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STERILE NEUTRINO DARK MATTER
Figure 1. Particle content of the SM and its extension in neutrino sector. In the SM (left)
right-handed partners of neutrinos are missing. In the νMSM (right) all fermions have both left
and right-handed components.

To reduce the uncertainties in the further discussion, we will assume the validity of this theory
up to the Planck scale. This may be a pretty safe bet: no supersymmetry, or extra dimensions,
or technicolor are seen at the LHC at present.

In comparison with the SM, this theory contains 18 new parameters: 3 Majorana masses of
new neutral fermions NI , and 15 new Yukawa couplings in the leptonic sector, corresponding to 3
Dirac neutrino masses, 6 mixing angles and 6 CP-violating phases. The number of parameters is
almost doubled in comparison with the SM; none of them can be determined theoretically within
this model, in complete analogy with the SM parameters (which are all taken from experiment).

The new parameters can be divided in two different groups. The first one is the new mass scale
- a generic value of the Majorana neutrino mass (denoted byM), and the second one is the typical
amplitude of the Yukawa coupling constants Y , which may be defined as Y 2 = Trace[F †F ] . We
know very little about the actual values of Y and M . Basically, M can have any value between
zero (corresponding to Dirac neutrinos) to 1016 GeV, whereas Y can vary from 10−13 (Dirac
neutrino case) to 1 (the onset of the strong coupling). The admitted region is shown in Fig. 2
(left).

There is no preference to any value of M or Y inside the triangle shown in Fig. 2 from the
point of view of particle theory described by the Lagrangian (3). The four “preferred” choices,
relying on different physics and marked by “GUT see-saw”, “LHC”, “νMSM” and “LSND”, will
be discussed below.

3.1. GUT see-saw
The key assumption of the see-saw mechanism [6, 7, 8, 9] is that the Yukawa couplings of N
to the Higgs and left-handed lepton doublets are similar to those in quark or charged lepton
sector (say, Y ∼ 1, as for the top quark). This leads to an estimate the mass scale of the singlet
leptons:

MI ≃
v2

matm

≃ 6× 1014 GeV , (4)

where matm =
√

∆m2
atm ≃ 0.05 eV is the atmospheric mass difference. This scale is rather

close to that of Grand Unification, providing an argument that the gauge coupling unification
and neutrino masses might be related [10]. In addition, the decays of superheavy NI in the
early Universe may lead to baryogenesis through leptogenesis [11] and rapid anomalous fermion
number non-conservation at high temperatures [12] (see also [13]). There are several challenges
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SM SM + sterile neutrinos

Only interacting (mixing) with the active neutrinos:

• good Dark Matter candidate (           ) 
• produced thanks to the mixing  
via oscillations and collisions 

• detectable (hopefully) through the mixing

DODELSON - WIDROW  
mechanism

SHI - FULLER  
mechanism

*[Dodelson and Widrow, Phys. Rev. Lett. 72 (1994) 17-20]

*

**[Shi and Fuller, Phys. Rev. Lett. 82 (1999) 2832-2835]

**
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Problem with production through  
oscillation and collisions:

the line that represents the combination  
of mass and mixing that gives  
the right amount of DM today  

is too far from the region where  
we expect near future experiments to be sensitive
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T = Tmax ' 133
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⌘1/3
MeV

.
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Remember peak in the production at

Solution: consider non standard scenario where  
sterile neutrino dark matter production started at  

CRITICAL TEMPERATURE                            

SHIFT TOWARDS THE SENSITIVITY REGION

.

Tc < Tmax

.
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FIG. 4. Decay channels for a sterile neutrino, ⌫s, through (A) a two-body radiative process

(⌫s ! ⌫↵�) and (B) charge- and neutral-current contributions to a three-body final state.

while the three-body decay rate is [80]

⌧⌫s!⌫↵e+e� '

✓
c↵ sin

2
✓

96⇡3
G

2
Fm

5
�

◆�1

' 2.4 ⇥ 1015 sec

✓
10MeV

m�

◆5 ✓
sin ✓

10�8

◆�2

. (12)

Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [80], and we are only consid-

ering decays to e
+
e

� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the

specific production mechanism and dynamics in the early Universe. An irreducible and

UV-insensitive contribution to the abundance of sterile neutrinos arises from the so-called

Dodelson-Widrow (DW) mechanism [81] in which the neutrinos are produced via oscillations.

Thus, in the absence of new dynamics at low temperature, one finds [42]

⌦s & 0.25

✓
sin2 2✓

4.3 ⇥ 10�13

◆ ⇣
ms

MeV

⌘1.8

. (13)

Additional contributions may arise from, e.g. non-thermal production [8] or due to an ex-

tended Higgs sector [82, 83].

In order to place model-independent bounds on the parameter space of sterile neutrinos,

we consider two di↵erent possibilities for the size of the sterile-neutrino relic abundance.

13

�⌫s!⌫� =
9↵G2

F

1024⇡4
sin2(2✓)m5

s ' 5.5⇥ 10�22 ✓2
⇣ ms

keV

⌘5
s�1.

<latexit sha1_base64="8O43iSC/dhffd5S4CiUh6ZcMer0="></latexit>

OBSERVABLE : Flux of photons

F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))
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Constraint on           and         
from the non observation  
of the monochromatic line  

in the x-ray band              

.

sin2(2✓M )
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.
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The constraint is relaxed if the decay rate  
is reduced: if       is reduced.

3

and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓

10�10

◆⇣
ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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This can be achieved if we consider the  
contribution of two diagrams  

with the same initial and final state and such that
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M1 ! M = M1 +M2

|M1 +M2|2 < |M1|2

|M|2 < |M1|2

.
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and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓
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ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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It is possible to have partial or even complete cancellation if 

Adding a heavy scalar and 3 new parameters   
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where g and mW are weak coupling and W boson mass, respectively, Uei is the element in the first
row of the leptonic mixing matrix and throughout the calculation we have consistently ignored
sub-eV active neutrino masses.

To demonstrate that �R in eq. (4) can be greatly reduced, we introduce a scalar doublet ⌃ =
(�0

,�
�) ⇠ (1, 2,�1). The relevant part of the Lagrangian involving this state and ⌫s reads

L � � ⌫̄s⌃
†
Le + �

0
ēR⌃̃

†
Le + h.c. , (5)

where with Le we denote lepton doublet of the first generation2. With these two Yukawa interac-
tions one can construct Feynman diagram given in the right panel of fig. 1, where sterile neutrino
decays via exchange of charged particle from ⌃ doublet. Such interaction was already studied in
the context of sterile neutrinos and the 3.5 keV line in [31]. By following again [29], we find

i�R =
��

0

16⇡2m
2

⌃

me


Log

✓
m

2
e

m
2

⌃

◆
+ 1

�
U

⇤
ei , i�L = 0 , (6)

where me is the electron mass which appears in the amplitude due to the chirality flip (see again
right diagram in fig. 1) that is necessary to preserve gauge invariance. Note that due to the
Majorana nature of initial and final state fermions, one needs to include the complex conjugated
process to the amplitude and this yields non-zero �L. Still, already by using eq. (4) and eq. (6)
one can for instance obtain the condition for the complete cancellation between the amplitudes of
two considered diagrams

sin ✓ =

✓
�4��0

3g2

◆
me

ms

m
2

W

m
2

⌃


Log

✓
m

2
e

m
2

⌃

◆
+ 1

�
. (7)

Taking m⌃ ⇠ 1 TeV and sin ✓ ⇠ 10�4, which is in the ballpark of KATRIN sensitivity, eq. (7)
yields ��0

' 10�6 for ms ⇠ 1 keV.
Let us estimate the size of the coupling � required to avoid the thermalization of ⌫s with the

SM bath. If ⌫s thermalized, its abundance would enhance the measured value by 1 � 2 orders of
magnitude [30, 32]. The first term in eq. (5) facilitates (inverse) decays �±

$ e
±+⌫s. The rate for

this process should be smaller than the Hubble rate at T & m⌃ and this yields � . 10�7. Clearly,
setting the coupling to such values does not allow su�cient relaxation of the ⌫s decay rate as it
would force the coupling �

0 to very large, practically unperturbative values. This suggests that
eq. (7) can be satisfied only with sub-TeV reheating temperature, scenario in which these processes
would be absent due to lack of energy to produce �± after inflation. We should note that sub-TeV
reheating is also consistent with our central assumption that the production mechanism for sterile
neutrinos stems from active to sterile neutrino oscillations at T . 100 MeV.

Finally, while eq. (7) is the condition for the full cancellation (which corresponds to the complete
absence of the X-ray signal), we will only require reduction of the decay rate which makes parame-
ter space accessible by KATRIN consistent with X-ray data. While this still requires a certain fine
tuning of the parameters involved, it is a viable possibility. We would also like to emphasize that
⌃ doublet introduced in this section is not the only option for generating additional diagrams for
⌫s ! ⌫i�, but only one model that we employed in order to demonstrate the e↵ect. Several other
scenarios that can be used are discussed in Ref. [31] (see also [33]).

(iii) Hidden sector decays

2 For simplicity we assume ⌃ interacts only with the leptons of the first generation.

if 
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Primordial  
asymmetry  

in the  
lepton sector

{

.

L =
(n⌫ � n⌫)

n�

.
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CONCLUSIONS
❖ Constraints coming from the X-ray observations and measured         can 

cause problems in the detection at TERRESTRIAL EXPERIMENTS of keV 
sterile neutrino dark matter produced through oscillation and collisions 

❖ It is possible to efficiently RELAX THE X-RAY BOUND both in the Dark 
Matter Cocktail scenario and in the case of two (or more) decay 
channels for the keV sterile neutrino 

❖ The introduction of a CRITICAL TEMPERATURE, in a non standard 
cosmological scenario or related to a new scale concerning the sterile 
neutrino mass, allows to have larger values of mixing angles 

❖ The combination of these two methods sets available again the region of 
the parameter space in which we expect the TERRESTRIAL EXPERIMENTS   
to become sensitive in the near future to signals of keV sterile neutrino 
dark matter produced through both the Dodelson-Widrow and the       
Shi-Fuller mechanism.

.

h2 ⌦s > h2 ⌦DM = 0.1186

.
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DODELSON-WIDROW PRODUCTION

Hp:              (and         ) mixing

.

⌫s $ ⌫e .
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Hp:   Production through oscillation and collisions:
the neutrino fields oscillate between the electron and the sterile  
state while propagating in the plasma; when they interact with the  
other fields in the bath, the wave function has probability                 
to collapse in the sterile state

.

/ sin2(2✓M ) .
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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FIG. 3: Matter potentials for massless neutrinos in the
plasma’s rest frame: filled and un-filled circles are poles at
finite and zero temperature, respectively. See Sec. IV for the
imaginary shift.

III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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plasma’s rest frame: filled and un-filled circles are poles at
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III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
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1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
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5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:

V
L

⌫↵
=

p
2GF

h X

�2{e,µ,⌧}

�
�↵� �

1

2
+ 2 sin2 ✓W

�
�n��

+
X

�2{e,µ,⌧}

(1 + �↵�)�n⌫� �
1

2
�nB

+
�
1� 2 sin2 ✓W

�
�nQ

i
, (12a)

V
th

⌫↵
(E⌫↵) = �

8
p
2GF

3


⇢⌫↵

M
2

Z

+
⇢↵

M
2

W

�
E⌫↵ . (12b)

In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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FIG. 3: Matter potentials for massless neutrinos in the
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finite and zero temperature, respectively. See Sec. IV for the
imaginary shift.

III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥
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relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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d3 p f(p, T ) .

<latexit sha1_base64="O4cK6KmjKrZzESVHjKAdesOXYKQ="></latexit>

Sterile neutrino dark matter abundance .

h2 ⌦s =
s0 ms

⇢c/h2

1

g⇤s

✓
45

4⇡4

◆Z 1

0
dr r2 [f⌫s(r) + f⌫s(r)] .

<latexit sha1_base64="vsTTVuBOGC+lPgMAW71lcCB1yko="></latexit>

DODELSON-WIDROW PRODUCTION
.

1

er + 1

.
<latexit sha1_base64="pWghIWLYo7lbbtwAjThzCUTitww=">AAACS3icbVA9SwNBEN2LRmP8ilraLAZBEI67KGgZtLGMYIyQxDC3mcQlex/ZnRPCkZ/mT/AHWFjZamUnFl5iRJM4LMzjzXvM7PMiJQ05zpOVWVjMLi3nVvKra+sbm4Wt7WsTxlpgVYQq1DceGFQywCpJUngTaQTfU1jzeuejee0etZFhcEWDCJs+dAPZkQIopVqFmt3o92No85/WyP++jgaRuMMEbzU/dId8WvqjmvZ/N7tVKDq2My4+D9wJKLJJVVqF50Y7FLGPAQkFxtRdJ6JmApqkUDjMN2KDEYgedLGewgB8NM1kHMCQ78cGKOQRai4VH5P415GAb8zA91KlD3RnZmcj8r9ZPabOaTORQRQTBmK0iKTC8SIjtEyTRd6WGolgdDlyGXABGohQSw5CpGScRp1P83Bnfz8Prku2e2SXLo+L5bNJMjm2y/bYAXPZCSuzC1ZhVSbYA3thr+zNerTerQ/r81uasSaeHTZVmewX6s+wnw==</latexit>
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RESONANT PRODUCTION - SHI-FULLER CASE

Hp:           

.

L⌫e 6= 0 .
<latexit sha1_base64="7V97Zilm4QEja4GDTLhen5UsT9Y=">AAACF3icbVC7TsNAEDzzDOEVoKQ5ESFRWTYgQYmgoaAIEnlIcRStLwucOJ+duz0kZOUD+AS+ghYqOkRLScG/4DwKXlONZma1uxNnSloKgg9vanpmdm6+tFBeXFpeWa2srTds6ozAukhValoxWFRSY50kKWxlBiGJFTbjm5Oh37xFY2WqL+guw04CV1peSgFUSN1K1Y+ictTvO+jxs24eadfFAY809nnAx7pfpAI/GIH/JeGEVNkEtW7lM+qlwiWoSSiwth0GGXVyMCSFwkE5chYzEDdwhe2CakjQdvLRMwO+7SxQyjM0XCo+EvH7RA6JtXdJXCQToGv72xuK/3ltR5eHnVzqzBFqMVxEUuFokRVGFi0h70mDRDC8HLnUXIABIjSSgxCF6IraykUf4e/v/5LGrh/u+bvn+9Wj40kzJbbJttgOC9kBO2KnrMbqTLB79sie2LP34L14r97bODrlTWY22A9471+6s56W</latexit>

depending on the sign of the asymmetry, the production of 
sterile neutrinos or antineutrinos was enhanced for specific  
values of p and T as a consequence of the resonance in the  
denominator of sin2(2✓M ) =

⇣
m2

s
2p

⌘2
sin2(2✓)

⇣
m2

s
2p

⌘2
sin2(2✓) + �e(p)

2 + [m
2
s

2p cos(2✓)� VT (p)� VL(p)]2
.

<latexit sha1_base64="ft5sF3x8/1O8pOPJmlggwcC8Bnk="></latexit>

where

.

V⌫s(p) = �
p
2GF

2 ⇣(3)T 3

⇡2

⌘B
4

� 8
p
2GF p

3m2
Z

(⇢⌫e + ⇢⌫̄e)�
8
p
2GF p

3m2
W

(⇢e� + ⇢e+)�
2
p
2 ⇣(3)

⇡2
GFT

3 ⇥ Le

.
<latexit sha1_base64="GzQtpguTriN+rn7/6eG/qVQXTqA="></latexit>

.

V⌫s(p) = +
p
2GF

2 ⇣(3)T 3

⇡2

⌘B
4

� 8
p
2GF p

3m2
Z

(⇢⌫e + ⇢⌫̄e)�
8
p
2GF p

3m2
W

(⇢e� + ⇢e+) +
2
p
2 ⇣(3)

⇡2
GFT

3 ⇥ Le

.
<latexit sha1_base64="YYYlHh84Be03Nt+QFd2B7oYr8VM="></latexit>

.

h2 ⌦s =
s0 ms

⇢c/h2

45

(2⇡)4
MPl

1.66 g⇤s
p
g⇤

Z 1

0
dr r2

Z Tin

Tfin

dT

T 3
⇥

2

64
�e(r, T )

⇣
m2

s
2 r T

⌘2
sin2(2✓)

⇣
m2

s
2 r T

⌘2
sin2(2✓) +

�
�e
2

�2
+

⇣
m2

s
2 r T � V⌫s

⌘2 +
�e(r, T )

⇣
m2

s
2 r T

⌘2
sin2(2✓)

⇣
m2

s
2 r T

⌘2
sin2(2✓) +

�
�e
2

�2
+

⇣
m2

s
2 r T � V⌫s

⌘2

3

75 .

.
<latexit sha1_base64="J+3Q2W6+IDklPWp/oZQ/sjYuwFQ="></latexit>

**

[Shi and Fuller, astro-ph/9810076]**

.

1

er + 1

.
<latexit sha1_base64="pWghIWLYo7lbbtwAjThzCUTitww=">AAACS3icbVA9SwNBEN2LRmP8ilraLAZBEI67KGgZtLGMYIyQxDC3mcQlex/ZnRPCkZ/mT/AHWFjZamUnFl5iRJM4LMzjzXvM7PMiJQ05zpOVWVjMLi3nVvKra+sbm4Wt7WsTxlpgVYQq1DceGFQywCpJUngTaQTfU1jzeuejee0etZFhcEWDCJs+dAPZkQIopVqFmt3o92No85/WyP++jgaRuMMEbzU/dId8WvqjmvZ/N7tVKDq2My4+D9wJKLJJVVqF50Y7FLGPAQkFxtRdJ6JmApqkUDjMN2KDEYgedLGewgB8NM1kHMCQ78cGKOQRai4VH5P415GAb8zA91KlD3RnZmcj8r9ZPabOaTORQRQTBmK0iKTC8SIjtEyTRd6WGolgdDlyGXABGohQSw5CpGScRp1P83Bnfz8Prku2e2SXLo+L5bNJMjm2y/bYAXPZCSuzC1ZhVSbYA3thr+zNerTerQ/r81uasSaeHTZVmewX6s+wnw==</latexit>
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Critical Temperature

NEW SCALE in the primeval universe

LOW REHEATING TEMPERATURE 
The production of sterile neutrinos started at lower temperatures  

than the peak one because the universe never reached T_max

SCALE OF THE DYNAMICAL CHANGE OF .

sin2(2✓M ) =
m2

D

m2
D + [c�↵ E/ms + ms/2]

2 .

<latexit sha1_base64="Lf8a1JdgED0JekaWdDaMaTrW9j0="></latexit>

.

ms
<latexit sha1_base64="fxydntRyyX9kdIn+5iwVXUHKO6M=">AAACEXicbZC7SgNREIbPeo3rLWopwsEgWIXdKGglARvLCOYC2RBmTybxkLOXnDMrhJDKR/ApbLWyE1ufwMJ3cTdJoYlTffz/DDPz+7GShhzny1paXlldW89t2Jtb2zu7+b39mokSLbAqIhXphg8GlQyxSpIUNmKNEPgK637/OvPrD6iNjMI7GsbYCqAXyq4UQKnUzh8VvUECHe559hSCtuHeIEPbttv5glN0JsUXwZ1Bgc2q0s5/e51IJAGGJBQY03SdmFoj0CSFwrHtJQZjEH3oYTPFEAI0rdHkjTE/SQxQxGPUXCo+EfH3xAgCY4aBn3YGQPdm3svE/7xmQt3L1kiGcUIYimwRSYWTRUZomeaDvCM1EkF2OXIZcgEaiFBLDkKkYpIGluXhzn+/CLVS0T0rlm7PC+WrWTI5dsiO2Slz2QUrsxtWYVUm2CN7Zi/s1Xqy3qx362PaumTNZg7Yn7I+fwAzjZuF</latexit>

with .

c ⇡ 63 .
<latexit sha1_base64="XRS0shKaiU9qxKrtPWVAJVUKG2g=">AAACE3icbVC7TsNAEDyHd3gFKCk4ESFRWXaCgBJBQwkSIZHiKFpfNuGUs325WyNQRMkn8BW0UNEhWj6Agn/BDikgMNVoZle7M6FW0pLnfTiFqemZ2bn5heLi0vLKamlt/dImqRFYE4lKTCMEi0rGWCNJChvaIEShwnrYP8n9+jUaK5P4gm41tiLoxbIrBVAmtUtbbhAUg8EghQ4XPACtTXLD96v8W3PbpbLneiPwv8QfkzIb46xd+gw6iUgjjEkosLbpe5paQzAkhcK7YpBa1CD60MNmRmOI0LaGoyB3fCe1QAnXaLhUfCTiz40hRNbeRmE2GQFd2UkvF//zmil1D1tDGeuUMBb5IZIKR4esMDJrCHlHGiSC/HPkMuYCDBChkRyEyMQ0q6yY9eFPpv9LLiuuX3Ur53vlo+NxM/Nsk22zXeazA3bETtkZqzHB7tkje2LPzoPz4rw6b9+jBWe8s8F+wXn/AktvnLo=</latexit>

.

�↵(p) = c↵(T )G
2
FT

4p .
<latexit sha1_base64="S+X4VVkcdYVSkgJSYHOaKxRoMmU="></latexit>

.

mD ' ✓ms .
<latexit sha1_base64="qxGIAUUnfmSvpf3W7afoE6+lUDg=">AAACH3icbVDLSgNBEJyN7/ha9ehlMAiCsuxGQY+iHjwqGBPIhtA76SRDZnY3M71CCH6En+BXeNWTN/HqwX9xE3NQY52Kqm66q6JUSUu+/+EUZmbn5hcWl4rLK6tr6+7G5q1NMiOwIhKVmFoEFpWMsUKSFNZSg6AjhdWodz7yq3dorEziGxqk2NDQiWVbCqBcarr7XhgWw34/gxbXzQseWqmxz0PqIgEPD3LR8m/fa7ol3/PH4NMkmJASm+Cq6X6GrURkGmMSCqytB35KjSEYkkLhfTHMLKYgetDBek5j0Ggbw3Goe76bWaCEp2i4VHws4s+NIWhrBzrKJzVQ1/71RuJ/Xj2j9kljKOM0I4zF6BBJheNDVhiZt4W8JQ0Swehz5DLmAgwQoZEchMjFLK+vmPcR/E0/TW7LXnDola+PSqdnk2YW2TbbYXssYMfslF2yK1Zhgj2wJ/bMXpxH59V5c96/RwvOZGeL/YLz8QVEcaF0</latexit>

• PHASE TRANSITION CASE : 

.

m(T>Tc)
s = 0 .

<latexit sha1_base64="CvhUB3so7i6IxBCxB8q4/ox5bB0=">AAACInicbVC7TsNAEDzzJrwClDQnIiRoLBuQoAFF0FCClJBIcbDWlwVO3NnO3RopsvIXfAJfQQsVHaJCgn/BCSl4TTWamdXuTpQqacnz3pyx8YnJqemZ2dLc/MLiUnl55dwmmRFYF4lKTDMCi0rGWCdJCpupQdCRwkZ0czzwG7dorEziGvVSbGu4iuWlFECFFJZdNwhKQbebQYfr0F7kgdWgVL5Z44e8Foqtfp8fcI9/RdywXPFcbwj+l/gjUmEjnIblj6CTiExjTEKBtS3fS6mdgyEpFPZLQWYxBXEDV9gqaAwabTsf/tXnG5kFSniKhkvFhyJ+n8hBW9vTUZHUQNf2tzcQ//NaGV3ut3MZpxlhLAaLSCocLrLCyKIw5B1pkAgGlyOXMRdggAiN5CBEIWZFg6WiD//393/J+bbr77jbZ7uV6tGomRm2xtbZJvPZHquyE3bK6kywO/bAHtmTc+88Oy/O61d0zBnNrLIfcN4/AeURojY=</latexit>

• MISALIGNMENT MECHANISM CASE : 

.

m(T>Tc)
s � mtoday

s .
<latexit sha1_base64="doYJunLXQOhLNDZSVqpkl6nmDZE="></latexit>

[Bezrukov et al., JCAP 06, 051 (2017)]
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