized in different
ways. In this article we describe them by the ratio between
the number densities (particles minus antiparticles) and the
entropy density s = 272°T%g,. /45,

Lo =2 cf (14).

s
This quantity is convenient because it is not affected by the
expansion of the Universe, as long as the expansion is
adiabatic. In the following we relate u, to other quantities
that are commonly used in the literature, using the relations
given in the Appendix of Ref. [19].

¥ Our definitions of R and R u differ from those in Ref. [6] by a
constant factor F3 with Fp =2 X 107°.
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In quantum field theory calculations it is common
to parametrize the asymmetries by chemical potentials
Lo, Which can be extracted from the distribution func-
tions that appear in the free propagators at finite tem-
perature. In the massless limit 7 >> m; these are related
to n, by

r T
= + Cl
Mo ™76 " om2 €D
leading to
15 p
=~ —=. C2
Mo ing. T (C2)

Alternatively, one can normalize the lepton numbers n,,
(particles minus antiparticles) by the total density of
“particles plus antiparticles” in the plasma,

Ny

eq’
o

A, = (C3)

=

where ng =2 [d3q/(2m)3/ (VT + 1) = 3¢(3)T3 /277
and

_135003)
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Finally, one can normalize with respect to the photon
density,

L,=—, (C5)
ny
where n, =2 [dPq/Q2m)3 /(T — 1) = 2{(3)T%/ 7,
which yields
4
= %(?,)La' (Co)
TG

APPENDIX D: LOW TEMPERATURE DECAY
RATES FOR STERILE NEUTRINOS

Most of the rates relevant for this work have been
computed in Ref. [16], where they are listed in the
Appendix. Here, we only list those rates that are needed
in addition to those or that require refinement. This was
necessary for the decay rates into leptons, where masses of
the final state particles had been neglected in the original
computation.

1. Semileptonic decay

L 22 A, (C4) The decay into up-type quarks through a neutral current
4778 is given by
|
Gz|0,,1>M? 16 1 —4x24+2x* + S(x,, x,)(1 —2x2)
LNy =~ g0 5 (f<">(xq)S(xq,xq) +xi‘,(3 ~ 3O+ 8c1)x3)10g[ et e g ])

where x, = m,/M.

q

q
DD

The decay into down-type quarks through a neutral current is given by

G210, ,*M? 8 4 1 —4x2 +2x* + S(x,, x,)(1 —2x2)
| =7F192;3 ( S D(x,)S (x4 x,) +x;}<3 —36x (1 —gcz)xg)log[ — . ])
q
(D2)
The decay into quarks through a charged current is given by
GH V10 o P M° 1= S )+ 22 =) =2y + (& —y?)?
e, = 2 S (g )8 3) - 126 og | = ]
. 1 =S y)(1 —x% 4+ y?) — 2x% + (x2 — y?)?
— 12y* log >
2y
1_22_22+ 4+ 4—5, 1_2_2
N 12x4y410g[ L A b ()1 —x*—y )]) (D3)
2x%y

where min (m,, m, , m, ) is neglected, and x and y are the two heavier masses divided by M.
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N,—ve;ﬁ;ez;vﬁ -

with

(1]
(2]
(3]
(4]
(5]

PHYSICAL REVIEW D 87, 093006 (2013)

2. Leptonic decay

_ G}lOuPM°
1927

(S(xa, xp)8(x g xg) — 12x5, log|:

2
2x5,

1 — S(xg xg)(1 + x5 — x%) — 2x% + (x% — x%)z]

— 1044
12xp log |: Zx%

1 — S(xg xg)(1 — x5 + x%) —2x2 + (x% — xzﬁ)z]

+ 12x3x% log [

S0y = (1 = (& + YA = (x = yP)

C, = sin?6y(3 — 4sin?6y,)

1 2 7
(u) —___= N
90 = 3= 5C, (2 =

C, = sin?6y(3 — 2sin26y,)

11 10 2 1
fOx)==—-C, + (— C, — —)x2 - (— + 2C2>x4 — (3 —4Cy)x°

2

4 9 9 7

1

20
—Cl)xz - 5 + 4C1>x4 + (_3 + 8C1)x6

1= 2x3 — 203 + xg + xh — S(xg, x5)(1 — x5 — x3)
2xix%

(D4)

g, y) = 1= 7x% — 7y2 — Tt — Ty* + 12022 — Ta2y* — Taty? + 16 + 6.
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