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In the standard model extended with a seesaw mass matrix, we study the production of sterile neutrinos
from the decay of vector bosons at temperatures near the masses of the electroweak bosons. We derive a
general quantum kinetic equation for the production of sterile neutrinos and their effective mixing angles,
which is applicable over a wide range of temperature, to all orders in interactions of the standard model and
to leading order in a small mixing angle for the neutrinos. We emphasize the relation between the
production rate and Landau damping at one-loop order and show that production rates and effective mixing
angles depend sensitively upon the neutrino’s helicity. Sterile neutrinos with positive helicity interact more
weakly with the medium than those with negative helicity, and their effective mixing angle is not modified
significantly. Negative helicity states couple more strongly to the vector bosons, but their mixing angle is
strongly suppressed by the medium. Consequently, if the mass of the sterile neutrino is <8.35 MeV, there
are fewer states with negative helicity produced than those with positive helicity. There is an Mikheyev-
Smirnov-Wolfenstein-type resonance in the absence of lepton asymmetry, but due to screening by the
damping rate, the production rate is not enhanced. Sterile neutrinos with negative helicity freeze out at
T; =5 GeV, whereas positive helicity neutrinos freeze out at ij = 8 GeV, with both distributions far
from thermal. As the temperature decreases, due to competition between a decreasing production rate and
an increasing mixing angle, the distribution function for states with negative helicity is broader in
momentum and hotter than that for those with positive helicity. Sterile neutrinos produced via vector boson
decay do not satisfy the abundance, lifetime, and cosmological constraints to be the sole dark matter
component in the Universe. Massive sterile neutrinos produced via vector boson decay might solve the "Li
problem, albeit at the very edge of the possible parameter space. A heavy sterile neutrino with a mass of a
few MeV could decay into light sterile neutrinos, of a few keV in mass, that contribute to warm dark matter.
We argue that heavy sterile neutrinos with lifetime < 1/H,, reach local thermodynamic equilibrium.
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I. INTRODUCTION

The paradigm of standard cosmology is inflation plus
cold dark matter, ACDM. While it succeeds in describing
the formation of structure at large scales, there are dis-
crepancies at smaller scales, especially galactic and sub-
galactic. There is the core-cusp problem: N-body
simulations of cold dark matter produce dark matter
profiles that generically feature cusps, yet observations
suggest that the profile has a smooth core [1,2]. There is
also the missing satellites problem, where simulations also
predict that typical galaxies are surrounded by satellites
dominated by dark matter, which is inconsistent with
current observations [3]. Both of these problems can be
solved by allowing some fraction of the dark matter to be
warm dark matter (WDM) [4-9]. A possible candidate for
warm dark matter is a massive ‘“‘sterile” neutrino [10-17].
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Whether dark matter is hot or cold depends upon its free
streaming length, 4, which is the cutoff scale in the linear
power spectrum of density perturbations. Cold dark matter
with Az, < pc produces cuspy profiles, while warm dark
matter with 4, ~ few kpc gives cored profiles.

One important question is whether these discrepancies
can be explained with the standard ACDM model by
including the effects of baryons in the simulations.
Recent simulations of warm dark matter which include
velocity dispersion suggest that cores do form, but do not
yet reliably constrain, the mass of the WDM candidate in a
model independent manner [18].

In order to evade cosmological bounds, the distribution
functions of warm dark matter cannot be thermal [19]. How
sterile neutrinos are produced in the early Universe was
studied originally in Refs. [20,21]. In Refs. [11,22-27], it
was argued that sterile neutrinos are a viable candidate for
warm dark matter, which is produced out of local equilib-
rium either nonresonantly [11,20,23,25] or resonantly in
the presence of a lepton asymmetry [22]. Models in which a
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scalar decays into a pair of sterile neutrinos at the
electroweak scale (or higher) also yields a nonthermal
distribution [28-32]. Observations of the x-ray emission
spectrum of the Andromeda galaxy with Chandra led to
tight constraints on the nonresonant production of sterile
neutrinos [33]. More recently, the report of observation of a
3.5 keV signal from the XMM Newton x-ray telescope has
been argued to be due to a 7 keV sterile neutrino [34,35],
although this interpretation has been challenged [36-39].
The prospect of a keV sterile dark matter candidate
continues to motivate studies in both theory and observa-
tion [27,29,31,40-47].

Neutrino masses, mixing and oscillations are uncontro-
versial evidence of physics beyond the standard model. A
robust experimental program has brought measurements of
most of the parameters associated with light neutrino
masses [48,49] with several relevant questions poised to
be answered in the near future [50]. Short baseline neutrino
oscillation experiments such as LSND and MiniBooNE
[51,52] present a picture of the neutrino sector which may
require an additional sterile neutrino species of mass ~1 eV
[15,53,54], but there remains tension with other experi-
ments [55], and a definitive resolution of these anomalies
requires further experiments [56—61]. An interpretation of
short baseline experimental anomalies as a signal for sterile
neutrinos leads to a relatively light mass ~eV which rules
out this putative new sterile neutrino as a candidate for dark
matter. However, many well-motivated extensions beyond
the standard model posit the existence of heavy neutrinos. It
has been argued that sterile neutrinos with a mass on the
order of MeV or larger [62] could decay and explain the
short baseline anomalies. Alternatively, heavy sterile neu-
trinos produced through rare decay channels could also
explain the anomaly [63]. Recent proposals make the case
for a program to search for heavy neutrinos [64,65] in a
wide range of experiments including hadron colliders
[66—71]. Furthermore, it has been argued that heavy sterile
neutrinos in the mass range 100-500 MeV can decay
nonthermally and so evade bounds from cosmology and
accelerator experiments [72]. Sterile neutrinos with mass
=MeV can be of cosmological relevance in models where
the reheating temperature is low [73].

A heavy sterile neutrino with mass =14 MeV, a mixing
angle @ = 1073, and a lifetime 7, = 1.8 x 10° s has been
proposed [74] as a novel solution to the “lithium problem.”
This is the nearly threefold discrepancy between the
standard big bang nucleosynthesis (BBN) prediction and
observed abundance of 7Li [74—78]. This solution relies on
the energy injected by the decay of the sterile neutrino to
destroy part of "Be prior to its conversion into "Li in the late
stages of BBN [74,78]. This mechanism has been recently
reanalyzed and confirmed in Ref. [79] with a sterile
neutrino mass =4.35 MeV, mixing angle § < 107°-10*
and lifetime =1.8 x 10° s. An important bonus of this
mechanism is that the decay of the heavy sterile neutrino,

PHYSICAL REVIEW D 95, 043524 (2017)

=MeV in mass, yields an increase in the effective number
of relativistic species AN = 0.34 at the 95% C.L. [79].
The energy injection from the decay of heavy sterile
neutrinos with longer lifetime may also contribute to early
ionization [80]. Although there is no experimental evidence
for such heavy sterile neutrinos, there are stringent accel-
erator and cosmological bounds on their possible masses
and mixing angles with active neutrinos [73,81-83].

There is a hierarchy of masses for the light active
neutrinos, with nearly 2 orders of magnitude between
the mass squared differences for the explanation of solar
and atmospheric neutrino mixing.

Possible extensions beyond the standard model may also
accommodate a hierarchy of heavy neutrinos [17,84,85].

Current and future underground neutrino detectors may
be able to probe dark matter candidates with =few MeV
[86]. The possibility of a hierarchy of heavy sterile
neutrinos offers novel production mechanisms for warm
(and hot) dark matter, from the cascade decays of heavy
neutrinos to lighter ones. This possibility is similar to
models of many dark matter components proposed recently
[87], where the decay of a heavy field seeds the production
of a light one. This leads to a scenario of mixed dark matter
described by several species of massive neutrinos with
nonequilibrium distribution functions and thereby evades
Lyman-a constraints [88]. A recent article argued on
various possible production mechanisms of sterile neutrino
directly from standard model processes available through-
out the thermal history of the Universe and analyzed in
detail the scenario of production of mixed dark matter
(colder, warmer and hotter) from pion decay shortly after
the QCD crossover [89].

This analysis, along with previous work [45], also
suggests that the decay of a heavy sterile neutrino into a
light active neutrino increases the effective number of
neutrinos, Ng. This has been studied recently in Ref. [79]
in the context of energy injection post (BBN) from the decay
of a heavy sterile neutrino with lifetime =10° secs.

A. Motivation and goals

Sterile neutrinos with masses in the range KeV-few
MeV may play an important role in cosmology.

Most of the studies of their production and freeze-out
have focused on the well-motivated mass range of few KeV
as possible warm dark matter candidates. However, if the
hierarchy of masses and mixing of light active neutrinos is
of any guide in extensions beyond the standard model, a
possible hierarchy of heavier sterile neutrinos that mix with
the light active neutrinos, with very small mixing angles,
may emerge.

In this scenario, the possibility that heavier neutrinos
yield a mixture of dark matter components, from cold,
heavy species to warm, light ones, with important cosmo-
logical impact, and the possibility that =MeV sterile
neutrinos may yield a solution to the ’Li problem
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[74,78,79] motivates our study of the production and
freeze-out of sterile neutrinos in a wider range of masses
and temperatures. In this article, we study the production of
sterile neutrinos solely from standard model interactions.
Reference [89] identified several possible processes avail-
able throughout the thermal history of the Universe that
may lead to the production of a sterile species from its
mixing with active neutrinos.

Recently, Ref. [26] studied the damping rate of GeV
sterile neutrinos at high temperature within the context of
the washout rate of leptonic densities.

In contrast, we focus on sterile neutrinos with masses
< few MeV, which is appropriate both to dark matter and
the possible solution of the "Li problem. We highlight the
important role which different helicity channels play for the
production rate and mixing angles, including cosmological
expansion. We also compute the nonequilibrium distribu-
tion functions for different helicities, along with various
cosmological constraints.

In this article, our goals are twofold:

(i) Using quantum kinetics, we seek to provide a con-
sistent description of both production and freeze-out,
valid in a wide range of temperature, under a minimal
set of assumptions. These are as follows: (a) Except
for the coupling between sterile and active neutrinos
via a seesaw-type mass matrix, we only consider the
interactions of the standard model. (b) Consistent
with bounds from accelerator experiments and cos-
mology [33-35,43,73,81-83], we assume that the
vacuum mixing angle @ <« 1. Taken together, these
bounds suggest that #> < 107> for a wide range of
masses M, < 300 MeV. (c) Interactions in the stan-
dard model can be treated perturbatively, and the
relevant degrees of freedom, including active neutri-
nos, are in local thermal equilibrium (LTE) during
both production and freeze-out of sterile species. The
latter is consistent with a small mixing angle.

(ii) We work to leading order in the electroweak
coupling ay, without any assumption on the mass
scales of the sterile neutrinos. To leading order in
ayy, the production of sterile neutrinos occurs from
the decay of W and Z bosons in the thermal bath.

We focus on the temperatures at the electroweak
scale, T = My, M. This is sufficiently below the
temperature for the electroweak phase transition,
which is a crossover at 7',,, = 160 GeV [25], so that
the W and Z bosons are in local thermal equilibrium,
with masses close to those at zero temperature.

B. Brief summary of results

For simplicity, we consider a model with one active and
one sterile neutrino. Our main results are as follows:

(i) We obtain the mass eigenstates, effective

mixing angles and damping rates directly from

the equations of motion in the medium in terms
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of the full self-energy to all orders in weak inter-
actions. We give an expression for the effective
mixing angles which is broadly valid for 8 < 1 and
to all orders in perturbation theory in standard model
couplings, at any temperature. The mixing angle in the
medium depends strongly on helicity; negative hel-
icity neutrinos (and positive helicity antineutrinos)
feature mixing angles which are strongly suppressed
at high temperature. In contrast, for positive helicity
neutrinos (and negative helicity anti-neutrinos), the
corrections to the mixing angle are subleading, so the
effective mixing angle is nearly the same as that in
vacuum. This happens because the interaction of
neutrinos with positive helicity is helicity suppressed.
Damping rates are also helicity dependent and sup-
pressed for those with positive helicity; however,
because the effective mixing angle is larger than that
of the negative helicity states, the resulting production
rate is comparable in a wide range of masses. We
obtain the general form of the quantum kinetic
equation that describes the production and freeze-
out of sterilelike neutrinos The production rate is
determined by the damping rate of sterilelike mass
eigenstates and the mixing angle in the medium.
Although the production rate of positive helicity states
is suppressed by helicity, it is comparable to the rate
for those with negative helicity, because over a wide
regime of masses, it is compensated by the suppres-
sion of the mixing angle for neutrinos with negative
helicity.
For sterilelike masses M, < My, we find a
Mikheyev-Smirnov-Wolfenstein (MSW) [90] reso-
nance in the absence of a leptonic asymmetry.
However, it is screened by the damping rate and
so does not lead to enhanced production. For this
mass range of M,, negative helicity states freeze
out at Ty =5 GeV, whereas positive helicity states
freeze out at T}“ =8 GeV. Both feature highly
nonthermal distribution functions, where for the
negative helicity states the distribution function is
broader and hotter than that for positive helicity.
Paradoxically, this is a consequence of a longer
[reeze-out time for the negative helicity states, despite
the fact that their coupling to the environment is
stronger. This is a surprising result, stemming from a
competition between a diminishing damping rate and
an increasing effective mixing angle as the temper-
ature decreases. We argue that this leading order
production mechanism establishes a lower bound for
the abundance. We find, however, that sterilelike
neutrinos produced via vector boson decay do not
satisfy the various bounds on lifetimes and mixing
angles to be viable keV dark matter candidates.
However, they can be suitable as the MeV sterile
neutrinos that are conjectured to provide a solution to
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the 7Li problem. This is with the caveat that there
seems to be tension among the various bounds
available in the literature [79,83]. Just as these
heavier neutrinos may decay by injecting energy
into the plasma as the solution to this problem, we
also conjecture that they may also decay into lighter
=KeV sterile neutrinos, with a much smaller branch-
ing ratio, that could be suitable candidates for warm
dark matter.

To the best of our knowledge, there has not yet been a
systematic study of the full dynamics of production and
freeze-out obtaining the nonequilibrium distribution func-
tions of heavy sterile neutrinos with M, < few MeV at the
scale 7 =100 GeV with cosmological expansion. Our
analysis is motivated by the possible cosmological rel-
evance of sterile neutrinos in a wide range of masses and
complements previous studies that focus on lower temper-
ature regimes.

II. MASS EIGENSTATES, DAMPING RATES
AND MIXING ANGLES IN THE MEDIUM

We consider the standard model with only one leptonic
generation, one active neutrino and its charged lepton
partner and one SU(2) singlet Dirac sterile neutrino within
a type-I seesaw scenario [91], to discuss the main aspects in
the simplest setting. This choice differs from other versions
of the type-I seesaw that include only a right-handed
Majorana neutrino. The important difference is that in
the Majorana case there is no antineutrino contribution, and
quantitatively this results in an overall factor 1/2 in the
final abundances.

With one lepton doublet L; = (v,;, ;)" and one SU(2)
singlet v, the Lagrangian density is
L= Loy + 0,idv, — YL, ®vp +He. — M v, (2.1)
where ® = i,®@* and @ is the usual Higgs doublet. We
consider temperatures sufficiently below the electroweak
crossover at T,, = 160 GeV that the Higgs expectation
value is very nearly the zero temperature value. After
spontaneous symmetry breaking and in unitary gauge, the
Yukawa coupling yields an off-diagonal Dirac mass term
m = Y(®°) that mixes v, and v,, neglecting the Higgs
active-sterile coupling, since we will focus solely on
production via vector boson interactions, the Lagrangian
density becomes

E = [’SM —+ D‘viﬁvs - l_/aMa/}I//; + HC,

a.p=a,s, (2.2)

where a and s refer to active and sterile respectively and

(n )
M= .
m M

(2.3)
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Introducing the “flavor” doublet (v,, v;), the diagonaliza-
tion of the mass term M is achieved by a unitary trans-
formation to the mass basis (v, v,), namely,

()=vo(C):

cos(@)  sin(0)
U = . , (2.4)
—sin(@) cos(d)
where
M 2
cos(20) = ————; sin(20) = 7’",
(M3 + 4m?]: (M3 + 4m?):
(2.5)
In the mass basis,
M, O
M,in, = U~H(OMU(0) = ;
sy = U~ 0pa0) = ()
1 |
M, =5[M, - (M3 + 4m?J2];
1 i
My = (M, + (M3 + 4n)). 2.6
We focus on the case m < M ; therefore,
M= My=Ms s 20)=20=""<1. (27
=— =M,; sin =20=—x1. .
oM M,

We refer to the heavier mass eigenstate with M, = M as
sterilelike and the lighter mass eigenstate with M; «
m? /M, as activelike, since these are primarily composed
of the sterile and active flavors in the flavor basis.

We work in unitary gauge which exhibits the physical
degrees of freedom of massive vector bosons in thermo-
dynamic equilibrium. The equations of motion were
derived previously in Refs. [92-94]. In particular,
Ref. [92] also includes contributions from Yukawa cou-
plings between the sterile neutrino and scalar fields, but we
will not consider such an extension here as this implies a
particular model for the origin of the mass matrix. Our
focus here is to study the sterile neutrino production solely
from standard model interactions (charged and neutral
currents) under the minimal set of assumptions discussed
above.

Introducing the flavor doublet ¥ = (v,,v,), the equa-
tion of motion in the flavor basis is [92-94] (for details, see
the Appendix in Ref. [93])

(id1 =M + Z'L)W(%. 1)

+ / PrAE =T = LPF ) =0, (2.8)
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where 1 is the identity matrix in flavor space and L =
(1 —y°)/2 is the left-handed chiral projection operator. The
full one-particle irreducible self-energy includes local tad-
pole (X') and nonlocal dispersive (X"(x — X/, —')) con-
tributions. It is solely arising from standard model
interactions to all orders and is diagonal in the flavor

basis, namely,
1 0
X=3 .
0 0

Furthermore, in factoring out the projector L, the remaining
self-energy is calculated in the vectorlike theory. For
example, the one-loop contributions to the self-energy
are shown in Fig. 1; this is the leading order contribution
to the self-energy.

Introducing the space-time Fourier transform in a spatial
volume V,

(2.9)

W(E, 1) :%VZ / dwe@ie 0B (0.3), (2.10)

and similarly for the self-energy kernels, the effective
Dirac equation in the flavor basis becomes [92-94] (see
the Appendix in Ref. [93])

[(row =791 =M+ (X' + Z(0, 7)) L]¥(0,g) = 0;
(2.11)

this equation of motion is exact, since the self-energy
includes all order contributions in standard model cou-
plings. The bracket in (2.11) is the inverse or the retarded
propagator of which the poles in the complex plane
determine the dispersion relations and damping rates of
the mass eigenstates in the medium.

The tadpole contribution X!, see Fig. 1(a) is local
therefore it is independent of w, ¢, in (2.11) E(w, q), is
the space-time Fourier transform of X" (x —X',7— ') and
features a dispersive representation [92-94],

Ql,ya...

Z W
Z() 5/\/\/2 gf\/\/%
Va Va Va Vg I/a Vg l Vqa

(@) (b) (c)

FIG. 1. One-loop contributions to the self-energy. The neutral
current tadpole is proportional to the lepton (and quark)
asymmetry.
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(w.4) = %/_: dqoﬁ—qu. (2.12)
From this dispersive form, it follows that
Y(w,q) = ReXZ(w, ¢) + ilmZE(w, g) (2.13)
with
ReX(w, ) = - / ” dgoP [Imz(%’ Q)} (2.14)
—oo qo— @

The real part yields the “index of refraction” in the medium,
and the imaginary part determines the damping rate of the
single (quasi)particle excitations. The tadpole term must be
calculated separately and does not feature a dispersive
representation.

Although in this article we will focus on the one-loop
contributions to the self-energy from standard model
charged and neutral current interactions, the form of the
equations of motion and the dispersive form of the self-
energy (not the tadpole) are generally valid in principle to
all orders in standard model interactions which are of the
V-A form.

A subtle but important conceptual issue arises in the
neutral current contribution to the self-energy with internal
loop propagators for neutrinos. The propagators correspond
to mass eigenstates; therefore, in principle, the perturbative
loop expansion should be carried out in the mass basis
rather than in the flavor basis. Furthermore, if the neutrino
propagators describe neutrinos thermalized in the medium
in terms of the equilibrium Fermi-Dirac distribution func-
tion, not only do these propagators correspond to mass
(energy) eigenstates but are also assumed to be in thermal
equilibrium. We will assume i) a very small mixing angle
0 < 1 so that to leading order in this mixing angle the
activelike mass eigenstate can be taken to be the active
flavor eigenstate and ii) in the temperature regime of
interest in this article 7 = My, ,, active (flavor) neutrinos
are in (local) thermal equilibrium. Under these assumptions
(the validity of which will be confirmed later), we consider
the internal loop propagators in the neutral current con-
tribution to be those of active neutrinos in thermal equi-
librium to leading order in the mixing angle.

As a consequence of the V-A nature of the standard
model couplings of neutrinos, X(w, ¢) has the general form
of a vectorlike theory,

Y +3(w.q) =7°Al0.9) -7 @B(o.q).  (2.15)

and
¥+ X(w,q) ="Alw,q) -7 4B(w,q),  (2.16)

where in the flavor basis

043524-5
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- Alw,q) 0) . (B(a),Zj) 0)
Alw,q)= . B(w,q)= .
war= ("7 ) s (P00
(2.17)

The equations of motion simplify by projecting with
L= (1-9°)/2;R = (1+y°)/2 and expanding in helicity
eigenstates. Following the steps of Ref. [92], we write for
the left (L) and right (R) fields

h
Vo= e W= <”Z> (2.18)
h==+1 vs /L
and
I/h
W= > v @Wh \Pﬁg:( Z) , (2.19)
h=+1 Vs /R

where the left- and right-handed doublets are written in the
flavor basis and v" are eigenstates of the helicity operator

10

) =r7ar=sa(, [) @

namely,
G- qut = hol h=+l1. (2.21)

We find in the flavor basis the equation of motion for the
left- and right-handed component doublets
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M?*=—(M}+M3);  SM>=M3-M3,  (2.25)

SN

and M, are given by Eq. (2.6). The results (2.22), (2.23)
are general for standard model couplings of the active
(flavor) neutrinos and sterile neutrinos that only interact
with active ones via a seesaw-type mass matrix. Before
discussing in detail the one-loop contribution from charged
and neutral currents, we want to establish general results for
the effective mixing angle in the medium and damping
rates. The operator on the left-hand side of (2.22),

[St(@, )] = [(@* = ¢*)1 + (0 = hq)(A + hB) — M?],
(2.26)

defines the inverse propagator in the flavor basis for the
left-handed component projected on helicity eigenstates.
The correct “mass eigenstates” correspond to the (complex)
poles of S, the real part describes the correct propagating
frequencies, and the imaginary parts describe the damping
rate of single (quasi)particle excitations. We will extract
these mass eigenstates from the (complex) zeroes of [S/]~!
by invoking the following approximations of which the
validity will be assessed below:

(1) Ultrarelativistic approximation: g > M; this entails
that the produced sterilelike neutrinos freeze out
while relativistic.

(i) € < 1; in particular we will assume that the self-
energy correction is larger in magnitude than the
vacuum mixing angle. The precise condition will be

(@ = ¢*)1 + (0 — hq)(A + hB) - M’]¥; =0 (2.22) discussed below.
(iii) Validity of the perturbative expansion, in particular
and that the self-energy corrections, are smaller than the
.\ - unperturbed dispersion relations. This assumption
[ — hq|¥k = My W], (2.23) will be clarified and discussed in detail in the
o analysis that follows.
where M is given by (2.3) and Introducing
_ SM? [ —cos(260) sin(20)
M2:M2ﬂ+( > 2.24 h = (@ —
) sin(20)  cos(20) ( ) Q" = (w - hq)(A(w, q) + hB(w. q)) (2.27)
with and using (2.24), we obtain
I o AW ~Cp(@.q) Sh(o.q)
St (, —1:<w2— 2—M2+—)1]—— SM? cos(20) + Q)% + (8M? sin(20 2( " " )
S} (@.9)] g )=V 00 cos(20) + @ - msin(a)? (T
(2.28)
where
SM? 20) + Q"
Cl(.q) = CON20) + € (.) 2.29)

V(@ (@, q) + 6M? cos(26))? + (6M? sin(20))?
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Sh(@,q)
B SM? sin(20)
V(@M ., q) + 5M? cos(260))* + (6M%sin(260))2
(2.30)
with
(Ch(@,q))* + (Sh(@.q))> = 1. (2.31)

If the imaginary part of the self-energy vanishes (or can be
neglected), then

Ch(@. q) = cos(26,);

St (w, q) = sin(26,,), (2.32)
and 6, would be the mixing angle in the medium.
However, the absorptive (imaginary) part of the self-energy
(related to the damping rate of quasiparticle excitations)
prevent such identification.

The matrix

< —Ch(@.q)

Sh(w.q)
Sh(@. q) >

Ch(.q)
has null trace and determinant (—1) as a consequence of

(2.31); therefore, real eigenvalues A = &1 with the follow-
ing eigenvectors,

<_C:h((“;’)’q;) ); A=—1 (2.33)
(ZZEZ ;’;); a=1, (2.34)
where
g = [FEECON aas
Mo, q) = [I_C;M] " (2.36)

For vanishing absorptive part s = sin(6,,), ¢" = cos(6,,)
with 8, the (real) mixing angle in the medium.

To leading order for 0 <1 and M| < M, = M, we
obtain the following eigenvalues of [S]~!:

, (M3
(M + QN (w.q))
s"(@, q) )

(. q)

2 + 6*M3;

Sl=w’-¢*-M

for 1 = +1; eigenvector < (2.37)
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()

S—l ~ wz _ q2 _M2 +Qh<a)’ q> +
1 (M3 + Q" (. q))

- 0°M3;

. (@, q)
for A = —1; eigenvector .
—s"(w, q)

(2.38)
It is clear that the eigenvector corresponding to eigenvalue
+1 corresponds to a sterilelike neutrino in the medium; the
radiative correction (self-energy) enters solely with the
mixing angle and vanishes for vanishing mixing angle,
whereas the eigenvector corresponding to eigenvalue —1 is
activelike, with radiative correction (Q") even for = 0.
The inverse of [S? (w, ¢)]~! is the inverse of the propagator,
and therefore its complex zeroes describe the complex
poles. Under the assumption of the validity of perturbation
theory (discussed below in detail), we write

P a—— M?
— 2 2 J .

(2.39)

w=w;(q)+ éwj?;

j=12

in the relativistic approximation and introducing (in the
relativistic limit)

Qh(wj q)
2q
(wj—hQ)

2q

Al(q)+iyi(q) =

[A(w=q,q) +hB(w=q,q)],

(2.40)

with j = 2 for sterilelike (eigenvalue A = 1) and j = 1 for
activelike (eigenvalue A = —1) where both A and y are real,
and introducing

M?

52q

(2.41)

we find the position of the poles in the propagator (mass
eigenstates) at

sy — P+ 23(a) —iri(a) o,
2 Alt h >
[(1+ 587 + (52
: s"(w = q,
for 1 = +1; eigenvector N (2.42)
c"(w=gq,

for the “sterilelike” neutrino and
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o} = —(A1(q) + ir'(q))
P+ AN —irt(a)

+ 6%¢;
Ah h 4
(14227 + (2
h pu—
for 1= —1; eigenvector ( G ) (2.43)
—s"(w = ¢,

for the “activelike” neutrino.
We now introduce the effective mixing angle in the
medium,

0
thf(CI) =
¢ A%(q) "(q)
[(1 4+ =55)% + (4g5)3)1/2

. (2.44)

for each mass eigenstate j = 1, 2, in terms of which the
position of the (quasi)particle poles (2.42), (2.43) are
written as

Sy = AL (q) (0l (9))* + E[(Ol(q))* — 0]

— ir5(q) (0 (9))%
j=2 (sterilelike), (2.45)
daff = —Al(q)[1 + (04())*] — (0l (q))* — 0]
—iri(q)[1 = (0 (a))’]:

Jj=1 (activelike). (2.46)

Writing
I
b} = AE} — i) (2:47)

for the corresponding helicity component, the imaginary
part I' yields the damping rate for the single (quasi)particle
excitations in the medium; namely, the mass eigenstates in
the medium evolve in time as

w1 —iAEh " -
Vi(q) = e BB = ()P = 7T
j=12, (2.48)
where the damping rates Fj’ are given by
s =2y"(q)(0%(q))* = 2y"(q)sin*(0";) sterilelike
(2.49)
I =27"(q)[1 - (0%(9))’]
= 2y"(g)cos*(0;) activelike. (2.50)

Even when a particle cannot decay in the vacuum, the
spectral density may feature a width in the medium as a
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consequence of dissipative processes arising from the
coupling to excitations in the medium. In this case, the
width describes the relaxation of the quasiparticle in
the linear response [95-98].

The coefficient w—hg in (2.27) is noteworthy: for
positive w, the positive helicity component 4 = 1 is helicity
suppressed, on the mass shell of the (vacuum) mass
eigenstates in the relativistic limit w—g = M%’z/ 2q. This
is the usual helicity suppression from the V-A form of the
interaction and has important consequences: the damping
rate for positive helicity sterilelike neutrinos is much
smaller than that for the negative helicity, and the medium
corrections to the mixing angle are also suppressed for the
positive helicity component. This suppression will have
important and unexpected consequences on the rate of
production of the sterilelike species as will be discussed
below in detail.

The functions y*(g) require the combinations A F B
that define the self-energy (2.15); these combinations are
handily extracted as follows: introducing the 4-vectors

1 >

0, = a(q, -q);  OF =é(q, q)  (2:51)
and defining
27 (q) =A(w =q.9) - B(o = q.q);
I (q)=Alw=q.q9) + B(w =q.9). (2.52)
we obtain
(A(@.4) = B.4)),., = ; Tr0"2(0.9) = ().
(2.53)
(A(.4) + B(@. )y = T (g.4) = Z* ().
(2.54)
v (¢) =ImZ~(q) (negative helicity) (2.55)

M2
r(q) = [—S} ImX*(g) (positive helicity)  (2.56)

2q
A~ (q) =ReX (¢q) (negative helicity) (2.57)
M2
At(q) = {2—;] ReX"(q) (positive helicity). (2.58)

The damping rates for negative (—) and positive (+)
sterilelike neutrinos respectively are given by

I3 (q) = 2(05(2)*r*(9); (2.59)
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as discussed in the next section, these rates determine the
production rates of sterile neutrinos of each helicity. For the
activelike neutrinos, we find

I7(q) = 2[1 = (0(q))*ImX™(q)  (2.60)

M2
o) =20 - 0307 5] =@ eon
for negative (—) and positive (+) helicity respectively, and
the latter rate can be safely neglected for the light activelike
neutrinos. The effective mixing angles are given by

0
Ocie(q) = : - . (2.62)
(1 +A§(q>)2 + (¢ éq>)2]1/2
where in the relativistic limit
A™(q) 2q ., _
el R )
AT(g) ReX'(g
; ): 2q( ) (2.63)
r (g 2q.
= ImX
e (9);
rt(g) ImZ*(q
é ) _ 2q( ), (2.64)

where F are given by (2.53), (2.54).

The important observation is that the self-energy X(w, q)
is calculated in the standard model for massless flavor
neutrinos.

The result for the effective mixing angle (2.62) is
valid for 6 <1, and (2.63), (2.64) are valid in the
relativistic limit ¢ > M, but are otherwise general and
valid to all orders in perturbation theory in standard model
couplings.

A MSW [90] resonance is available whenever

A*(q)

=2,

¢

for cos(6) = 1. However, this resonance is screened by the
imaginary part (damping rate) (this phenomenon was also
noticed in Ref. [26]), and under the condition that 6 < 1
and the validity of the approximations leading to the above
results, the possible presence of this resonance will not
yield a large enhancement in the effective mixing angle.
This aspect will be discussed in detail in Sec. IV.

These expressions are one of the main results of this
study and summarize the effective mixing angles and
damping rates generically for standard model interactions
under the assumptions of the validity of the relativistic
approximation, perturbative expansion and 6 < 1.

(2.65)
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From the expressions (2.29), (2.30) and (2.35), (2.36),
one finds that for <« 1

s"(w = q.9) = O (q)e™"@);

#(g) = tan™! [ r"(q) } ’

1A (g) A (q) (2.66)

where the phase is irrelevant for transition probabilities and
the quantum kinetic description of sterile neutrino produc-
tion because the relevant quantity is the transition proba-
bility per unit time.

III. QUANTUM KINETICS: PRODUCTION RATES

In order to understand how to extract the rate of
sterilelike neutrino production from the damping rate
obtained from the self-energy and the effective mixing
angle in the medium, let us consider first the quantum
kinetics of production of the sterilelike mass eigenstate
from W-decay in the case of the vacuum mixing angle. This
analysis clearly shows how the mixing angle in the medium
enters in the quantum kinetic equation with a straightfor-
ward generalization to more general production processes.

If the mass M, of the heavy, sterilelike neutrino is such
that My, > M, 4+ m; with m; the mass of the charged lepton
[, then the mass eigenstate corresponding to the sterilelike
neutrino can be produced from W-decay, and a similar
argument applies to Z-decay if M, > M, + M,. The
charged current interaction vertex for the case of one
generation is

9w 7
L..=——=|ly"lLy;W, +H.c.]. 3.1
\/E[y Y ] ( )

Writing the flavor eigenstate v; in the mass basis as

v; = cos(0)v; + sin(f)v, (3.2)
with v; being the activelike and v, being the sterilelike
mass eigenstates with M and M, respectively, yielding an
interaction vertex for the sterilelike mass eigenstate v,

Lyee =22 sin(0) 10, W, + Hel.

V2

The dynamics of the production of v, from the process
W — I, is obtained via the quantum kinetic equation for
the process W = I1,[89], namely,

(3.3)

dny(g31) _ dny(g;1)
dr dr

_dny(g;1)
dt

. (34

loss

gain

where n,(q; 1) is the distribution function of the sterilelike
mass eigenstate v, and the gain and loss terms are extracted
from the usual transition probabilities per unit time,
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dn,(g;1) 27sin’(6) / k| Mg
—_— = N 1—n;(k))(1 - 11))O(E —E)(k)—-E
dn,(q; 1) 27sin®(6) / k| Mg
= 1+N k JHO(E —E/(k)—E , 3.5
di | 2E,(q) (22)32Ey (p)2E, (1) (1 + Np(p))ni(k)ny(q:)8(Ew(p) — Ei(k) — Ez(q)) (3.5)
where p = |k + 7| and noo(q) = 1 (3.13)
eq 20 :
1 1 s
Np(p) = K=— " (36
5(p) eEwP)/T _ ] (k) eEiR/T 4 ] (3.6) is the equilibrium (Fermi-Dirac) distribution function and

and |[M[* is the usual transition matrix element for
W — v and we have assumed that the W vector boson
and charged lepton [ are in thermal equilibrium and have
displayed explicitly the factor sin?(@) factored out of
the My;. Therefore, the quantum kinetic equation (3.4)
becomes of the form

PED _ ()1~ m(g:0) - T (@mign). (3)
where the gain and loss rates are
-, 2msin*(0) kM
NORS v Rerir
x (1= ny(k))o(Ew(p) — Ei(k) — Ea(q))  (3.8)
_ . 2msin®(0) k| M 4|?
O 2E,(q / (27)32Ey( f2E,(k)
x (1+ NB(p))nz(k) (Ew(p) — Ei(k) — Ex(q)).
(3.9)

Because the W, [, are in thermal equilibrium, the gain and
loss rates obey the detailed balance condition

F< (q)eEZ(q)/T

=T (g). (3.10)

which can be confirmed straightforwardly from the explicit
expressions (3.8), (3.9) using the energy conserving delta
functions and the relations

1 + Ng(E) = e®/TNg(E);

1 —n(E) = e Tny(E). (3.11)

Using (3.10), the quantum kinetic equation (3.7) reads

dny(g;1) _
dr

[2(q)[neg(q) —ma(g; )], (3.12)

where

Iy(q) =T7(q) +I'(q)
_ 2zsin®(0) / kM
© 2Es(q) (27)*2Ew(p)2E; (k)
x [Ng(p) + n(k)]6(Ew(p) — Ei(k) = E5(q)).
(3.14)

The approach to equilibrium is studied by writing
n,(q;t) = ne,(q) + ony(g; t); it follows from (3.7) that
ony(g; 1) = 6ny(g;0)e 201, (3.15)
The relaxation rate I',(g) is precisely the damping rate of
single (quasi)particle excitations (2.48) as discussed in
Refs. [95-98]. Neutral current interactions are treated
similarly by passing to the mass basis and keeping only

the linear term in sin(0) =0 for 6 <« 1. It is clear from
(3.14) that

Ty(q) = sin*(0)T,(q). (3.16)
where T, (g) is the rate calculated in the standard model
for the production of a massive neutrino; furthermore, it is
given by the imaginary part of the standard model flavor
neutrino self-energy evaluated on the massive neutrino
mass shell. In the limit of a relativistic sterilelike mass
eigenstate, I';,,(q) is identical to the imaginary part of the
self-energy for an active massless neutrino in the standard
model. In fact, in this limit, the quantum kinetic equation
for the activelike mass eigenstate in the relativistic limit is
the same as (3.12) but with sin?(#) in (3.16) replaced by
cos?(6).

Fundamentally, the heart of the argument is simply
detailed balance, a consequence of the main assumption
that the plasma degrees of freedom are in thermodynamic
equilibrium; the damping rate of single quasiparticle
excitations I',(¢g) determines the approach to equilibrium
in linear response [95-98], and for 6 <« 1, the quantum
kinetic equation is linear in the population n, to leading
order in . Therefore, the gain term in the quantum kinetic
equation is simply related to the relaxation rate by detailed
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balance. This argument is general for 8 <« 1. Therefore,
comparing with the damping rate for the sterilelike mass
eigenstate (2.49), this analysis makes it clear that for 0 < 1
the medium effects on the mixing angle in the quantum
kinetic equation are incorporated by the simple replacement
sin(@) — O (g) in (3.14), (3.16); in other words, the full
quantum kinetic equation for sterilelike production is

dnl(q;t
PHED _ o g)neyla) - (0] (317
where I'J (¢) are given by (2.59) with (2.55) and (2.55).
Hence, the production rate of sterilelike neutrinos is
Throa(@) = T3(q)neq(q). (3.18)
In summary, the production rates for sterilelike neutrinos
of negative (—) and positive (4) helicities are given by

[oa(2) = 2(054(¢))*ImE~ (q)nee(q)  (3.19)

L u(0) = 205 (0))? Bl—q] “ImE* (g (@), (3.20)

where the mixing angles 67, (g) are given by (2.44) with the
definitions (2.55)—(2.58). In the production rates (3.19),
(3.20), 2(q) is the standard model self-energy for flavor
neutrinos evaluated on the relativistic mass shell, and n”
refer to the population of the sterilelike mass eigenstate of
helicity h. Because 6. depends on helicity, the matrix
elements M; should not be averaged over helicity (spin)
states.

Expression (3.14), also shows how the helicity suppres-
sion is manifest in the case of massive neutrinos. To
understand this aspect, it is convenient to look at the
positive frequency solutions of the massive Dirac equation
in the chiral representation (y° = diag(7,—1)) and in the

helicity basis,
SN v,.(q) .
“a) = N( (a0, (3) )
@ =n(),

where v, (g) are helicity eigenvectors (Weyl spinors) for
h= =1 and

(3.21)

V=VE@ e elo)= 5 jj‘f‘; - 62
then
4, () = e<q>N(U 0@) (3.23)
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in the relativistic limit ¢ > M, € = M,/2gq, this projected
wave function enters in the matrix element My; for a
massive positive helicity neutrino in the final state,

therefore
M\?
ik (5)

in agreement with the helicity suppression for the damping
rate discussed in the previous section.

(3.24)

A. Generality

Although in the above discussion we focused on the
production process W — Iu,, the result (3.17) is general for
0 < 1. Consider the standard model charged and neutral
current vertices. Writing these in the basis of mass
eigenstates, the charged current vertex is linear in the mass
eigenstate v,, and therefore the vertex is « 6. The neutral
current vertex would feature a term linear in 6 (o 7yv,) and
another « 6* (cx Dhv,); for O < 1, this last term can be
neglected, and both charged and neutral current vertices are
linear in @ and v,. Furthermore, 6 < 1 justifies taking the
activelike mass eigenstate to be in LTE in the medium for
T > 0.1 MeV as its relaxation rate is much larger than that
of the sterilelike eigenstate which is suppressed by
o« 0> < 1. Because the interaction vertices are linear in
the neutrino field to leading order in 6, the quantum kinetic
equation (gain-loss) is obviously of the form (3.7), and
because the degrees of freedom that lead to the gain and
loss terms are all in LTE, the gain (I'<) and loss (I"™) rates
must obey the detailed balance condition (3.10). This
analysis yields the directly to the quantum kinetic equa-
tion (3.12) after replacing 6 — 6.(g) where ¢ is the
momentum of the sterile-like neutrino on its mass shell,
the |M fi|2 matrix element for the gain and loss transition
rates are insensitive to the phase in (2.66). Analyzing the
approach to equilibrium leads to the identification of I",
with the damping rate of the sterilelike mass eigenstate.
This argument is general, and the analysis presented above
for W — Iv, provides a direct example, which will be the
focus of a detailed analysis in the next section.

IV. STERILE PRODUCTION FROM
VECTOR BOSON DECAY

We now consider the description of sterile(like)
neutrino production via vector boson decay W — [v,; Z0 —
vy, at temperature 7 =M, ., this is the leading order
production process at this temperature. This temperature
scale is sufficiently lower than the electroweak crossover
scale T =160 GeV so that the Higgs field is near its
vacuum expectation value and the finite temperature
corrections to the W, Z masses can be safely neglected
[25]. At high temperature, the propagator of charged
leptons receives substantial hard thermal loop corrections
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from electromagnetic interactions (and quarks from
both photons and gluons) for momenta < eT [98-102].
However, the decay of a vector boson at rest in the plasma
yields particles with momenta =My, ,/2; therefore, the
typical momenta of the charged lepton is O(T), and in this
regime, the hard thermal loop corrections are subleading
and will be neglected in the following analysis. For the
same reason, a sterile neutrino of mass M, < My, , will be
produced relativistically. Low momentum sterile neutrinos
(and charged leptons) can be produced for highly boosted
vector bosons in the medium, but those excitations will be
Boltzmann suppressed for 7'= My, ,, and this will be
explicitly confirmed in the analysis below.

We will take the charged lepton and the activelike
neutrino to be massless and refer generically to the vector
boson mass as M, adapting the general result to the W, Z
a posteriori. Under this approximation (justified for
M, < T =My ), the one-loop self-energy is the same
for both charged and neutral current interactions; in the
latter case, the loop in Fig. 1(b) includes the activelike
neutrino (self-consistently) assumed to be in LTE.

The one-loop tadpole contribution from neutral currents
Fig. 1 is given by [92,103]

0. %w (f)
b3 E Cy
M3, &

i e

where f are all the ultrarelativistic fermionic species
in thermal equilibrium at temperature 7 and chemical
equilibria with chemical potentials ' respectively. The
tadpole X' is independent of frequency and momentum and
contributes only to A in (2.15) and (2.17). Although we
quote this result as part of the general formulation, we will
neglect the lepton and quark asymmetries in the following
analysis, setting 4/ = 0 for all fermionic species, thereby
neglecting the contribution X' to the self-energy.

We obtain the imaginary part of the self-energy (for both
helicities) in (2.13), from which we will obtain the real part
from the dispersion relation (2.14).

For both charged and neutral current contributions
[Figs. 1(b) and 1(c)] for relativistic leptons, the imaginary
part of the self-energy is given by [92]

ny(k) = iy (k)]

}, (4.1)

Imz(%,z])_ﬂgz/%/_: dko[1=nz(ko) +Ny(po)lr*

x pr(ko. k)pp(Po. )7 Pu(Po.P):

pl=qg" -k, (4.2)

where f stands for the fermionic species, either a charged
lepton [ for the charged current or the active neutrino v,
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(assumed in thermal equilibrium) for the neutral current
contributions and b for either vector boson in the inter-
mediate state. The couplings and masses for the charged
and neutral current contributions are

10
My cc
M_{MZ:% NC’
sin?(0,,) = 0.23; aW:%zé. (4.3)

The spectral densities py, p;, are respectively (for mass-
less fermions)

- k
pylko. k) = 5 [8(ko = k) = (ko + K3
k=70 -7 -k, (4.4)
> 1 0 0
Po(Po. P) = 5o [8(p° = Wp) =8(p° + W,)];
2w,
W,=\/p*+M*  p'=qg' -k, (4.5)
and the projection operator
- PuDy -
P, (po,p) = — {gﬂu - ;42 }; =" p);
M?=M?, (4.6)
and
1 ) 1
ne(ko) = PR Ny(po) = T 1 (4.7)

As per the discussion in the previous sections [see
Egs. (2.27) and (2.40)], we need the combinations
A(q0,9) £ B(qo,q) which are obtained from the traces
(2.53), (2.54). We find

Im[A(q9, q) F B(q0,q)]

=g / dkO/ 34kW D[Qi;k]Pﬂv[p]/_)f

x (ko, k)py(po, p)[1 = ns(ko) + Np(po)], (4.8)

where

prlko. k) = [6(ko — k) — 6(ko + k)] (4.9)

043524-12



PRODUCTION OF HEAVY STERILE NEUTRINOS FROM ...

Pu(Po> P) = [6(po = W) = 8(po + W,)l;
pr=q" =K (4.10)
and
L*[Q; k] = [Q"k + Q“k* — ¢ Q - K. (4.11)

Using the various delta functions from p; p;, we find for
the negative helicity component

2

L*[Q* k|P,,[p] = Yy [F1(q0- q) + kK°F»(qo. q)].

(4.12)
with
02 _ 2 0_ 2
At = |1- (‘O |- @
_ 02 2
F(qo.q) = 2(‘11‘4—‘1){1 (%Tqﬂ (4.14)
Similarly, for the positive helicity component,
L0 KP,ulp] = -G (a0.0) + KGalg ). (419
with
0y2 _ 2 0 2
ana) = 1~ (PEZE) [ G20
0\2 _ 2
G»(qo. pz%[l ((C’;Tqﬂ (4.17)

Note the relation

G>(4°.q) = F2(¢°. —q).
(4.18)

Gl(qov Q> = Fl(qo’ _Q)’

Using the results above, it is straightforward to show that

Im[A(qo, g) + B(qo, )] = Im[A(=q0, ) — B(—=q0, q)]-

(4.19)

This identity relates the imaginary parts for positive energy,
negative helicity neutrinos to negative energy positive
helicity (antineutrinos) (in the absence of a chemical
potential). This identity guarantees that the production rate
for negative (positive) helicity neutrinos is the same as for
positive (negative) helicity antineutrinos and is a conse-
quence of the vanishing chemical potentials under the
assumption of vanishing lepton and baryon asymmetry
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and, consequently, a vanishing neutral current tadpole
contribution.
It is convenient to change integration variables, with

W=W,= \/q2 + k* + M? — 2gk cos(g)
aw gk

=—— 4.20
- dcos(ep) w, (4.20)
therefore,
d3k d kdkdW
— orea @) o . (421)
P W, q
yielding
Im[A(qO q F B(40.9)]
dk dk dWL +,
16ﬂq 0 (0% K]
[P]Pf(ko’ )pb(va P)[l —ny(ko) + Ny(po)l,
(4.22)

where p® = ¢° — k°. Now, in terms of the integration
variables k%, k, W,

py=16(¢" -k =W)=6(¢" - K"+ W) (423)
and the integration limits in W are
W* =1/(q £k)> + M>. (4.24)

The technical details of the calculation of the spectral
densities are relegated to the Appendix, and we neglect the
zero temperature contribution, assuming that it has been
systematically absorbed by renormalization and focusing
solely on the finite temperature terms.

A. Imaginary parts (damping rates)

We can now obtain the imaginary parts evaluated on the
relativistic mass shells g, = ¢ (for positive energy neu-
trinos). The analysis of the support for the delta functions in
the Appendix shows that on the relativistic mass shell g =
q the only contribution to the imaginary parts arises from
the product (A13) with k™ = oo, k= = M?/4q,

5K+ K)S(g—K = W,);  P=g+k

corresponding to the process W — I, [the anti lepton  is
recognized in the delta function §(k° + k) which deter-
mines that the energy is —k]. This is the contribution
labelled 4 (A13) in the Appendix. The analysis of the
regions of support in g, given by (A14)-(A16) shows a
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remarkable phenomenon: the contributions (A14), (A16)
describe the process of Landau damping [104], namely, the
process of emission and reabsorption of thermal excitations
in the medium that yields a branch cut below the light cone
in the spectral density that vanishes at 7 = 0. These
processes are the equivalent of those described in
Ref. [104] for quarks interacting with gluons or electrons
with photons. In these cases, namely, the exchange of
massless vector bosons, the Landau damping cut ends at
qo = q; however, for massive vector boson exchange, the
Landau damping cut below the light cone merges with the
branch cut above the light cone given by (A15). The mass
shell for an ultrarelativistic sterilelike neutrino falls right at
the end of the Landau damping cut and the beginning of the
continuation above the light cone. It is precisely this point
in the spectral density that contributes to the damping rate
of the ultrarelativistic sterilelike neutrino and vanishes for
T = 0. Therefore, the end point of the Landau damping cut
yields the damping rate of the ultrarelativistic sterilelike
neutrino, which, in turn, yields their production rate as a
consequence of the detailed balance as discussed above.
This contribution to (4.8) yields

Im[A(q, q) ?qu)]

x [ny (k) + Nb<wp>]5<wp —g-k.  (429)
which is precisely the expression for the rate I', in the
quantum kinetic equation (3.14) with ultrarelativistic neu-
trinos and charged leptonsl [up to the prefactor sin’(6)].
The helicity suppression factor arises similarly to the
discussion after (3.16).

For negative helicity, the terms F;(¢° = ¢,q) = 1 and
F,(q° = ¢, q) = 0, and with the definitions (2.52), we find
for negative (—) and positive (+) helicities respectively

2T M2 1 —M?/4qT
Imz(q) =2~ re (4.26)
167 ¢* q° 1 — ¢~M*/44T p—a/T
2T 1 —M?/4qT
ImX*(q) = In +€2

167 | |1 = oM AT ga/T
2T © —nM?/4qT

H Y e - i
q n=1 n

(4.27)

These expressions clearly show the suppression for ¢ < M
for M =T as a consequence of the fact that the decay
products feature energy =M/2. These results pertain

"The lepton tensor L,, is in terms of QF that is divided by the
energy of the relativistic neutrino [see the definitions (2.51)].
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generically to a vector boson of mass M, and we must
add the contributions from the charged and neutral vector
bosons with their respective masses and couplings.
Anticipating the study with cosmological expansion in
the next sections, we take as a reference mass that of the W
vector boson M,, and introduce the dimensionless variables

My q
=— == 4.28
== y=7 (4.28)
with the standard model relations (4.3).
Defining
L4/
Liz.y]=In {W}
2 o) e—n12/4y
olr,y| = e —(=1)");
ol =3 e = )
¢ =cos(0,,) =0.88 (4.29)

the sum of the contributions yield for y¥(gq) (2.55), (2.56)
a,t |1
r(zy) = Mwy—”2 {—

8
MN\?2 7 (1
Hryy) = a,My [ =2 ) — - (L
ri(zy) =a, W<Mw> 4y2{8( [z, ]

s o] o))

(4.31)

Lt ]+%L[ ]] (4.30)

The helicity suppression of the positive helicity rate y*(q)
is manifest in the ratio M2/Mz3,; this is expected on the
grounds that the typical momentum of the emitted neutrino
is =My, /2. As a function of y = ¢g/T, the rates feature a
maximum at =72 /8, and they are displayed in Figs. 2 and 3.

The suppression of the imaginary parts on shell (damp-
ing rates) as y — 0 has a simple explanation: for a vector
boson of mass M decaying at rest in the plasma into two
relativistic leptons, energy conservation implies that each
lepton carries a momentum M /2, and for 7 = 1, this implies
y = 1/2. For the neutrino to feature y < 1, it must be that
the massive vector boson is highly boosted in the plasma,
but the probability of such a state is exponentially sup-
pressed, thus resulting in an exponential suppression of low
momentum neutrinos.

For the mixing angles in the medium (2.44), we need
r=(q)/& with & given by (2.41), namely,

r(my) (Mw ’

Ms> I (z;y);

I(z,y) = 2% EL[T, N +ﬁL Ey“ (4.32)
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@ = [*(T;y) = Z—; {é (L[T,y} + G(T’y))

e (o] o))

Figures 4 and 5 display /T (z, y) for z = 1, 2, 3. The main
observation is that /T < 1 in the whole range of y for 7 = 1.
This is important. Note that y~ /£ is enhanced by the factor
M?2/M?; therefore, for My /M, > 10%, it follows that
y=/E> 1 for t 21 for y=1, and this will result in a
large suppression of the effective mixing angle in the
medium. On the other hand, the helicity suppression
implies that y*/&=1%(r,y) < 1 in the whole range of
y for 7> 1, and this will result in a vanishingly small
correction to the effective mixing angle in the medium,
which in this case will be nearly the same as that for the
vacuum. These points will be revisited again below when
we discuss the corrections to the mixing angle vis-a-vis the
production rate in the expanding cosmology.

(4.33)

V. REAL PART: INDEX OF REFRACTION

The index of refraction or real part of the self-energy is
obtained from the dispersive representation (2.14). In the
Appendix, we provide the details of the calculation of
ReX¥; both are of the form

2T M?> M
Rex* (g) = ——*[ ﬂ,

== — = 5.1
167° ¢* (5-1)

T'T

where KF[z, y] are dimensionless functions of the ratios
M/T;y = q/T, and are calculated numerically, implement-
ing the steps detailed in the Appendix. Combining the
contributions from charged and neutral currents, we find

Ta, |l 1 T
ReXF(r,y) = My —-— |- KTz, — KF|=,y]]|.
T (r) = Mu 55 K7l + 4k ]|

(5.2)

Of relevance for the in-medium mixing angle are the
ratios A* /& with A* given by (2.57) and (2.58) and & given
by (2.41).

A. Negative helicity

For negative helicity, with the definitions (2.41), (2.57),
we find

el e

where

PHYSICAL REVIEW D 95, 043524 (2017)

I =5 %IC'[T,y] +ﬁ/c- Ey” (5.4)

B. Low temperature limit

The limit 7> 1;7>y (¢ < M,,) affords an analytic
treatment, the details of which are summarized in the
Appendix. In this limit, we find that the general form of the
real part of the self-energy is given by

1472 T\4
ReX™(q) = gz( ) q;

90 i (5.5)

adding the charged and neutral current contributions, we
find in this limit

287a,,
90

1
ReXy(7,y) = My [1 —|——cosz(9w)} 15 (5.6)
T

2

which agrees with those of Refs. [92,103], and

A~ 2873 M\ 2 1 2
A _ ’“’W( W) {lJrcosz(Gw)]yﬁ. (5.7)
T

'3 45 M, 2

C. Positive helicity

For positive helicity, with the definitions (2.41), (2.58),
we find

A*(q)

=J"(z,y), (5.8)
4
where
T )_aWTZ l](:-‘r[ ]+L;C+f (5.9)
oy _Sﬂy3 2 04 4c* C’y ) '

Figure 7 displays J*(z,y) vs y for z = 1, 2; we see that
J™ < 1 for all values of y diminishing rapidly as a function
of 7. This results in a small (and negligible) correction to
the mixing angle in the medium.

D. Low temperature limit

As in the previous case, the limit 7> ;7> y
(g« M,) can be obtained analytically; see the
Appendix for details. The general form of the real part
of the self-energy in this case is

s <%)461;

adding the charged and neutral current contributions, we
find in this limit

B 1472

ReX*(q) = 180

(5.10)
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287%a,,
180

1
ReX! (7,y) = My, [1 + —cosz(ew)} Ty—s;

5 (5.11)

and adding the charged and neutral current contributions
and including the helicity suppression factor, we find

At 3
A’ _Tra, [ (5.12)

1 1
=00 1+—cos2(9w)}7—4.

2

VI. EFFECTIVE MIXING ANGLES AND
PRODUCTION RATES

The effective mixing angles are given by (2.62), and in
the previous sections, we obtained A*/& and y*/&.

A. Negative helicity

For negative helicity, A=/& is given by (5.3), and y~ /& is
given by (4.32); therefore,

0 (32)*
P v . (61
enle) (Gt + 7 (@.2) + (I (2.9))] o

Figures 4 and 6 display I~ (z,y),J (z,y) as a function of
y for various values of 7. These show important features: J~
vanishes and becomes negative at a value of y*(z) that
increases monotonically with z. This behavior implies that
for My, > M, the vanishing of J~(z,y) implies a MSW
resonance in the absence of lepton asymmetry for the
effective mixing angle for negative helicity. However, this
resonance is “screened” by the contribution to the mixing
angle from the imaginary part, inspection of both J~ and I~
(see Figs. 4 and 6) and an exhaustive numerical study reveal
that in the broader region 0 < y*(z) < y the imaginary part
I~ yields the dominant contribution to the denominator
of (6.1) and there is no substantial enhancement of the
mixing angle as y sweeps through the resonance for any 7.
In other words, the presence of the MSW resonance does

not influence the effective mixing angle in a substantial
manner. The numerical analysis shows that for M /My, <
1072 the term (M /My)? in the denominator in (6.3)
can be safely neglected and the effective mixing angle is
o (M,/My)*, reflecting a strong in-medium suppression,
even when the denominator becomes large because J—, I~
are very small as shown in the figures. The smallness of the
denominator is thus compensated by the large power of
M,/My < 1 in the numerator.

In the low temperature limit 7 < My, the effective
mixing angle in the medium is given by

0

(3)2[1 + Leos?(6,)] %]

geff (T’ y) = 28ﬂ3aw 4 (6'2)

145

and the contribution from the imaginary part is subleading
as it is suppressed by an extra power of «,, from two loop
contributions to the self-energy.

The production rate [see Eqgs. (2.59) and (3.19)] is

My 6 (575)*

vl +11 [k

) |
+J7 (7)) + (I (7.9))]
(6.3)

1—‘ljrod(‘[’ y) =

Although both J~ and /™ vanish as y — 0, and the effective
mixing angle reaches its maximum (0. — 6), the imagi-
nary part /- vanishes exponentially as y — 0, and the
production rate vanishes in this limit. The effect of the
MSW resonance is screened by the imaginary part, and
the resulting production rate features a peak as a function of
y for fixed 7 that is a result of the competition between the
peak in I=(y,7) (see Fig. 4) and the increase in (J7)2.

We will analyze further the production rate in the
following section within the context of cosmological
expansion.
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FIG. 7. J™(z,y) Eq. (5.9) vs y = q/T for t = My /T = 1, 2 respectively.

B. Positive helicity

For positive helicity, the effective mixing angle is
given by

92
2 (7.y) = .
G (7.) (14T (2.9)* + (It (z.y))?] ©4)
and the production rate
B MWHZ(ML;/)Z ol (z.y)
Foms(72) = T [+ 7)) + F )]
(6.5)

From Figs. 5 and 7, we see that I, J* < 1 in the region
in which I'* peaks, and therefore we can set J* = 0; 1" =0
in the denominator in (6.5). In other words, the in-medium
contribution to the mixing angle is negligible; namely,
O = 0, and we can approximate the production rate of
positive helicity neutrinos as

(6.6)

M2t (z,y
F;fod(r’y>2MW92< ) =.7)

yler +1]°

This is an important result. The helicity suppression
entails a much weaker coupling to the medium, which in
turn results in a negligible in-medium correction to the
mixing angles and the effective mixing angle is the same as
the vacuum mixing angle.

The positive helicity production rate is & (M,/My,)? as a
consequence of helicity suppression, whereas the negative
helicity production rate (6.3) is o (M,/My,)* as a conse-
quence of the in-medium suppression of the mixing angle
but is enhanced by the small denominator. As will be
discussed below, there is a range of masses and temper-
atures for which the negative and positive helicity rates are
comparable: positive helicity states feature helicity sup-
pressed couplings but nearly vacuum mixing angles,

whereas negative helicity states feature stronger coupling
to the medium, which in turn leads to strongly suppressed
in-medium mixing angles. This aspect is studied below.

VII. COSMOLOGICAL PRODUCTION

We consider a spatially flat Friedmann-Robertson-Walker
cosmology during a radiation dominated stage. The effect of
cosmological expansion is included by replacing the
momentum in Minkowski space-time with the physical
momentum in the expanding cosmology, namely,

q—)a(t), (7.1)

where a(r) is the scale factor and now ¢ refers to the
(constant) comoving momentum. As we focus on the
production during the radiation dominated era, the physical
temperature is

(7.2)

where T, is the temperature that the plasma would have
today as we normalize the scale factor to 1 today. We note
that the variable

_q(t) g
i O

(7.3)
is a constant under cosmological expansion in terms of the
comoving momentum and the temperature that the plasma
would feature today.

In terms of the comoving wave vector g and the invariant
ratio y = ¢/ T, the quantum kinetic equation in the expand-
ing cosmology reads

dnly(q: 1)

dt (7.4)

=T5(q. 1)[neg(q) = n3(q: 1)),
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where now I'?(g, 1) = T4(z(¢), y) depends on time through
(1) = My /T(t) = Mwa(t)/ Ty,

Under the assumption of & < 1 and a vanishing initial
population, we neglect the buildup of the population and
approximate the quantum kinetic equation as

(7.5)

where l“;od(r(t),y) are given by (6.3) and (6.5). Since

the production rate depends on time through (), it is
convenient to use this variable in the kinetic equation, with

dnl(r) _ dn(z.)
= H .
e (OO} (76)
where during radiation domination
a(r) 12 T2(1)
H(t) = —= = 1.66g.4 (T ;
=20 qObve
M, =122x10" GeV. (7.7)

geit(T) is the effective number of relativistic degrees of
freedom, g.¢ = 100, and varies slowly in the temperature
regime 1 GeV < T < 100 GeV. We will approximate
Jett = 100 and constant in this temperature range, antici-
pating that freeze-out will occur at T = few GeV.

A. Negative helicity
For negative helicity, we find
dny(z.y) _0.92x 10067 (37=)*
dr yle? +1]
" 2217 (z,y)
(Gt + (@) + (@)

(7.8)

As both J~ and I~ decrease as the temperature decreases
(and 7 increases), there are two competing effects: the
damping rate /- decreases, but the effective mixing angle
increases as a result; for a fixed value of y = ¢/T, the
production rate peaks as a function of 7 and falls off
sharply. We write (7.8) as

B 4
a5 (0.Y) _ .92 x 101562 (ﬂ) R~ (y.7).  (7.9)
dr My

As discussed above, for M /My, < 1072, we find numeri-
cally that R~ (y, 7) is nearly independent of M. The form
(7.9) separates the suppression factor from the effective
mixing angle in terms of the prefactor §>M? /My, whereas
for M,/My, < 1072, the function R™(y,7) is insensitive
to the value of M, and only depends on standard model
couplings and vector boson masses. As 7 increases

PHYSICAL REVIEW D 95, 043524 (2017)

(temperature decreases), the effective mixing angle
increases, whereas the damping rate y~ decreases; therefore,
we expect R~ (y, 7) for fixed values of y to feature a peak as a
function of z. The analysis in the previous sections clarifies
that for 7> ,/y the damping rate is exponentially sup-
pressed [see Egs. (4.30) and (4.29)], whereas the real part
(index of refraction) falls off as 1/7° [see Eq. (5.7)]; there-
fore, the production rate is exponentially suppressed at large
7 as the mixing angle grows much slower. This entails the
[freeze-out of the distribution function.

This expectation is confirmed by the numerical study.
Figures 8 and 9 show R~ (y, r) for various values of y as a
function of 7 and as a function of y for z =2, 5, 10.
Numerically, the case with M,/My, = 10~ is indistin-
guishable from that setting M = 0 in the denominator of
R~ [see Eq. (7.8)]. These figures clearly show the “freeze-
out” of the distribution as a function of 7; as the rate
vanishes for large 7, larger values of y freeze out at larger =
but with much smaller amplitudes. This feature is expected;
the vector bosons are suppressed at smaller temperatures
(larger 7), and large values of y are further suppressed by
the detailed balance factor 1/(e” + 1). Figure (9) shows the
“filling” of the different wave vectors; as time evolves,
larger y are populated, but eventually larger values of y are
suppressed by the Fermi-Dirac factor n,,(y). Assuming that
the initial population vanishes at 7= 1), the asymptotic
distribution function is given by

®dn; (z,y)
5 = —=~ 7
n;(y) [ g T

4
—0.92 x 101°¢? <£) F-(y), (7.10)
My

where we have defined the frozen distribution

F=(y) = [oR—(y,r)dr, (7.11)

30000

25000 —

20000 —

15000 [~

R (y,7)

10000 [~

5000 [~

20

FIG. 8. Rates R (y,7) [see Egs. (7.8) and (7.9)] vs t for
y=0.5,1,3 for M,/My, = 107,
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which is shown in Fig. 10. Although we have set the lower
limit 7 = 1 for consistency in (7.11), we find that R~ (y, 7)
vanishes as 7 — 0 and the lower limit can be effectively
taken to 7 = 0. A numerical study informs us that the
region 0 < y < 10, which features the largest contribution
to the distribution function, freezes out at 7, = 15, corre-
sponding to a freeze-out temperature for negative helicity
modes Ty = My /7y =5 GeV.

The vanishing of F~(y) as y — 0 is a consequence of the
vanishing of the imaginary part and a direct consequence of
the decay kinematics in the medium; as explained above,
the y — 0 is dominated by the decay of vector bosons that
are highly boosted in the rest frame of the plasma, and the
population of these states is highly suppressed at 7' = My,.
The broadening of the distribution as compared to the
damping rate (compare Figs. 4 and 10) is a consequence of
a longer freeze-out time resulting from the competition
between a decreasing damping rate /= and an increasing
mixing angle; the modes with higher y continue to populate
as the mixing angle increases, but eventually as modes with
large values of y are populated, their contribution is

100000

80000

60000

F (y)

40000

20000

10

(=]

FIG. 10. Asymptotic distribution function F~(y) [see

Egs. (7.10) and (7.11)] vs y.
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suppressed by the detailed balance factor n,,(y). After
freeze-out, the total number density of negative helicity
neutrinos produced (equal to the total number of positive
helicity antineutrinos in the absence of a lepton asymmetry)

is given by

__T()

=—" 7.12
== (1.12)

A ny (v)y*dy,
for which we need the result
/oo yzF_(y)dy =N- =2.287 x 10°, (7.13)
0

This integral is dominated by the region 0 < y < 10, which
freezes out at 7 = 15, with the result that

Jie v F~(y)dy

J5 2 F~(y)dy

Normalizing the number density to that of 1 degree of
freedom of an active massless neutrino decoupled in

equilibrium at the same temperature, namely,

=3.9x% 1073, (7.14)

(1) [
No= [Tnads,(113)
where neq(y) =1/(e¥ 4+ 1), we find
N3 M
= 28562 g ; 7.16
N, <MeV> (7.16)

this ratio is constant throughout the expansion history.
This analysis shows that this mechanism of production will
not yield a thermalized species for M ,few MeV and
6 < 107, under these conditions, we note that the approxi-
mation (7.5) of neglecting the buildup of the population in
the quantum kinetic equation (7.4) is consistent since the

ratio N5 /N, < 1.

B. Positive helicity

For positive helicity, we find

d + M 2 21-%
Ay (®3) _ .90 x 101602 (Mo ) T () (7.17)
T My) yle' +1]

where, as discussed above, we have used the approximate
rate (6.6). As for the negative helicity case, it proves

convenient to write (7.17) as

 (53) _ 92 % 100667 (M) ke (9, )
dr My
121+(T y>
R 2 ELEY) 7.18
(>, 7) yle¥ + 1] ( )
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where R"(z,y) is read off (7.17) and does not depend on
M. Figure 11 shows R*(z,y) vs y for t=1, 3, 5, and
Fig. 12 shows R* (7, y) vs z for y = 1, 3, 5. Together, these
figures show the filling of higher momentum modes as the
temperature decreases and the freeze-out of the distribution
function for different wave vectors. The larger values of y
take longer to be populated and freeze out later, but their
contribution is strongly suppressed by the detailed balance
factor 1/(e” +1).

Similarly to the previous case, the asymptotic distribu-
tion function is

M. \2
ny (y) = 0.92 x 10'%¢? <M_‘;,) F+(y);

FH(y) = / * R*(z.y)dx.

1

(7.19)

The asymptotic distribution function F; (y) is shown in
Fig. 13; it is dominated by the region 0 < y < 8 with

[ V2 F Tt (y)dy

J8 7 VB 3351073
J&> v Ft (y)dy .

(7.20)

and freezes out at 7 == 10, corresponding to a freeze-out
temperature 7 =8 GeV.

R*(z,y) given by Eq. (7.18) vs y = ¢/T for = = 1, 3, 5 respectively.

We note that the distribution function for the positive
helicity component is sharply peaked at small momenta
y~0.5 as compared to that for the negative helicity
component, which is much broader and peaks at
y = 2.5; namely, the positive helicity component yields a
much colder distribution (compare Figs. 10 and 13). The
reason for this discrepancy is the fact that the production
rate for the negative helicity component features a com-
petition between a diminishing damping rate but an
increasing effective mixing angle as 7 increases (temper-
ature decreases). This competition results in a longer
freeze-out time allowing buildup in the population of larger
momentum modes as 7 evolves as discussed above. It is
remarkable that the distribution functions F5 are very
similar to those found from pion decay in Refs. [45,89].
The similarity is more striking for F~. The physical reason
for this similarity is actually simply the fact that low
momentum modes are suppressed since the presence of low
momentum sterile neutrinos in the decay of a much more
massive particle implies that this “mother” particle must be
highly boosted in the plasma.

The total population at an asymptotically long time is
given by

1

N3 —F/ ny (y)y*dy, (7.21)
7= Jo
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which is determined by the integral

/ ¥ V2F*(y)dy = Nt = 0.025. (7.22)
0

As in the negative helicity case, normalizing to the number
density of relativistic neutrino decoupled in equilibrium at
the same temperature (7.15), we find

0.10

0.08

0.02 -

0.00

FIG. 13. Asymptotic distribution function F*(y) in Eq. (7.19)
vsy=gq/T.

L
& =2 x 10*6? (ﬂ)z
N, MeV
Again, we see that for M, =MeV and 0 < 1072 the
sterilelike species produced by vector boson decay does
not thermalize.

We have studied the contributions of positive and
negative helicity individually to highlight the different
distribution functions and dependence on Mg; however,
each is simply a different decay channel for the production
of sterilelike eigenstates from the decay of vector bosons,

and both channels contribute to the total abundance. Hence,
we combine both channels to give the total density

(7.23)

ny(y) = ny (y) +n5(y)
= 3.6(%1) <1\]4We )zf(MS,y);
f(M,.y) = {F;/(f’ )y (835M I\S/IeV>2FI_V<‘y >], (7.24)

where the normalization factors N* are given by (7.13) and
(7.22). The effective distribution function multiplied by the
phase space factor y? is shown in Fig. 14 for M, = 1 MeV
where is dominated by the positive helicity component and
M, =10 MeV where it is dominated by the negative
helicity component.
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FIG. 14. Total distribution function f(M,,y) in Eq. (7.24)
multiplied by y*> vs y = q/T for M, = 1;10 MeV.

This figure clearly shows the strongly nonthermal total
distribution function at freeze-out. It also provides a
specific example of the “mixed dark matter” nature [89]
when several different production channels with different
kinematics and effective mixing angles contribute to the
production of a sterilelike species. The “hump” in f(M,, y)
for My = 10 MeV is a result of the competition between
the two channels; the negative helicity channel is hotter
since its distribution is peaked at larger momenta but
becomes dominant at larger M ;, whereas that of the positive
helicity is colder since it is peaked at lower momenta but
dominates for smaller M. Accordingly, we find for the total
abundance normalized to that of a single degree of freedom
of a massless thermal neutrino, with N, = N5 + N7,

N,

o) ) i) o

The first term in the brackets is the contribution from the
positive helicity states, and the second is from the negative
helicity; both become comparable for M = 8.35 MeV.

If the sterilelike neutrino is stable, its comoving number
density would remain constant, and upon becoming non-
relativistic, this species would contribute to dark matter a
fraction given by [89]

Q, h? M, (g %
= _—_" (& 2dy, (7.26
F> QT4 eV (gd)/o ny(y)y*dy, (7.26)

where g,, is the number of degrees of freedom for neutrinos
of negative helicity; we will assume Dirac neutrinos in
which case g,, = 2, accounting for neutrinos and antineu-
trinos (g,, = 1 for Majorana neutrinos); and g, = 100 is
the number of ultrarelativistic degrees of freedom at
decoupling (freeze-out), which occurs at T, = 5—8 GeV,
yielding
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0 M, \3 M, 2
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F2=09 (10—8> (Me ) [ N <8.35 MeVH

(7.27)

The terms in the brackets are the contribution from the
positive helicity and negative helicity, respectively, and the
latter dominates for M, > 8.35 MeV.

It is clear from this expression that the sterile neutrinos
produced by vector boson decay cannot yield a substantial
=KeV warm dark matter component, since the x-ray data
constrain such a component to the mass range =few KeV
and mixing angle #%> < 107'° [33-35,43], which according
to (7.27) would yield a negligible abundance of such
species. However, accelerator and cosmological bounds
[73,81] allow for heavy sterile states with masses in the
MeV range and mixing angles <1077; in fact, these are the
bounds used in the recent analysis of MeV sterile neutrinos
as possible solutions to the 7Li problem [74,79], which we
discuss further in Sec. VIII below.

The results obtained above for the distribution and
abundances constitute a lower bound. This is because we
have neglected any initial population, and, as it will be
discussed below, we expect other processes to yield sterile-
like neutrinos at various stages of the thermal history.

VIII. DISCUSSION

A. Validity of approximations

We have implemented several approximations to obtain
the above results, which merit a discussion of their validity:
(1) Ultrarelativistic neutrinos: This is an obvious
approximation for the activelike mass eigenstates;
for the sterilelike eigenstate, this implies M,/q < 1.
In the expanding cosmology, this inequality is in
terms of the physical momentum g,(7) = g/a(t)
with g being the comoving momentum. Since y =
qpnys(t)/T(t) is a constant and T (t) = My, /7, hence
dphys(t) = YMy /7. The inequality must be evalu-
ated at freeze-out; therefore, the condition for the
validity of the ultrarelativistic limit for sterilelike
neutrinos is

yMy

sTf

> 1, (8.1)

in the range of the distribution function with the
largest support. With 7, =15, the condition (8.1)
applies to y =2 M, /6 GeV, which is fulfilled for y >
1073 for M, = few MeV. The distribution function
is exponentially suppressed at small y in both cases;
therefore, M, = few MeV fulfills the criterion in
almost the whole range but for extremely small
values of y which are suppressed both by the
distribution and by the phase space.
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(i) € < 1: This approximation was used in expanding
the square roots in (2.28) and extracting the
dispersion relations (2.39), (2.42), (2.43) and effec-
tive mixing angles (2.44). Assuming 6 < 1, the
actual approximation is (1 + (A/&))? + (y/&)? >
6? or in fact that 6. < 6, which is fulfilled in both
cases. As was discussed above in the negative
helicity case, the (MSW) resonance when 1+
A,/E=0 1is actually screened by the term
v2/E = (M3%,/M?)I~, which is actually > 1 for
My, /M, > 10*> suppressing the effective mixing
angle 0.4 < 0. Therefore, this approximation is
consistent; namely, assuming that the vacuum mix-
ing angle is < 1 implies that the effective mixing
angle is also <1 and the corrections are such
that H/Heff < 1.

Activelike neutrinos in LTE: This approximation
was invoked to obtain the neutral current contribu-
tion to the self-energy with thermalized neutrinos in
the intermediate state. For 6 < 1 — 04 < 1 and
cos(B.5) = 1 implying that the interaction vertices
of activelike neutrinos are the usual standard model
ones. This, in turn, implies the validity of the usual
argument that leads one to conclude that active
neutrinos are in LTE down to T = MeV, which is
much smaller than the freeze-out temperature of
sterilelike neutrinos 7'y = few GeV. Therefore, this
approximation is valid all throughout the region of
production via vector boson decay and even much
lower temperatures down to the usual decoupling
temperature =MeV for weak interactions.
Perturbative expansion: The validity of perturbation
theory in describing sterilelike production and
freeze-out relies on rwo small dimensionless param-
eters: a,, = 1/32 and 6 < 1. Inspection of the ratio
Sl /w,(q) [see Eqgs. (2.39) and (2.42)] clearly
shows that this ratio is < 1 for O < 1, a, < 1
and the ultrarelativistic limit, confirming the validity
of the perturbative expansion for the description of
production and freeze-out of sterilelike neutrinos.

(iif)

(iv)

B. Other contributions and higher orders

Production of sterilelike neutrinos from vector boson
decay is the dominant process at T = My, ; and is of order
a,, as clearly exhibited by the results obtained above. This
is the leading contribution to the self-energy in this
temperature range, namely, the one-loop contributions
depicted in Fig. 1. In the same temperature regime, there
are several other processes that contribute to the imaginary
part of the self-energy and hence to the production rate:
heavy quark and lepton decays via charged current inter-
actions, ¢ — giv, t,u — vvl; charged lepton annihilation
[T~ — Dv (via neutral currents); and several other proc-
esses (for a more detailed discussion, see Ref. [89]). These
processes contribute to the imaginary part of the self-energy
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at two loops and therefore are of order . Furthermore, at
T < My, 7, these are further suppressed by a vector boson
propagator, and therefore their contribution to the imagi-
nary part is generically CG%T*g typically with C = 1. As
the temperature diminishes through the cosmological
expansion, the damping rate from vector boson decay will
become of the same order as the contribution to the
imaginary part from these higher order processes, which
must then be taken into account if the available energy is
larger than the threshold for sterilelike production.
Therefore, the results obtained in the previous section
provide a lower bound to the abundance of sterilelike
neutrinos, as processes that are of higher order but
dominate at lower temperatures increase the abundance.

The index of refraction, namely, the real part of the self-
energy, is dominated by the one-loop result, which for low
temperatures (large 7) is given by the low temperature
limits (5.6), (5.11). This observation is important. At 7 <«
My, on dimensional grounds, the two loop processes yield
real and imaginary parts of the self-energy o G2T*q since
this limit is well described by the local Fermi theory;
therefore, compared to the low temperature limit of the one-
loop contribution (5.6), (5.11), the two-loop contribution to
the real part is suppressed by a power of «,,. Therefore, for
T <« My, the leading contribution to real part or index of
refraction is given by the one-loop results (5.6), (5.11),
whereas the imaginary part (damping rate) is determined by
the two-loop diagrams and are o« G%T*¢g, the proportion-
ality constant determined by the nature and number of
degrees of freedom (leptons and quarks) that enter in the
processes. Therefore, in principle, a complete description
of production and freeze-out should include all possible
processes at one and two loops in the self-energy. The real
part is dominated by the one-loop term, but the imaginary
part will receive contributions from both one and two loops;
the relevance of each will depend on the temperature
regime. For the mixing angle, both the real and imaginary
part (damping rate) are needed, however the imaginary part
is of the same order than the real part only for the one-loop
contribution, namely at temperatures of the order of My, ,
(or larger), however, at much lower temperatures, the
corrections to the mixing angle are dominated by one-loop
contribution to the real part given by (5.7), (5.12) and the
two loop contributions to both the real and imaginary parts
can be safely neglected in agreement with the results of
Refs. [13,20,103]. Reference [26] discusses further con-
tributions at 7 > My, which merit further study but are
outside the scope of this article.

In the temperature regime considered here, T = M, ;,
self-energy corrections to the propagators of massive vector
bosons (quark and lepton loops) are perturbative and
suppressed by another power of a,,. Self-energy corrections
to the charged lepton propagators are the same as the hard
thermal loop corrections. In Sec. IV, we discussed the
possible influence of hard thermal loop corrections to the
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lepton propagators, arguing that these are subleading for
kinematic reasons. The numerical results obtained in the
previous sections confirm this argument; the production
rate and final distribution functions receive the largest
support in the region of momenta ¢/7T <2—3. In this
region of phase space, kinematically the charged leptons
produced via vector boson decay feature momenta g = T,
and in this region of momenta, hard thermal loop correc-
tions can be safely neglected. However, the large momen-
tum tail of the sterile neutrino distribution, although
strongly suppressed as shown numerically, will be affected
by these corrections. A study of these is beyond the scope
of this article and is relegated to a future study.

C. Lifetime constraints

Massive sterilelike neutrinos can decay in various
leptonic channels [58,59]. Consider the simpler case of
one sterilelike v, and one activelike v; neutrino with 6 < 1,
the charged current channel v, — e"e~v, is available for
M, = M, > 1 MeV. The “invisible” neutral current v, —
3v; channel is available for any M, of cosmological
relevance for WDM or cold dark matter. The radiative
channel v, — yv; is suppressed by one power of «,,,. The
decay widths for these channels have been obtained
[58,59,105] as

M\ [m2] /1
T(vy — eteuy) = 3.5 x 107562 (W) K[W} <E>

(8.2)

where the function K — 0 for M, — 2m, and K — 1 for
M > m, [58]. For other leptonic channels, similar expres-
sions were obtained in Ref. [105].

The decay rate into activelike neutrinos mediated by
neutral currents [not Glashow-Iliopoulos-Maiani sup-
pressed with sterilelike heavy neutrinos] is given by (see
Refs. [58,59])

M, \5/1
F(l/z e 31/1) =35x 10_592 (M—eif) (;) (83)

and the radiative decay width [59,106]

M, \5/1
F(l/z - ]/l/l) = 10_792 <M—e\/> (E) .

Recent results for a lower bound on the lifetime of dark
matter yields ¢, = 160 Gyr [107]; a similar bound but in
terms of the fraction of cold dark matter is given in
Ref. [108]. Adding both leptonic channels, assuming that
M, =z MeV and taking both of the same order, the condition
that the sterile species would be a suitable dark matter
candidate implies that its lifetime is longer than or equal to
this lower bound, namely, I',, ¢, < 1, implying that

(8.4)
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5
0 (—I\TSV> <1071,
e

Combining this bound with the fractional abundance
(7.27), we find that

(8.5)

fz(bﬁs )?
[+ (s353me)’]

which could yield F, =1 for M, = few KeV, which,
however, would require a very large mixing angle 6 =
1072 which is ruled out by cosmological x-ray bounds
[33-35,43]. Hence, we conclude that sterilelike neutrinos
produced via vector boson decay cannot be suitable dark
matter candidates.

However, if there is a hierarchy of sterilelike neutrinos,
heavy neutrinos with M, of a few MeV and mixing angles
6% > 10713, these may decay into lighter =KeV sterilelike
states that could contribute to the dark matter abundance.
This possibility of cascade decay merits further study and is
clearly beyond the scope of this article.

<107, (8.6)

D. Comparison to other results

The expressions for the quantum kinetic equation (3.17)
and the effective mixing angle in the medium (2.44) that we
obtained are exact to all orders in standard model couplings
and to leading order in #> < 1. In Refs. [27,109], an
expression for the effective mixing angle that includes both
the real part (index of refraction) and imaginary part
(damping rate) of the self-energy (from standard model
interactions) has been proposed that seems to be valid for
an arbitrary vacuum mixing angle. Our result is only valid
for @ << 1 where we can extract unambiguously the mixing
angle from the position of the complex poles in the
propagator. It is not straightforward to define or extract
a real mixing angle in the case of large 6; the subtleties
are discussed in Ref. [92]. The final form of the quantum
kinetic equation (3.17) is similar to that used in
Refs. [11,13], although in these articles, the mixing angle
only includes the index of refraction (real part), valid in the
temperature regime of interest in those articles. Crucially,
our analysis shows the importance of the positive helicity
component: at high temperature, the in-medium suppres-
sion of the mixing angle for negative helicity is much larger
than that for positive helicity since the latter interacts with
the medium with a coupling that is helicity suppressed.
However, the contributions from the in-medium suppressed
negative helicity and the helicity suppressed positive
helicity may be competitive within a range of masses
and temperatures. This is an aspect that has not been
discussed previously.

Reference [26] considers the production of =GeV
sterile neutrinos in the temperature range 5 GeV <
T < 160 GeV, focusing on the washout of lepton densities;
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our results are in broad agreement with those of this
reference for the processes associated with vector boson
decay for negative helicity states in the regions where a
comparison is meaningful. However, in contrast, we focus
on the mass scale =MeV motivated by the possible
solution to the ’Li problem and concentrate on the role
which helicity plays in the effective mixing angles in the
medium and the damping and production rates.
Furthermore, we study the full dynamics of production
and freeze-out, including cosmological expansion for both
helicity states obtaining the abundance at freeze-out and
establishing the freeze-out temperature and time scales for
each helicity.

The role that helicity plays is an immediate consequence
of the V — A coupling in the standard model. The inter-
action of positive helicity states with the medium is helicity
suppressed, relative to those with negative helicity. As
shown above, the mixing angle for positive helicity states is
hardly modified by their interaction with the medium,
whereas that for negative helicity states is strongly sup-
pressed, positive helicity states dominate the production in
a wide range of masses. Furthermore, we find a MSW
resonance for negative helicity states in the absence of a
lepton asymmetry, which is screened by the damping rate
and does not enhance the production. We study the full
dynamics of production with cosmological expansion
analyzing the freeze-out of both helicity states, establishing
the freeze-out temperature for each channel and obtaining
the frozen distributions. The final distribution exhibits the
contribution from both helicity channels, one colder than
the other and with both distinctly nonthermal. We also
analyze the various accelerator, lifetime and cosmological
constraints both for dark matter as well as the possibility
that =MeV sterile neutrinos might solve the "Li problem
(see the discussion below).

E. Thermalization?

The result for the total abundance of sterile neutrinos
produced via vector boson decay, compared to that of a
thermal species given by Eq. (7.25), shows that for 0 <
1072,and M, of few MeV sterile neutrinos produced via
this mechanism do not thermalize. If the lifetime of the
sterilelike neutrino is (much) shorter than the age of the
Universe, it means that at some time in the past history of
the Universe the rate dn,(z)/dt < 0 since if such a species
is present today its population is decaying in time. We have
argued that the quantum kinetic equation (3.17) is exact to
all orders in standard model couplings to leading order in
0* < 1. In fact, as per the discussion leading up to (3.17),
the production term is completely determined by the
damping rate, the mixing angle (in the combination I'})
and detailed balance, which, if the sterilelike mass eigen-
state is not relativistic, entails that the correct form of the
quantum Kinetic equation is
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dnl(q;t
PEED (g mreE) = b)), (8)
where
B=— Eo M gy
n = —= — .
LTE T T 7

and I'4(q) are the damping rates in terms of the imaginary
part of the self-energy (2.59). In Minkowski space-time,
however small, the mixing angle (hence I';) sterilelike mass
eigenstates will always thermalize; the longer the thermal-
ization time scale, the smaller I',. With cosmological
expansion, freeze-out occurs when I',/H(t) < 1 (for a
more detailed discussion, see Ref. [89]). In the original
form (gain-loss) of the kinetic equation (3.4), the gain term
always involves the annihilation of one or several species
(vector bosons, leptons and quarks) that by assumption are
in LTE in the plasma; as the Universe expands and cools,
the abundance of these species diminishes, and the gain
contributions diminish accordingly. The loss terms that
involve the annihilation of one or more species in LTE also
diminish under cosmological expansion; however, if the
sterile neutrino can decay into other species, this decay
contribution only entails the creation of the decay products,
and these contributions do not vanish as the temperature
diminishes. Three processes that contribute to the loss term
and survive in the low temperature limit are precisely the
decay channels (8.2), (8.3), (8.4). Therefore, if the sterile-
like mass eigenstate decays with a lifetime smaller than the
age of the Universe, these loss terms dominate the quantum
kinetic equation at some late time, and the rate becomes
negative before today. The form (8.7) implies that at some
time in the past the sterilelike neutrino has thermalized,
since the production term (gain) dominates initially but the
decay (loss) dominates at late times, the rate must have
passed through zero in between, namely the distribution
reached LTE and started to decay after this point. This
discussion becomes relevant with the possibility that M of
a few MeV and lifetime =103(s) could provide a solution
to the 7Li problem as suggested in Refs. [74,78,79], as
discussed below.

In Ref. [110], a study of low scale type-I seesaw models
suggests that processes that are dominant at much lower
temperature result in the thermalization of heavy states.
Therefore, it is possible that other mechanisms which
dominate at lower temperature and are not considered in
our study may lead to the thermalization of the heavy sterile
states produced via vector boson decay. An important
aspect to be understood is whether thermalization occurs
before or after the time scale required to solve the 7Li
problem [79] as this will impact the destruction of "Be in
the nucleosynthesis chain.

The study of such a possibility is definitely important but
beyond the scope of this article.
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F. Solution to the "Li problem?

In Ref. [79], the authors performed an exhaustive
analysis of the parameter space within which the decay
of sterile neutrinos of M, =few MeV could yield a
solution to the ’Li problem as previously advocated in
Refs. [74,78]. The analysis of Ref. [79] included the most
recent data on cosmic microwave background anisotropies
and concluded that a heavy sterile neutrino with M =
4.35 MeV and lifetime I'"! = 1.8 x 103(s) would provide
a suitable solution. However, the parameter space also
bounds the ratio> A';/N, =10~* and the mixing angle
6> = 10~*. These values are in significant tension both with
the results that we obtained above and the bounds of
Ref. [83]. In particular, with M, = few MeV and such a
large mixing angle, our result (7.25) indicates that
N, /N, =1, suggesting full thermalization; furthermore,
as is discussed above, our results provide a lower bound for
the abundance of sterilelike heavy neutrinos. Both the
region of abundance and mixing angles found in Ref. [79]
seem in strong tension with the bounds in Ref. [83], and
both caveats are recognized in Ref. [79], which suggests, as
a possible alternative, a low reheating temperature [73]. Of
course, our results rely on LTE at the electroweak scale;
therefore, they are not applicable to such a scenario. Hence,
although the production mechanism of sterilelike neutrinos
studied in this article, which is the leading order in standard
model couplings and provides a lower bound to the
abundance, offers a compelling mechanism for production
of heavy sterilelike neutrinos with the possibility to solve
the 7Li problem, significant tension arises between the
parameter range of the solution established in Ref. [79], our
result as a lower bound on the abundance and the
cosmological bounds obtained in Ref. [83]. The resolution
of this tension merits a deeper study, well beyond the scope
of this article.

G. WDM from cascade decay

The analysis of the solution to the ’Li problem suggested
in Refs. [74,78,79] is a specific example of a cascade decay
mechanism: heavy (M, ~few MeV) sterilelike neutrinos
produced at a (high) scale that eventually decay into several
channels with the daughter particles influencing important
physical processes during cosmological expansion. If there
is a hierarchy of sterilelike massive neutrinos that include
MeV and KeV scales, the heavier mass states may be
produced at a high temperature, such as explored in this
article, and the decay of this heavy state on a time scale
=10%s to solve the "Li problem (if the caveats discussed
above can be overcome) can also lead to the production of
the lighter mass states that can be suitable WDM candi-
dates. While this lifetime is interesting within the context of

*This reference actually bounds A, /N ,.;, which differs by a
factor 3/4.
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the 7Li problem, a heavy neutrino with M; = MeV and
0 =107 would feature a lifetime =10'?(s) therefore
decaying into a WDM candidate just after matter radiation
equality. This possibility emerges naturally by writing the
weak interaction vertices in mass eigenstates, and then the
process v, — 3v; yields a contribution v, — 2v;v,, with v,
and v,, the heavier (=MeV) and lighter (=KeV) mass
eigenstates, respectively. The branching ratio for such a
process is « 62,, where 62, is the mixing angle of the active
(flavor) neutrinos with the sterilelike lighter neutrino v,,,.
This mechanism of production of WDM candidates is a
tantalizing possibility that would be a natural scenario in
extensions beyond the standard model that posit the
existence of several sterile neutrinos merits further study
clearly beyond the scope of this article.

IX. SUMMARY OF RESULTS, CONCLUSIONS
AND FURTHER QUESTIONS

Our goals in this article are twofold:

(1) First is to obtain the general form of the quantum
kinetic equations and effective mixing angles in the
medium to describe production and freeze-out of
sterilelike (mass eigenstates) neutrinos in a broad
range of temperatures and under a minimal set of
assumptions. Our study departs from previous ones
(see the recent review [111]) in several important
aspects: we focus on the different helicity contribu-
tions, and we systematically include the absorptive
part of the self-energy in the in-medium modifica-
tion of the mixing angle.

(i1) Second is to apply the kinetic equations thus found
to study the production to leading order in standard
model couplings from vector boson decay at
T=My.

We obtained the effective mixing angles in the medium
directly from the equations of motion in the case of mixing
of one sterile with one active neutrino via a seesaw mass
matrix with standard model interactions for the active
(flavor) neutrino valid when the vacuum mixing angle
0 <1 but to all orders in standard model couplings.
Assuming that all standard model degrees of freedom
are in LTE in the relevant temperature range, we obtained
the quantum kinetic equation that describes the production,
evolution and freeze-out of sterilelike mass eigenstates. The
mixing angles in the medium and the production rate are
determined by the real and imaginary parts of the self-
energy on the mass shell of the sterilelike mass eigenstate
and depend on helicity. The full quantum kinetic equation
to leading order in § < 1 is

dnl(q; 1)

dr 4 (q)[nire(q) — nh(g; 1)),

where h = =+ correspond to helicity states and I'; (¢) are
given by (2.59) with (2.55) and (2.55) and ny1g is the
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Fermi-Dirac distribution function in LTE. The full expres-
sion for the mixing angles in the medium, valid to all orders
in standard model couplings and to leading order in 8 <« 1,
is given in the relativistic limit by

0
Ah h ’
[(1 +%)2 + (J’ éq))z]l/z

egff(q ) =

where A, y, £ are given by (2.55)—(2.58), (2.41), respec-
tively, in terms of the real (A) and imaginary (y) parts of the
active neutrino self-energy on the mass shell of the sterile-
like eigenstate.

We implemented the quantum kinetic equation to obtain
the production of sterilelike neutrinos from vector boson
decay at T = My including cosmological expansion. For
negative helicity neutrinos (and positive helicity antineu-
trinos), the effective mixing angle is strongly suppressed by
the medium; however, for positive helicity neutrinos (and
negative helicity antineutrinos), the medium corrections are
negligible because the interaction with the medium is
helicity suppressed. We find that there is a region of
masses for which the production of both species is
comparable.

It is noteworthy that the mixing angle for negative
helicity neutrinos features an MSW resonance in the
absence of lepton asymmetry, which, however, is screened
by the imaginary part of the self-energy. This is an
important aspect that has not been previously addressed
before; the absorptive (imaginary) part of the self-energy
also contributes to the mixing angle in the medium.

Negative helicity neutrinos freeze out at 7y =5 GeV
with a broader distribution as a consequence of a com-
petition between a diminishing damping rate y and an
increasing effective mixing angle as the temperature
diminishes. Positive helicity neutrinos’ freeze-out temper-
ature is T}r = § GeV with a distribution that peaks at much
smaller momenta, describing a colder species. Accounting
for both channels, we find that the distribution function of
sterilelike neutrinos of mass M, = M, is given by

ny(y) = 3.6 (1(9)—2_4) <1\Z )2f(Ms,y)’

where y = ¢q/T and y*f(M,,y) is strongly nonthermal
and is displayed in Fig. 14, revealing the competition
between the colder (positive helicity) and hotter (negative
helicity) components. The total abundance normalized to
that of one relativistic degree of freedom in thermal
equilibrium (N,) is

(T (i)}

The first term in the brackets is the contribution from the
positive helicity states, and the second is from the negative

Ny
N,
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helicity; both become comparable for M, = 8.35 MeV.
We argue that this expression is a lower bound on the
abundance of sterilelike neutrinos.

The fractional abundance of dark matter contributed by
both helicity components is given by (7.27). Constraints
from x-ray data on masses and mixing angles suggest that
sterilelike neutrinos produced by vector boson decay
cannot yield a substantial M, = KeV warm dark matter
component. However, this production mechanism yields a
substantial abundance of M = MeV heavy sterilelike
neutrinos with 6> < 10™* consistent with accelerator con-
straints. Therefore, this production mechanism may yield
the heavy neutrinos recently invoked to solve the ’Li
problem [74,78,79]. However, the parameter range deter-
mined in Ref. [79] also bounds A//N, = 107*, which is
incompatible with the result (9.1) for the range of mass and
mixing angles reported in this reference and is also in
conflict with recent bounds reported in Ref. [83]. The
possibility that heavy =MeV sterilelike neutrinos decaying
after BBN injecting energy in the medium providing a
solution of the ’Li problem as suggested also in
Refs. [74,78,79] merits a deeper study both of the pro-
duction mechanism as well as the cosmological impact of
this heavy neutrino species.

A. Further questions

The study of production at T' > My, , requires a deeper
understanding of the finite temperature corrections to the
dispersion relations of the vector bosons near the electro-
weak crossover regime, a worthy study which is beyond the
scope of this article. We have suggested several other
processes that contribute to the production throughout the
thermal history of the Universe; while these are higher
order (two loops) processes, they may be comparable to the
leading order processes or even dominate at temperature
T < My,. However, the medium corrections to the mixing
angles are completely determined by the one-loop contri-
bution, and the effective mixing angle is given by Eq. (6.2).
Further study of these processes is clearly warranted; they
can be competitive near the freeze-out temperature of the
leading one-loop contribution for heavy sterile neutrinos
and, crucially, contribute to the production of lighter mass
eigenstates. We have also argued that sterile neutrinos with
lifetimes shorter than the age of the Universe that are
decaying today must necessarily have thermalized at some
time in the past. Studying this thermalization process is of
fundamental interest since most of the calculations of
production neglect this possibility by neglecting the loss
term in the kinetic equation, yet thermalization of heavy
sterile neutrinos may have important cosmological conse-
quences for the expansion history. In Ref. [110], a study of
low scale type-I seesaw models suggests that heavy sterile
neutrinos do thermalize through collision processes dom-
inant at much lower temperatures, motivating further
studies of thermalization. We have also suggested that
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several compelling extensions beyond the standard model
posit a hierarchy of sterile neutrino masses, and this opens
the possibility that heavier sterile states may be produced at
high temperature, as analyzed here, and decay well after
BBN or near the time of matter-radiation equality into
lighter sterile states that may be suitable WDM candidates.
This mechanism of cascade decay, which is fundamentally
similar to that advocated for the solution to the 7Li problem
as an energy injection mechanism, is worthy of study.
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APPENDIX: SPECTRAL DENSITY

The spectral densities are obtained for a generic vector
boson mass M, with a straightforward application for either
charged or neutral current cases.

We need to identify the regions in which the product of
delta functions in (4.22) with (4.23) have support in the
interval W= < W < W+,

Using the identities

np(=k) =1=np(k);  Ny(=p°) = =(1+Ny(p")).
(A1)
the product
[6(ko — k) = 8(ko + K)][6(q0 — k" = W)
— (g0 = K + W)I[1 = ny(ko) + Ny(po)ls
pPP=q" -k (A2)

is gathered into four different terms; keeping the finite
temperature contributions only, these are

1): 6(k°—k)6(q° —k—W) [—n/(k) + Ny(q° —k)]. (A3)
This contribution describes the decay of the sterile neutrino
and its inverse process v; <> [W. The delta function
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5(¢° —k— W) has support for W= < ¢’ —k < W+ as a
function of k, and this constraint implies

(q())Z _ q2 _ M2

k- <k<kt; kKt =
2(¢° ¥ q)

for ¢° > \/q* + M?

2): 5(k° + k)s(q°

(A4)

+k+ W)[1 —ns(=k) + Ny(q° + k)]

(A5)
For this term, it must be that ¢°+k <0 since
W= <W < W, and because k >0, it follows that

g° < 0. Therefore, using the identity (A1) and keeping
solely the finite temperature contributions, this term yields

2): —5(k" 4+ k)5(|¢°| — k — W)[—n (k)

+N,(1¢°| =K)]; 1¢°l =k >0, (A6)

which is similar to the previous case. The region of support
is ¢° < 0 and for k is

02 _ 2 _ a2
k<kt =) Za =M
2(l¢°l ¥ a)
for |¢°| > \/q* +M? (A7)
3): —8(k" = k)a(q" — k+ W)[1 = ns(k) + Ny(q° = k)];
(A8)
this term has support for k — ¢° > 0, using (A1),
3): 6(k = k)d(k = q° = W)np(k) + Ny(k = q°)].  (A9)

For gy > 0, this contribution describes the decay of the
charged lepton and its inverse [ <> v W, whereas for
qo < 0, it describes the decay of the W into a charged
lepton and a sterile antineutrino and its inverse, namely,
W <« v,l. The regions of support are

ir) 0<4¢"<gq; k= <k < o0;

M2
P il Ul (fq i (A10)
2(¢-q")
i) 0>q°> —q; kT = oo
2 M2 0
L A (O r (A11)
2(q—4q")
iii:) q° <0; q <14° £/ ¢ + M?;
2 M2 — (O
k- <k<kt: kE = CH_O—(‘]) (A12)
2(1¢°1 ¥ @)
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4): —8(k° + k)5(¢q° + k= W)[ns(k) + Np(q° + k)].
(A13)

For g > 0, the delta function 5(¢° + k — W) describes the
decay of the W into a sterile neutrino and a charged lepton.
The regions of support are

it0<q¢"<gq:; k= <k < oo;

¢+ M2 — (g°)?
2(q+4°)

ii: g<q°<\/q¢*+M?*:;
ki _ q2 +M2—(q0)2
2(q F 4°)

= (Al14)

k- <k<kt;

(A15)

iii: —q<q"<0:;
¢+ M? — (q°)?
2(q +4°)

k~ <k < oo;

k- = (A16)

The regions i and iii describe the process of Landau
damping [104], with support below the light cone, corre-
sponding to emission and reabsorption of thermal excita-
tions similarly to the case of the self-energy of quarks
interacting with gluons or electrons with photons. For the
case of the massive vector boson, the Landau damping cut
is continued above the light cone, corresponding to the
region ii. This term is the only one that contributes to the
imaginary part on the mass shell of the sterilelike neutrino.

The integrals over k° can be done straightforwardly; the
contributions from L[Q, k|- P[p] [see Egs. (4.12) and
(4.15)] yield the following terms for negative and positive
helicity respectively:

k° integrals, negatlve helicity:

(i) for 1: _%[FI(CIO» q) + kF>(q0,q)]
(ii) for 2: —%~[F(qo,q) = kF2(q0, 9)]
(iii) for 3: — 0 [FI(CIO’ q) + kF(q0. )]
(iv) ford: —=- [FI(CIO’ q) — kF>(qo. ‘1)]

k° integrals, g)ositive helicity:
M2

(i) for1: [GI(QO’ q) + kG>(q9. q)]
(i) for 2: N [Gl(C]o, CI) - sz(%, ‘I)]
(iii) for 3: E[ 1(q0-9) + kG(q0, 9)]
(iv) for 4: ¥2[G\(q0, 9) — kG1(q0. q)]

1. k integrals

The next step is to calculate the k integrals. This is
facilitated by the following identities,

ne(k) = —T%In[l + e7H/T (A17)

Ny(q® —k) = —T%ln[l — eMTed'IT), (A18)

PHYSICAL REVIEW D 95, 043524 (2017)

and a similar identity for N, (k — ¢°); N,(¢° + k). With
these identities, we find

k* 1+e—k+/T

0 Wk = - [T A
Ny(q" — k)dk = —T'In T KT T (A20)

(A19)

k+

.

kt

1— —k*)T ,q°)T
Ny (k = ¢°)dk = Tln{ ¢ ¢
.

/
Py /T] (A21)

k+
/k kn (k) dk = —Tz{k+ In[1 4 e~ /7]

— k™ In[l 4 e7¥/T]
S (_l)n —nk* —nk~

-3 — [k /T — g=nk™/T] & (A22)
n=1

kt
/ kN, (q° — k)dk = _TZ{k+ In[l — €k+/Te—‘I°/T}
k
— k™ In[l — ek /Te=d"/T]

© —ng"/T
e [enk+/T _ enk'/T]}

(A23)

k+
/ kN (k — ¢°)dk = —T?{—k" In[1 — ¢ /T4"/T)
k

+ k™ In[l — 7K /Ted'/T)

0
X onq /T

+ Z - [e—nld/T _ e—nk’/T]}'

(A24)

In the integrals (A22)-(A24), we have used the identities
(A17), (A18), integrated by parts, expanded the loga-
rithms in power series and integrated term by term. The
infinite sums can be expressed in terms of dilogarithmic
(Spence’s) functions, but such form is not particularly
useful.

2. Numerical implementation for the real part

The numerical implementation for the real parts from the
dispersive form (2.14) is best achieved in a “modular form,”
which is facilitated by introducing

[ W@ -0 = nlak = =11 ) (825)
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/k+ N, (q° = k) — ns(k)|kdk = -T’Dk1(¢%, q)  (A26)
-

[ atke= ) gt = ~102(00.) (27

/k+ [N, (k—q°) + ne(k))kdk = -T’Dk2(¢° q), (A28)
-
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where the respective integrals are given above. In terms of
these quantities and F ,(¢°, g) defined by Egs. (4.13) and
(4.14) [and G,, defined by Egs. (4.16) and (4.17) for
positive helicity], we find for negative helicity the follow-
ing contributions to the imaginary parts in the different
regions 14 of ¢° defined by the support of the corre-
sponding delta functions described above,

ZM2T
m _9 0 0 0 0 . 0 2 2
ImEt = 674 [Fi(q",q)D1(q",q) + TF»(q",q)Dk1(¢", q)l; ¢’ =2\/qa"+M (A29)
2a42
g M-T
Imz®) = — 6277 [F1(q°, q)D1( - TFy(¢%, q)DKk1(1¢°, q)l;  q" <0,  [¢°|=\/q*+M*  (A30)
2A42
g M-T
Imz®) = o {[Fi(4°.9)D2(¢q". q) + TF1(4q". 9)Dk2(q°. 9)](0 < ¢° < q)
+ [F1(4°, 9)D2(¢°, 9) + TF»(q°, )Dk2(¢°, ¢)](0 > ¢° > —q)
+[Fi(¢°, 9)D2(¢°, q) + TF,(q", 9)Dk2(¢°, ¢))(—q > ¢° > =V K* + M?)} (A31)

in the first two terms k™ = 00 - D2(k™ = o0)

= Dk2(k" = o) = 0 and only the lower limit with k~ corresponding to the

case 3 above contributes, the two limits k* contribute to the last term,

FM?T
Imz® = ~Tong? UF1(@"-@)D2~4".q) = TF2(¢". q)Dk2(~¢".q)](0 < ¢° < q)
+[F1(¢°. 9)D2(=4¢". q) = TF1(q°. )Dk2(=¢". q)](q < ¢° < Vk* + M?)
+[F1(¢°. 9)D2(=4". q) = TF1(q°. ) Dk2(=¢". 9)](0 > ¢° > —q)}. (A32)
Now, the real part of the self-energy is calculated with the dispersive form (2.14) with
ImZ(¢. ¢) = Im=") (g%, ) + Im=)(¢°, g) +ImZ®) (¢, ¢) + Im=W (g", q). (A33)

In each region in ¢°, the values of k* are given by the
different cases analyzed above. The principal part is
obtained by excising an interval of width 2e around ¢° =
g with € < 1.

For positive helicity, the same analysis above holds with
the following modifications:

(i) M?*> — —M? only in the prefactor

(i) Fi2(q°,q) = Gi2(¢°, q) where Fy, and G, are

giVen by Egs. (4.13) and (4.14) and (4.16) and
(4.17), respectively. Note that /| , and G, , obey the
relation (4.18).
Finally, we introduce the dimensionless variables,
2=4q°/T;  y=4q/T; t=My/T, (A34)
where, as discussed in the text, we use My as the
baseline scale. The integrals over ¢° are then rendered
dimensionless in terms of these variables. The dispersive

integrals over the dimensionless variable z are carried out
numerically, and the final results for the real part of the self-
energy are generically of the form

FM’T

ReX*(q) = 162

K[z v, (A35)

where K*[z, y] are dimensionless functions of 7, y that are
obtained numerically with the procedure detailed above.
For charged currents, ¢> = ¢2/2, M = My,; for neutral
currents, g> = ¢%/(2¢)?, M = My /c, c = cos(,,) = 0.88;
and for neutral currents, T — 7/c¢ in the argument of K[z, y|.

3. Low temperature limit

In the low temperature limit, My > T, and keeping
only the finite temperature contributions and using the
identities (A1), we can neglect N,. In (4.8), the product of
delta functions and distribution functions becomes
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np({5(k° = k)[8(g" =k + W) —8(¢" —k = W,)] + (K + k)[6(¢° + k+ W,) —8(¢” + k=W, )]}.  (A36)

Now, it is more convenient to integrate over ¢° and k° in the dispersive integral (2.14), leaving only the integrals in k, with
&k = (2r)k*dkd(cos(p)) (A37)

with ¢ the angle between ¢ and k.
For negative helicity, we find

L0 KP#[p] = k(1 = cos(9)) + o

(¢° = qcos(@))(q° — k= g+ kcos(p)); for k" =k (A38)
L, [0", kJP*[p] = —k(1 + cos(p)) — % (¢° + qcos(9))(q° + k= q + kcos()); for k®=—k.  (A39)

Integrating over ¢°, and implementing the delta functions and expanding the numerator and denominator in powers of k/M,
q/M, integrating over cos(¢), keeping only the leading order terms (proportional to 1/M*) and using

o TaT*
Bn(k)dk = ——— A40
we find for negative helicity
ReZ(q) = (T (A41)
V=790 9\
For positive helicity, we follow the same steps, with
- 2k o 0 0
L0 K[P*[p] = k(1 + cos(9)) + 1 (4" = g cos(9))(¢” — k + g — kcos(g));  for k¥ =k (A42)
2k

Ly [Q7 kP [p] = =k(1 = cos(p)) =173 (4" + qcos(#))(q” + k+ g —kcos(g));  for k? = =k (Ad3)

Following the same steps as for negative helicity, we find

Lo 1472 [ T\*
ReZ*(q) = 1509\ 37 ) ¢ (A44)
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