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We propose a boomerang mechanism for the explanation of the excess radio background detected
by ARCADE 2. In an early stage of the Universe, at a temperature T" in the range ~ 0.1 keV—-1 MeV,
a fraction of relic neutrinos is resonantly converted into dark neutrinos by mixing induced by a pre-
existing lepton asymmetry. Dark neutrinos decay much later into a dark-standard photon state and
a dark fermion, with a lifetime longer than the age of the Universe, as required by a solution to
the excess radio background. This scenario circumvents the upper bound on the neutrino magnetic

moment but still implies a testable lower bound.

Introduction. The Absolute Radiometer for Cosmol-
ogy, Astrophysics and Diffuse Emission (ARCADE 2) [1]
has detected an excess radio background (ERB) in the
3-10 GHz frequency range with respect to the Cosmic
Microwave Background (CMB) thermal spectrum. The
excess is statistically significant (more than 50) and can-
not be explained by known population of sources since
they give a contribution to the effective temperature that
is 3-10 times smaller than the measured one [2]. More-
over, different observations place a strong upper limit on
the anisotropy of the ERB that is, therefore, extremely
smooth [3]. This represents a strong constraint for an
astrophysical origin and, therefore, the ERB is currently
regarded as a mystery [2]. The Tenerife Microwave Spec-
trometer (TMS) will soon take data in the 10-20 GHz
frequency range [4, 5] and might, therefore, help to shed
light on this mystery. It was noticed that radiative relic
neutrino decay can potentially explain the ARCADE 2
excess [6]. Recently, we have shown that such a solution
indeed fits very well the six ARCADE 2 data points be-
tween 3-10 GHz giving rise to an excess [7]. It predicts an
effective (radiometric) temperature for the non-thermal
photons produced by the decays of one of the relic neu-
trino species, the lightest for definiteness, given by
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where tg = 4.35 x 10'7 s is the age of the Universe, Ty =
(2.7254+0.001)K is the photon temperature at the present
time measured by the Far Infrared Absolute Spectropho-
tometer (FIRAS) instrument [8], Am; = my —mp < my
is the mass difference between the lightest active neutrino
and the new sterile state, 71 is the neutrino lifetime, £ <
Am; is the energy of the photon at the present time.
For the definition and values of the other cosmological
parameters in Eq. (1), see Ref. [7]. This expression can be
used to fit the six data points measured by ARCADE 2 in
the 3-10 GHz frequency range. The best fit is obtained
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FIG. 1. Best fit curve for Tgrp obtained with Eq. (1). The
thick red curve corresponds to the best global fit obtained
for Ami = 4.0 x 107°eV and 71 = 1.46 x 10°'s. The AR-
CADE 2 data points are taken from Ref. [1]. We also show
the power-law fit 8 = —2.58 £ 0.05 (dotted line with grey
shade), obtained using the Long Wavelength Array (LWA)
data at lower frequencies [9]. The vertical dashed line shows
the TMS low-frequency threshold.

for Am; ~ 4.0 x 107%eV and 7 ~ 1.46 x 10?'s. As
shown in Fig. 1, it provides an excellent fit to the ERB
temperature spectrum, improving a simple power-law fit,
with x?/d.o.f. ~ 1 with 4 degrees of freedom (d.o.f.) [7].
The result of the fit, expressed in terms of the quantity
Am?/Q’ﬁ, gives at 99% confidence level (C.L.):

(Am3/?r )ARCADE — 38472 19l ov3/25.  (2)

This region is shown in Fig. 2 (shaded regions with dif-
ferent shades for different frequency bands) in the plane
Amy vs. 1.

In a general way, we can write the radiative decay rate
of the neutrino mass eigenstate v; with mass m; into
another neutrino mass eigenstate 1y with mass mg in
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FIG. 2. Allowed region shaded with different shades cor-
responding to different photon energy bands and with the
best-fit point ) explaining the ARCADE 2 excess radio back-
ground in the plane of Am; vs. 71 [7]. Lower bounds on the
lifetime derived from the upper bound on the effective mag-
netic transition dipole moment [cf. Eq. (3)] are shown by the
blue and orange lines. We also indicate the matter-radiation
decoupling time tqec and the current age of the Universe to.
The lowest frequency thresholds for FIRAS, PIXIE and TMS
are also indicated.

terms of the effective magnetic transition dipole moment
Heft, aS [10]

(mi —mg)® ,  Ami

M 7)) 2
8mm3 off 7r

3 2
_ my — Mo ff
~ 425571 [ ———= He .
eV UB
In the second expression we used my + my ~ 2my, since
we are interested in the case of quasi-degenerate neutri-
nos. In the numerical expression we normalised peg to

the Bohr magneton pg = eh/(2m.) ~ 296.3 GeV ', The
effective magnetic transition dipole moment is defined as

(4)

Fyl —vo+y — :ugff (3)
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feff = \/|M140|2 + |e1-0]2,

where 11,0 is the transition magnetic dipole and €;_,q
is the transition electric dipole moment [11]. The most
stringent upper bound on peg comes from plasmon de-
cays in globular cluster stars [12, 13]:
o S 1.2 x 10712 .

(5)

In this case, from Eq. (3), one easily finds the following

lower bound on the lifetime of vq:
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(6)
One can see that for Am; < 107% eV, a necessary condi-
tion to address the ERB, one obtains 7, .4+~ > 1033,
an incredibly long lifetime yielding completely negligi-
ble contribution to the ERB. This conclusion remains
valid even considering the less stringent laboratory up-
per bound from the GEMMA experiment measuring elec-
tron recoils induced by neutrino-electron elastic scatter-
ing [14, 15],

frer S 2.9 x 107 g . (7)

The situation is depicted in Fig. 2. Therefore, irrespec-
tively of whether the final neutrino is an active or a sterile
neutrino species, neutrino radiative decay by itself can-
not give any sizable contribution to the ERB.

The boomerang mechanism that we propose here pro-
vides a way to circumvent this bound, preserving at the
same time the success of Eq. (1) in reproducing the
ARCADE 2 data. While in radiative neutrino decays
ordinary neutrinos directly decay into photons, in the
boomerang mechanism neutrinos are first converted into
dark (sterile) neutrinos and then these decay into dark
photons and standard photons, with the latter consti-
tuting the ERB [16]. We first discuss how active-dark
neutrino mixing, in the presence of a sufficiently large
lepton asymmetry, can convert a fraction of relic neutri-
nos into (quasi-degenerate) dark neutrinos. Second, we
discuss how the dark neutrinos decay into a dark fermion
species and into dark and standard photon state. Third,
we combine together all constraints and determine an al-
lowed region in the plane of active-dark neutrino mixing
angle versus mass squared difference that maps into a cor-
responding region in the plane of the neutrino effective
magnetic moment and resonance temperature. Finally,
we draw some final remarks.

Active-to-dark neutrino conversions in the
early Universe. We assume the existence of a light
sterile dark neutrino field almost coinciding with mass
eigenstate 1y with mass my and quasi-degenerate with
the lightest neutrino with positive Am? = m? —m2 [17].
We also assume, for definiteness, that it just mixes with
the muon neutrino but all results are valid in general.
The much higher values of m3 ; —mg make in a way that
the relevant mixing parameters are just Am? and a very
small muon-dark neutrino mixing angle 6y. With these
assumptions and definitions the mixing in the early Uni-
verse is described by the effective Hamiltonian AH that
in the interaction basis can be written as

AI—I;Lfdark =
Am? [ cos 20y — v(y, T, L) — sin 26
4p — sin 26, —(cos 260y — v(y, T, L))

(8)

).



where we introduced the dimensionless effective potential
U(y7T> L) = 'Ul(y7Tu) +U2(y7Tu7L) . (9)

In this expression we denoted by 7, the neutrino tem-
perature, y = p/T,, and by L the effective (muonic) total
asymmetry defined as

1
-B,, (10)

L=2Ly, + Ly + L, —3

where the neutrino asymmetries L,, = (N, — Ny, )/N}
and similarly for the neutron asymmetry B,,, with N;
the photon abundance at some initial time ¢; such that
my, > T; > m, with T; = T'(t;). The term v1(y,T,) is
the finite temperature contribution [18] and is given by

eV? T, 6
n(y,T,) = A2 (T) 2, (11)

where T}, ~ 23.4 MeV. For L = 0 and Am? > 0, there
would be a resonance, both for neutrinos and antineu-
trinos, at T (y,0) ~ T, (y> Am?/eV?)1/6. At this res-
onance relic neutrinos are not efficiently converted into
dark neutrinos, though this could be used to trigger the
generation of a large lepton asymmetry [19, 20|, as we
comment in the final remarks. However, here we assume
that there already exists an initial pre-existing effective
muon asymmetry L;. In this case one has also to consider
the term va(y, Ty, L) given by [21]

eV?

7, \*
va(y, Ty, L) ~ F o AmZ L (MeV) Y, (12)

where the — (4) sign holds for neutrinos (antineutrinos)
and vy = (4v/2¢(3)/7%)10'2 GpMeV? ~ 8. If we assume
that |Li| > L, ~ 0.4 x 10-%(y Am?/eV?)'/3 then the
resonance condition is satisfied for vo(y,T,, L) = 1. This
implies that for positive L; and positive Am? there is a
resonance only for antineutrinos at a resonant tempera-
ture

1 Am?
voLy eV?

1
1
) MeV < T;%(y,0).

(13)
Notice that this resonance occurs at different times for
different values of y = y,es. The asymmetry grows with
time from the initial value and 1.5 spans all neutrino
distribution starting from a small value y.es < 1 to large
values yres > 1, as discussed in detail in Ref. [20]. Since
this process occurs, in general, during electron-positron
annihilations, the neutrino temperature gets smaller than
the photon temperature and, making use of entropy con-
servation, one has

TSy, L> L) - (

gS(me/T):|é , (14)

=t { 9s(0)

where gg is the number of entropy density ultrarelativis-
tic degrees of freedom. For TI%(ypes < 1,L;) S 1MeV,
neutrino collisions can be neglected and at the reso-
nance one has antineutrino conversions into dark neu-
trinos starting from small y.s < 1. If the resonance is
crossed adiabatically, then all lightest antineutrinos are
converted into dark neutrinos. Notice that if L; < 0, then
simply lightest neutrinos are converted into dark neutri-
nos instead of antineutrinos. For definiteness, we will
usually refer to the case L; > 0 in the following. More
generally, to account also for non-adiabatic conversions,
the fraction of converted neutrinos can be calculated us-
ing the Landau-Zener approximation:

fV}L-)Vdark ~]— e e (15)

In this expression v,es is the adiabaticity parameter at
the resonance, given by

|Am?| sin? 26,

16
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Yres =

where Hyes ~ 0.2571 \/g,(Tres) (Tres/MeV)? is the expan-
sion rate at the resonance and g, is the number of energy
density ultrarelativistic degrees of freedom. The Landau-
Zener approximation has been shown to reproduce quite
well the numerical results obtained solving density ma-
trix equation [20]. For simplicity, we can make use of
a monochromatic approximation equivalent to say that
all neutrinos are converted instantaneously at 7, cor-
responding at y.es = 3.15. Using the prescription in
Ref. [20], in this case one has to use (L) ~ L¢/2 ~ 0.2 in
the evaluation of the adiabaticity parameter, obtaining:

Ares ~ 1.4 % 10°

10.75 (Am2

9p(Tis) \ eV?

1

4
) sin?20y.  (17)
We will comment in the final remarks on the validity of
the monochromatic approximation.

Dark neutrino decays into dark photons mixed
with photons. In order to explain the ERB, we assume
that the dark neutrinos produced by active-to-dark neu-
trino conversions in the presence of a pre-existing asym-
metry decay into dark fermions ¢’ with mass mys and
into a superposition of a dark and standard photon that
we denote by +'. The probability that +' is detected
as a photon, that can also be regarded as the decay
branching ration into photons, is denoted by e. The
dark photon is kinematically mixed with the standard
photon but the kinetic mixing will not play any role,
as we will comment. The dark fermion is assumed to
be quasi-degenerate with 1y, while we assume the dark
photon mass m., < 10715 eV in order to evade the cos-
mological constraints from COBE/FIRAS for any value
of the kinetic mixing parameter yo [22-25].[26]. We also
assume that the decays can be described as fully non-
relativistically so that, at the decay, 4’ has an energy
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FIG. 3. Left panel: Constraints (shaded) and allowed region (white) in the plane of Am? versus sin” 26o. The horizontal dashed
lines give an upper bound on Am? from TE* < 1MeV for the indicated values of L;. Right panel: Constraints (shaded) and
allowed region (white) in the plane of peg versus T,°°. We have used conservatively € = 1.

E, ~ Am'’ = my — mys. In this way the spectrum of
non-thermal photons produced by the decays of the dark
neutrinos and detected at the present time would be de-
scribed by an effective temperature given exactly by the
expression in Eq. (1) multiplied by ¢ and also divided
by a factor 2/(1 —e~2%es), taking into account that only
relic antineutrinos are, adiabatically or non-adiabatically,
converted into dark neutrinos.

The dark fermion radiative decay rate into 7 can be
related to a dark neutrino effective magnetic moment p/ g
by an expression analogous to Eq. (3):

(mg—m2,)* ,  Am® ,

Heff = Hett

F ’ —
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~ 425571 [ == Ceff ) (18
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The important difference is that now pg does not have
direct experimental constraints. However, because of
the active-dark neutrino mixing, the active neutrino
still has an effective neutrino magnetic moment pog =
/€ sin? Ooplg and for this reason the experimental con-
straints on peq still play a role.

Constraints and allowed region. Let us now com-
bine all constraints and determine the allowed region in
the parameter space of interest. First, we determine
a convenient minimum set of parameters to display all
the constraints. We start by imposing that the non-
thermal photons produced by the dark neutrino decays,
and mixed with the dark photons, can reproduce the AR-
CADE 2 data. We have then to impose that the dark

Z

neutrino lifetime is given by the lifetime determined in [7]
in the case of direct relic neutrino decays (see best fit
in Fig. 1), that we denote by Tarcape(v1 — 1o + 7),
shortened by a factor € (1 — e~ 7r*)/2 to compensate the
reduced photon production, explicitly:
e res
Tuvg—s1p!+~' = 8(1—26)7'ARCADE(V1 — vy +7) 2 to.
(19)

On the other hand, the lifetime cannot be shorter than
to, as also indicated in (19), since otherwise the exponen-
tial in the decay-law kicks in and suppresses the photon
effective temperature below the ARCADE 2 measured
values. Since the lifetime is the inverse of the decay rate
given in Eq. (3), the constraint (19) allows to express
Heg in terms of yes. Therefore, for a fixed value of e,
one has a fixed value of plg. At the same time e is
expressed in terms of sin? 26y and Am? from Eq. (17).

We also have to impose the constraint T:%(L;) <
1 MeV, corresponding to a neutrino collisionless regime.
From Eq. (13) one can see that, for a fixed value of L;,
this results in an upper bound on Am?2. Higher values of
L; correspond to higher allowed values of Am?2. However,
one has to impose an upper bound L; < 10~2 from cos-
mological observations, since this would affect both BBN
and CMB anisotropies [27]. It is then possible to express
all other parameters in terms of sin” 26y, Am? and L;.
Therefore, we can conveniently show all constraints in the
plane Am?2 versus sin® 20y, as shown in the left panel of
Fig. 3 for the most conservative choice € = 1, correspond-
ing to 7' = ~, and highest value of TaArcapE (V1 — 0+7)
allowed at 99% C.L. (from Eq. (2)).



All constraints (shaded regions) are explicitly indi-
cated. The horizontal dashed lines give the upper bound
on Am? for different values of L;. One can also notice
the experimental constraints on peg that basically trans-
late into an upper bound on sin? 26,. The orange line is
the iso-contour line for .. = 1, marking the border be-
tween the adiabatic and the non-adiabatic regime. In the
right panel of Fig. 3 we also show constraints and allowed
region in the plane peg versus T, for the maximum al-
lowed value of L; = 1072, As one can see, we find a very
interesting lower bound peg/pp 2 10716 which might be
testable [28]. Taking smaller values of L; moves up this
lower bound on peg, making it even easier to be tested.

Final remarks. (i) The boomerang mechanism effec-
tively realizes a solution of the ERB mystery obtained
in terms of radiative relic neutrino decays [7] but in two
stages: in a first early stage relic antineutrinos (or neu-
trinos, depending on the sign of L;) of one species are
converted into dark neutrinos (the visible sector throws
particles into the dark sector); in a second stage dark
neutrinos decay into dark-standard photon states (dark
sector throws back particles into the visible one). (ii) As
Fig. 3 shows, it has a broad variety of phenomenologi-
cal implications that make it testable in different ways.
First of all the TMS experiment will soon verify the AR-
CADE 2 data, the existence of the ERB and the solu-
tion proposed in Ref. [7]. Notice also that this implies
some non-standard deviation in the 21 ¢m cosmological
global signal (see [7] for details). Possible cosmological
anomalies in BBN and/or CMB anisotropies might be ad-
dressed by the presence of a large lepton asymmetry [29].
Also notice that it implies non-standard relic neutrino
background properties that might be potentially mea-
sured [20]. Finally, the lower bound we found on pes,
four orders of magnitude below the current upper bound,
will be tested by future experiments [28]. (iii) The initial
lepton asymmetry L; can either be generated by some
external mechanism, such as the decays of weekly cou-
pled seesaw neutrinos as in leptogenesis [30], or, even
more intriguingly, it could be generated dynamically by
the same active-dark neutrino mixing [19, 20]. In this
case, for L; = 0, the initial resonance at T*(0) 2 1 MeV
occurs in the collisional regime and triggers an initial ex-
ponential growth of the asymmetry. This stage would
then provide the value we denoted by L; needed for the
conversion of active to dark neutrinos. This option might
imply a reduced allowed region in the plane Am? versus
sin? 20p. (iv) The monochromatic approximation we used
is well justified by numerical solution of density matrix
equation with a full momentum description [20]. This
also grasps the variation of the non-adiabaticity parame-
ter with momentum. However, one would have small cor-
rections to the allowed region we have derived. (v) The
allowed regions have been determined for the most con-
servative case € = 1, corresponding to the extreme min-
imal case where existence of dark photons would be not

necessary. They would clearly shrink for lower values un-
til they would disappear for a lower bound ¢ ~ 2 x 1074,
(vi) Having imposed m., < 107'° eV suppresses the ki-
netic mixing since m?2 > m2,, evading microwave back-
ground constraints [22]. Since kinetic mixing is sup-
pressed, we cannot have v/ = vgax (ie., € = 0) and
a dynamical generation of a photon component due to
a large kinetic mixing parameter xo; also, since kinetic
mixing does not play a role, one could optionally have
m. > 1071 eV and negligible kinetic mixing without vi-
olating microwave background constraints. (vii) Notice
that having ¢ and 6y # 0 could induce a non-vanishing
neutrino millicharge in addition to an effective magnetic
moment and this might introduce further constraints to
be taken into account [11]. However, these constraints
are model dependent and we have assumed that the neu-
trino millicharge is negligible. In any case these could be
circumvented replacing a constant 6y with a temperature
dependent effective mixing angle such that 6(7%;) coin-
cides with the required values for the mechanism to work
shown in the left panel of Fig. 3, while for T" <« T} this
is sufficiently small to generate a neutrino millicharge in
agreement with all constraints. (viii) We also have to take
into account stellar cooling constraints from plasmon de-
cays 7* — vp + 1¢’. However, these can be circumvented
coupling the dark fermions to a scalar in a way that either
they get a mass higher than plasmon mass [31] or that
the coupling to photons in stars is suppressed by having
a symmetry restoration at an energy scale O(keV) such
that the scalar vev vanishes [32]. Interestingly, such a low
scale phase transition has been proposed with indepen-
dent motivations, within a split-seesaw Majoron model
[33]. (ix) We have not discussed how the boomerang
mechanism could be embedded within a full model. For
example, a possible direction is offered by models incor-
porating quasi-Dirac neutrinos [34, 35]. Typically, we
have maximal mixing for Am < m, as tan 20 ~ 2m/Am,
but arbitrary mixing is possible for certain textures of the
Dirac and Majorana mass matrices, akin to the case of
low-scale type-I seesaw [36]. Also notice that only within
a definite model one could have more specific relation
between € and x( and calculate neutrino millicharge and
consequent contraints.

In conclusion, the boomerang mechanism shows that a
solution to the ERB in terms of relic radiative neutrino
decays is possible. If the excess will be confirmed, this
might provide a direct open window to explore a new
dark sector.
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End Matter

Boomerang mechanism versus neutrino oscilla-
tion constraints. Having obtained an allowed region
in the Am? versus sin® 26, plane, we compare it with
the existing constraints from neutrino oscillation experi-
ments. Active research is underway on sterile neutrinos
with masses around the eV scale, motivated by the ex-
cess observed by LSND [37], and the intriguing results re-
ported by MiniBooNE [38], BEST [39], and IceCube [40].
However, many other experiments have not found such
evidence, leading to significant tension among data sets
when combined [41, 42].

Beyond the eV-scale sterile neutrino, searches have ex-
plored a wide range of mass for oscillations between ac-
tive and sterile states [35, 43-53], but no evidence has
been found. For nearly degenerate active and sterile
states, solar [48, 54, 55], and reactor data [56], con-
strain Am? < 1072eV? and sin?20 < 1074, as shown
in Fig. 4. The disappearance bounds of muons come
from long-baseline experiments [57, 58] and atmospheric
experiments [59], Am? < 107* eV? and sin® 26 < 1072.
Astrophysical neutrinos, with large L/FE, probe down to
Am? ~ 10~2%eV? for maximal mixing [52, 60-64].

Fig. 4 compares current bounds with the region pre-
dicted by the boomerang mechanism (cf. Fig. 3 left
panel). While this work focuses on muon-sterile oscil-
lations, the mechanism applies to all flavors, so we used
the strongest bounds over the mixing. Upcoming exper-
iments like DARWIN [61] and JUNO [65] will further

improve sensitivity.
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