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gauged version of the model is preferred, and in this case the typical energy scale of the
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1 Introduction

Neutrinos play a crucial role during various stages of the cosmological evolution, see
e.g., [1, 2] for reviews. In particular, non-zero neutrino masses will influence cosmological
structure formation. Indeed, within the standard ACDM model, cosmology provides a tight
bound on the sum of neutrino masses. From combined CMB and BAO observations, the
Planck collaboration obtains [3]:

3
> m, =) m; <0.126V (95% CL) (1.1)

i=1
where m; are the masses of the three neutrino mass states. Depending on the specific
cosmological data used, even stronger limits can be obtained, see e.g. [4]. With data from
ongoing/upcoming large-scale structure surveys by DESI [5] and Euclid [6], sensitivities to
Y- m, of 0.02eV could be achieved in the very near future, see e.g. [7, 8]. From neutrino
oscillation data, a minimal value of Y m, = 0.06 eV for the normal neutrino mass ordering



and 0.1eV for inverted ordering is predicted for mygntest = 0. Hence, we can expect a
positive detection of non-zero neutrino mass from cosmology in ACDM in the next 5-7 years.
On the other hand, the search for the absolute neutrino mass scale is also one of the
top priorities in terrestrial experimental physics. The best limit on the kinematical mass
relevant for beta decay comes currently from the KATRIN experiment [9, 10] and reads

3 1/2
mg = (Z yUeiPm?) < 0.86V (90% CL), (1.2)
=1

where Uy; is the mixing matrix element of the mass state ¢ with the electron neutrino. The
final sensitivity goal of KATRIN is 0.2eV for mg. For these mass ranges, neutrinos are
quasi-degenerate and the quoted current limit and sensitivity correspond to > m, =~ 2.4eV
and 0.6 eV, respectively, already excluded by the cosmological bound from eq. (1.1).

If neutrinos are Majorana particles, they will induce neutrinoless double-beta decay,
see ref. [11] for a review. In the absence of cancellations due to other exotic physics, the
corresponding decay rate is proportional to an effective Majorana mass:

3
mgg = | _miUg; (1.3)
i=1
The current constraint from the KamLAND-Zen experiment [12] reads
mgp < 0.061 —0.165¢V  (90% CL), (1.4)

where the indicated range corresponds to the uncertainty from nuclear matrix elements.
Comparable limits are obtained in [13-15], and there is strong ongoing experimental effort
to reach sensitivities in the range mgg ~ 0.01 — 0.02¢eV [11, 16]. Depending the assumed
nuclear matrix element and the unknown complex Majorana phases in Ug;, the bound in
eq. (1.4) corresponds to values of Y m, 2 0.6eV, largely excluded by the cosmological
bound eq. (1.1).

Hence, if the ACDM bound is taken at face value, terrestrial neutrino mass experiments
are expected to obtain only upper limits for the neutrino mass, and detection prospects
for neutrino-less double beta decay are challenging (depending on the neutrino mass
ordering, see [11, 17]). In view of this situation, several non-standard scenarios have been
considered in the literature, to relax cosmological neutrino mass bounds and make cosmology
consistent with “large” (i.e., observable) neutrino masses. Such scenarios include neutrino
decays [18-24], neutrinos with a time-varying mass [25-29], neutrinos with a temperature
much lower than the thermal one supplemented with dark radiation [30, 31], and neutrinos
with a momentum distribution function that deviates from the canonical Fermi-Dirac
distribution [32-34]. For a discussion of phenomenological consequences of some of these
scenarios, see [35].

In this paper we focus on a mechanism similar to the one introduced by Farzan and
Hannestad in [30], where the number density of massive (active) neutrinos is reduced while
simultaneously populating a new component of dark radiation, see also [31]. The goal of
our work is to realise this mechanism within a UV complete model which simultaneously



provides a model for neutrino masses. The model is based on a variant of the type-I seesaw
mechanism and is sometimes called Minimal Extended Seesaw [19, 36-42].

The outline of our paper is as follows. In section 2 we review the mechanism of ref. [30]
and highlight some differences in our realisation compared to the original paper. In section 3
we introduce the model and the relevant parameters, where we discuss two versions, based
either on a global or a local U(1) symmetry. The phenomenology is worked out in section 4,
where we study various cosmological and astrophysical constraints and derive the available
parameter space of the model. In section 5 we provide further discussions of the viable
parameter space and mention various phenomenological and cosmological consequences
and predictions. We draw our conclusions in section 6. The interested reader can find
supplementary material in the appendices: in appendix A we comment on the possibility
that the mechanism is active after recombination; in appendix B we consider in detail the
effective number of neutrino species within this mechanism; in appendix C we collect a few

useful formulae.

2 Review of the mechanism

Cosmological observations are not directly sensitive to the neutrino mass, but rather to
the energy density in neutrinos and its evolution, €,(z). As usual, €2, denotes the energy
density relative to the critical density. Once a cosmological model is specified there is a
direct connection between €, (z) and Y m, and a bound on the neutrino mass can be placed.
The energy density in neutrinos is p, = Y (E,) n,, where n, denotes number density and
the sum is over the three neutrino mass states. The sensitivity to the energy density in
neutrinos in cosmology appears in two regimes, when they are relativistic and when they are
non-relativistic. When neutrinos are ultrarelativistic (E,) ~ (p,), and the contribution of
neutrinos to the energy density is parameterised by the number of effective ultrarelativistic
neutrino species:

4/3 _
Nog 8{11} Prad = Py | (2.1)
714 P~

where praq is the energy density in relativistic species. We can clearly see that when
only neutrinos and photons are present Neg o (p,)n, [2]. This quantity, at the time of

recombination is measured to be [3]:
Neg = 2.99 £ 0.17, (2.2)

which is in good agreement with the Standard Model prediction of NSM = 3.044(1) [43-46].

When neutrinos become non-relativistic, which happens when (p,) ~ m,,, neutrinos start
contributing to the expansion rate as dark matter and their energy density is given by
Py = >.myn,. It has been explicitly shown that current cosmological observations are
insensitive to the exact distribution function of neutrinos [34]. This means that CMB
observations can only place a bound on the energy density in non-relativistic neutrinos
which Planck CMB data constrains to be [3, 34]:

Q,h? <1.3x1073 [95% CL). (2.3)



Since Q,h?% = Zml,nghQ /Perit this bound can be seen as a bound on the product of the
neutrino mass and the neutrino number density today:

Sy | ety
M 56 cm—3

where nQ refers to the background number density of neutrinos today per helicity state,
which in the Standard Model is n ~ 56 cm~3 [2].
Eq. (2.4) highlights a way to relax the cosmological neutrino mass bound. Since what

<0.12eV  [95%CL], (2.4)

is constrained is a product of number density and mass, reducing the number density of
neutrinos would relax the neutrino mass bound accordingly. Importantly, since Neg o<
(py) ny, if one reduces the number density of neutrinos Neg will decrease, but from eq. (2.2)
we see that N.g measurements are compatible with the Standard Model prediction. This
means that if one wants to reduce the neutrino number density before recombination one
should also add new light or massless species beyond the Standard Model to compensate
for the decrease of Neg due to the decrease of n,. This was precisely the idea of Farzan and
Hannestad in [30]. For this mechanism to work, both the reduction of the neutrino number
density and the addition of new massless dark radiation should happen before recombination.*
In addition, this should certainly happen after proton to neutron conversions have frozen out
in the early Universe (around 7’y ~ 0.7 MeV), because otherwise the successful predictions
of Big Bang Nucleosynthesis (BBN) will be spoiled. Nevertheless, since CMB observations
are only sensitive to the Universe’s evolution at z < 2 x 10°, see e.g. [47], or equivalently
T, < 10eV, there is plenty of time for this to happen.

Farzan and Hannestad [30] pointed out a way to achieve the two requirements outlined
above: have a large number, N,, of massless particles that thermalise with neutrinos after
BBN but before recombination, at 10eV < 7T, < 100keV. Since after neutrino decoupling
at Ty < 2MeV neutrinos do not interact with the Standard Model plasma, neutrinos cannot
be produced anymore and therefore the production of new particles will be at the expense
of neutrinos. In this case, the number of effective relativistic neutrino species in the early
Universe is almost unchanged from its SM value Ng ~ 3,2 but the number density decreases
and the current cosmological neutrino mass bound becomes:

> my, < 0.12eV (14 g Ny /6) [95% CL]. (2.5)

Here g, corresponds to the number of internal degrees of freedom of the massless BSM
particle x per species and N, is the number of species. Figure 1 explicitly shows the number
of new massless species needed to relax the cosmological neutrino mass bound as a function
of the true neutrino mass for g, = 4, as this is the case for the most relevant model of

In appendix A we study the possibility of actually realizing the mechanism after recombination. We
show that while it is in principle possible the regions of parameter space is significantly more restricted than
if the mechanism operates before recombination.

?In [30] it was mentioned that Neg does not change in this mechanism. However, the production of
particles out of equilibrium always leads to some entropy generation which does indeed make Neg slightly
larger than 3.044. The small difference is however negligible for practical purposes, see appendix B for
more details.
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Figure 1. Number of massless fermions x with g, = 4 degrees of freedom needed to make the
standard cosmological bound (shown on the horizontal axis) consistent with different values of the
sum of the neutrino masses » . m,,. The vertical dashed lines indicate the current cosmological bound
from Planck+BAO data, eq. (1.1), and the prospect for future cosmological observations (0.02 V).

the two we will present later. We see that for example, for the case of > m, = 0.6eV
(which is the sensitivity limit of KATRIN), N, ~ 6 would be needed to avoid the current
Planck bound.

An important question in this mechanism is how can neutrinos thermalise with a large
number of new massless BSM species between BBN and recombination. Ref. [30] considers
resonantly enhanced scattering between neutrinos and these new species, mediated by a
new boson X with a mass 10eV < mx < 100keV via the process vv — (X) — xx where x
here represents one of the massless states. This requirement can actually be relaxed and
what is really minimally required is that the new boson thermalises with neutrinos and that
it interacts efficiently with a large number of massless species beyond the Standard Model
(SM). Thus, the two requirements for this to work are:

1) ('vv - X)) > H, (2.6)
and
2) (I'(X — x; + anything)) > H, (2.7)

both for 10eV < T < 100keV. To illustrate the mechanism and its main ingredients we
show in figure 2 the evolution of neutrino and dark-sector particle densities as a function
of photon temperature. For the parameters chosen in the plot, the bound on the sum of
neutrino masses can be relaxed to 0.9¢€V.

3 A seesaw model for large neutrino masses and dark radiation

In this section we discuss a specific model realisation of the mechanism described in the
previous section, which in addition provides a framework to generate neutrino masses,
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Figure 2. Tllustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino
number density between BBN and recombination. We show the relative number densities of active
neutrinos (red), NV, = 10 generations of massless sterile fermions (blue), and the mediator boson X
with mass mx = 1keV (purple). For reference we show relevant events taking place in the early
Universe, see e.g. [48], as well as the region of temperatures at which neutrinos (or other relativistic
species) should be freestreaming [49].

following closely the discussion of ref. [19], section 4. The beyond-SM ingredients of the
model are:

o three fermion singlets Np (“right-handed neutrinos”) which play the usual role to
generate active neutrino masses as in the type-I seesaw,

o a new abelian symmetry U(1)x which can be either global or local,
o ascalar ® with U(1)x charge +1, and
« a set of IV, fermions x with U(1)x charge —1.

With these assignments we can write the following BSM terms in the Lagrangian:
. 1 .
—[2:NRYVKLHT+§NRMRN§L.+NRY¢,XL®+ h.c.. (3.1)

Here H and ¢;, are the SM Higgs and lepton doublets, respectively, and H=imnH * Mg
is the 3 x 3 Majorana mass matrix for Ng, and Y, and Y3 are 3 x 3 and 3 x N, Yukawa
matrices, respectively. As we are interested in “large” neutrino masses, possibly in the
quasi-degenerate regime, we need 3 right-handed neutrinos Ng.? Here and in the following

3We note that the mixing pattern of very degenerate neutrinos is particularly sensitive to radiative
corrections [50-52]. In specific flavor models this poses constraints on the scale of the origin of neutrino
masses, see e.g. for some constructions [53, 54].



we keep SU(2)r, and flavour indices contractions implicit. The scalar potential is
V =y H H + Ay (HTH)2
+ 13 |®1? + Aa || + Apra|OPHTH (3.2)
with g2 and N<21> parameters with dimensions of [mass}2 and Mg, Ap, Age dimensionless. We
assume Agg = 0, i.e., no mixing between the two scalar fields. With this assumption we

avoid that ® gets thermalised in the early Universe due to its interactions with the SM
Higgs. Electroweak symmetry breaking takes place in the usual way, with

1 0
(H) = 2 <UEW> ) (3.3)

with vgw ~ 246 GeV denoting the SM Higgs vacuum expectation value (VEV). The
breaking of the U(1)x takes place when ® develops a VEV

(@) = 7‘; (3.4)

with v3 = —p2 /Ae.
3.1 Neutrino mixing

After symmetry breaking, several terms in the Yukawa Lagrangian in eq. (3.1) induce
mixing in the neutral lepton sector. In the basis n = (v§, Ng, x7 ), the fermion mass terms
can be written as

1
- 'Cm = inc Mn n + h.c. 5 (35)
with the (6 + Ny) x (6 + V) mass matrix given by
0 mpO
My, =|mE Mg A, (3.6)
0 AT 0

where mp = U\E/%V Y, and A = % Ys. We assume the following hierarchy between the entries

of the mass matrix:
A< mp < Mg, (3.7)

where these relations are understood for the typical scales relevant for the matrices.
The block-diagonalisation of the mass matrix leads to the masses of the 3 active neutrinos,
the 3 heavy neutrinos and the N, massless sterile neutrinos

Mactive 0 0
MEP=1 0 mhpeay 0 |, (3.8)
0 0 Mesterile

with
-1, T T —1 -1 T
mactive%mDMR mD+AA MR %mDMR mp,
~ 1T T =1
mheavyNMR+mDMR mD+AA MR NMR7
Megterile = 0, (3.9)



where Mactive = U, My, Uﬂ:. Adopting the diagonal mass basis for charged lepton, U, is
the PMNS mixing matrix, given in terms of 3 mixing angles and 3 CP-violating phases
(including Majorana phases), while m,, is a diagonal matrix containing the physical neutrino
mass eigenvalues m;. There are N, states which are exactly massless at tree level, due to
the rank of the matrix (3.6). Loop contributions to msgterile are small enough to consider
the N, states effectively massless [19].

The mass basis is obtained by rotating the fields with the unitary matrix W which
induces a mixing between the different states:

v
=wt|Ng |, (3.10)
X1

> 2

where we have introduced the notation 7, N, ¥ to denote the active neutrinos, heavy
neutrinos, massless sterile neutrino in the mass basis, respectively. Following e.g., [55] one
can find the mixing matrix at leading order, taking into account the hierarchy in eq. (3.7):

1 mh (Mph)t —(mpH)T A\ (U, 00
W= |-Mz'm} 1 0 010]. (3.11)
AT (mph)* 0 1 001

Without loss of generality, we have adopted a basis where the right-handed neutrino mass
matrix Mp is diagonal.
In order to simplify the discussion, we will adopt below the one-flavour approximation
for the active and heavy neutrinos and introduce mixing angles
mp A

= Oy = — (3.12)

On = —
v MR7 mp

describing the mixing between active neutrinos and the heavy and massless states, respec-
tively. With our assumption eq. (3.7), both angles are small. We need to keep N, flavors of
massless sterile states and 6, represents the mixing between each of them and the active
neutrinos. Finally, using the seesaw relation m, = m% /Mg = 03 yMp we will eliminate
mp (or 0,n) and A and consider m,,, Mg and 6, as independent parameters.

In the following we discuss the relevant interaction terms and distinguish the particularities
of the global and gauged versions of the model.

3.2 Global U(1)x

1
Let us decompose the complex scalar ® into two real fields as & = 7 (vp + p+id),

where we take vg real without loss of generality. The real part p has a mass m,, of order
|ua|, while ¢ corresponds to the Goldstone boson. We assume that in addition to the
spontaneously breaking of the U(1)x global symmetry also explicit breaking terms are
present, e.g. arising from higher-dimensional terms of the scalar potential, inducing a mass
term for the imaginary part ¢. Hence, the pseudo-Goldstone mass mg is an additional
independent parameter in the global version of the model.



The relevant processes for our mechanism are X < vv and X <« vy, where for the
global case X can be the scalar p or the pseudoscalar ¢. These interactions arise from the
third term in eq. (3.1) through the mixing of the neutral particles v, Nr and xr. In the
mass basis and after Spontaneous Symmetry Breaking (SSB) we have for the interaction of
the scalars with two active neutrinos

S - 1
NrYs x1 © + h.c. D —r Z7¢ﬁ(p — i’75¢) 7€ 4+ h.c. (3.13)
with the coupling

1 1\ T _

vy — ﬁUj mp (Mz') Yo ATmp!U;

1 _n\ft 1

= v i, UL (mD1> AN U

m

Mg (3.14)
We have used that 7, = Ul mp Mp'm5 U, and A = Yp ve/v/2. The last line holds in the
one-flavour approximation. An analogous calculation for the coupling p/¢ <+ v x leads to
(again in the one-flavour approximation) )\:7 o= 6,my /ve, whereas there is no direct vertex
for p/¢ <> x x, as at leading order there is no mixing between Nr and xr. Summarizing,

in the global realisation of the model we have:

vy My 9
P/(b = g 0VX s (3153)
vx _ My
Nl = o o (3.15b)
N =0. (3.15¢)

We observe that the couplings )\:7 d> and )\Z7 s are suppressed by the ratio m, /ve as well as
one or two powers of the active-sterile mixing 6,,, respectively.

3.3 Gauged U(1)x

Let us now consider the case of U(1)x being a gauge symmetry. In this case, besides the
particle content of the global case above we have to add another set of IV, fermions charged
under the new symmetry with the same charge but opposite chirality, x g, in order to cancel
the gauge anomaly introduced by the x . With the introduction of y g, two new terms arise
in the Lagrangian, an interaction with the singlet Nz and the scalar ® analogous to the last
term of eq. (3.1), and a vector-like mass term for the y field. These terms would change
the picture of the neutrino mass generation. These terms can be forbidden by postulating a
discrete Zo symmetry under which all particles are even except xr. Hence, in the following
we will assume that these terms are absent.

The breaking of the U(1)x will give mass to the associated gauge boson, Z’, and the
would-be Goldstone boson ¢ becomes the longitudinal polarisation of the Z’. We assume
no tree-level mixing between the SM U(1)en and the U(1) x gauge fields; there will still be
loop contributions [56, 57] though negligible for phenomenology in our case as there is no
particle content charged simultaneously under U(1)y or SU(2) and U(1)x.



The interactions of fermions with the new gauge boson are described by
L= Y QrgxZ, [/ (3.16)
f=Xxr,Xr
where gx is the U(1) x gauge coupling and f are the N, fermions charged under the U(1)x
with charges )y, = Qy, = —1. For the interaction of active neutrinos with the Z’ we have
9x Z, XL " xz +hc. D (3.17)

%Z;FUVT (mBl)T Afyt AT (mz_)l) U* 5 + hee.,

where we have used my = gx vg. In analogy to the global case we introduce couplings for
the Z' <> vv /v x/x x interactions in the one-flavour approximation:

_ Mz g2
%= (3.18a)
awx="2 (3.18b)
Vo
=2 (3.18¢)
Vo

In comparison to eq. (3.15), here also a Z' <> x x vertex is present. Note that these
interactions cannot be induced by the xgr gauge interaction, since there is no mixing
between these particles and the active neutrinos under our assumption of a Zo symmetry.
However, xgr will contribute to the mechanism described in section 2 as relativistic species
in thermal equilibrium with the neutrinos through the process vv <+ Z’ <+ Yg xg. That
means that in this case g, = 4 in eq. (2.5), and therefore requiring a smaller NN, compared
to the global case. Note that while the interaction ¢/p — v x is crucial for the mechanism
in the global case to create the new light species, in the gauge case the Z’ — y x interaction
will be more efficient to do so than the analogous with Z’ due to the suppression with 6,,,
see eqs. (3.18).

The real scalar p is also present in the gauged version and will induce scalar-mediated
interactions with A}, AvX according to egs. (3.15a), (3.15b). In fact, it thermalises, however,
for values in the parameter space that are ruled out by other constraints on the interaction
vv < 7' as we will discuss later.

3.4 Parameter summary

Let us now summarise the discussion above and list the independent parameters of the
model, adopting the one-flavour approximation. As discussed in section 3.1, the neutrino
sector can be parameterised by the three parameters

my, MR7 91/)(7 (319)

being the active neutrino mass, the heavy right-handed neutrino mass, and the mixing
between active and massless sterile neutrinos, respectively. For numerical estimates we fix
m, = 0.2eV, at the final KATRIN sensitivity. As we will see below the value of Mp is

~10 -



irrelevant for the phenomenology of the mechanism itself. However, the value of Mg can be
constrained by perturbativity requirements and we will be able to make predictions for the
required range of Mg, which can in turn lead to cosmological consequences in the very early
Universe. Regarding 0,,, we work within the one-flavor approximation and thus consider
that the mixing between all the y, states and v, is comparable in size. As we will see, this
parameter is constrained mainly by BBN observations and we will place constraints that
take into account the number of x;, states, IV,.
In the scalar and interaction sector we take as independent parameters

vo. T Ty — Mg (global) (3.20)
o mz: (gauge)

We use the VEV and the real-scalar mass m, as independent parameters of the scalar
potential. In the global U(1)x case, the pseudo-Goldstone boson mass my is another
independent parameter, whereas in the gauge version, we trade the gauge coupling constant
gx by taking the VEV and the Z’ mass as independent.

In summary, the most relevant parameters to be determined by phenomenology are
0y, vo and mx, where X = ¢/p (Z’) in the global (gauge) symmetry case. As outlined
in sections 3.2 and 3.3, all the relevant interaction rates can be expressed in terms of
these few parameters. In what follows we study the available parameter space in terms of

these parameters.

4 Viable parameter space of the model

In this section we consider all relevant phenomenological and cosmological constraints in
order to narrow down the parameter space to a region in which the mechanism can be fully
realised and the bounds on the neutrino mass significantly relaxed. Figures 3 and 4 show
the results for the global and gauge cases, respectively, in terms of the mass of the new
boson, myx, and the vacuum expectation value of the ® field, vg, for two representative
values of the mixing between active and sterile states 6,, = 1073 and 10~%. Below we
elaborate upon all of these constraints and considerations.

Thermalisation: as discussed in section 2 the mechanism requires the X boson
to thermalise with neutrinos and y states after proton-neutron freeze-out and before
recombination at 10eV < T, < 0.7MeV. Calculating the thermally averaged decay rate
and comparing it to the expansion rate of the Universe allows us to narrow down the range
of couplings for which this happens (see appendix C for formulae). In our models, the rate
I'(X — vy) is always larger than I'(X — vv) due to the mixing angle suppression, see
egs. (3.15) and (3.18). However, we assume that initially no ys are present in the plasma,
and therefore the thermalisation requirement applies to the process X < vv, controlled by
the coupling A¥¥. Since the thermally average decay rate peaks at T' ~ myx /3 we demand
(X <> vv)) 2 H(T = mx/3), which approximately implies

A > 4 x 10*12,/%. (4.1)

- 11 -
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Figure 3. Regions of the parameter space of the global U(1) x model excluded by several cosmological
bounds for a value of the mixing between active and massless sterile neutrinos, 6,, = 1072 (left) and
10~* (right). The white region is allowed. Vertical dotted black lines correspond to the maximum Mg
value in GeV given by the requirement of perturbativity for Ys, see eq. (5.3), or by the requirement
of Age < 1076 when stronger, see eq. (5.5). The purple line indicates the region where Mg > Vg,
where the explicit breaking of the U(1)x symmetry by the scalar mass would dominate over the
spontaneous breaking. The vertical green line highlights parameter space excluded from neutrino
freestreaming in the specific case my = 0.
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Figure 4. Regions of the parameter space of the gauge U(1) x model excluded by several cosmological
bounds for a value of the mixing between active and massless sterile neutrinos, 6,, = 1073 (left)
and 10~% (right). The white region is allowed. Dotted black lines correspond to the maximum Mg
value in GeV given by the requirement of perturbativity for Y, see eq. (5.3), or by the requirement
of Are < 1075 when stronger, see eq. (5.5). The grey dotted lines indicate regions of constant value
of the gauge coupling constant gx = mz /ve. We also indicate the region where standard thermal
leptogenesis can work (purple shading).
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In figures 3 and 4 we highlight in red the region of parameter space for mx and vg for which
the X boson will not reach thermal equilibrium with active neutrinos in the early Universe.
The thermalisation requirement leads to an upper bound on the scalar VEV, where the
dependence on my follows from combining eq. (4.1) with either (3.15a) or (3.18a).

BBN Constraints on X v interactions: the new boson X cannot be in thermal
equilibrium at temperatures above T., > 0.7 MeV for two reasons: 1) It would reduce the
number density of neutrinos which in turn participate in p <+ n conversions, and 2) it would
contribute by itself and with the new x states to the expansion rate at the time of BBN
since neutrino decoupling happened at a very similar temperature 7' ~ 2MeV. In order to
ensure that the X boson does not spoil the success of BBN we can place a bound again on
the interaction rate between the X boson and active neutrinos:

(C(vv — X)) < H(T = 0.7MeV) (4.2)

which in terms of the relevant coupling approximately reads:

7 keV

Y S 10T
X S mx

(4.3)
This constraint is shown in blue in figures 3 and 4. In passing, we note that the coupling

¥ is also bounded by possible v — X X processes occurring before neutrino decoupling
and leading to a large AN.g. For this not to happen, then A\¥¥ < 107° [20]. However, we
never probe such large couplings in the parameter space of interest in our study.

CMB Constraints on X - interactions: the interaction between X particles and
neutrinos and sterile massless states can leave an imprint on CMB observations if it occurs
sufficiently close to recombination as this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent analysis of Planck legacy data has shown
that provided that the v—X interactions are not efficient at z < 10° there are no CMB
constraints [49]. We will use this as a constraint on the parameter space, requiring that

T(w — X)) < H at z < 10°. (4.4)

In addition, since in our scenario a large fraction of the energy density in relativistic particles
is in the form of massless sterile states x we will also require

T(X < x+x/v)) < H at z < 10°. (4.5)

The combination of these bounds is shown in light green in figures 3 and 4 and essentially
implies myx 2 1keV.

Furthermore, there are constraints coming from neutrino freestreaming from possible
2 — 2 processes. In particular, one needs to make sure that yx < x)x interactions as
mediated by a Z’ or ¢ are not efficient at z < 10°. For the scalar case this is automatically
fulfilled because A¥* = 0. However, for the gauge case it is not since A} = mz /ve = gx.
By enforcing:

T(xx < xx)) < H at z < 10°, (4.6)
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we find a constraint on ve:
v > 3 x 107 keV | (4.7)

for the gauge case. This bound is shown with a darker green colour in figure 4 and restricts
or even close the allowed parameter space for smaller values of 0,,.

For the scalar case we still should consider the process xv <+ xv. By demanding the
same requirement on this process we find a small region of parameter space to be excluded
which is highlighted in green in the left corner of the available parameter space and that
follows a diagonal shape in figure 3.

®ee Astrophysical considerations: since our X boson interacts with neutrinos it can be
subject to constraints from astrophysical considerations, in particular from core collapse
supernova. Supernova cores have temperatures T' ~ 30 MeV and release almost all their
binding energy in the form of neutrinos on a timescale of t ~ O(10)s. The observed neutrino
spectrum of SN1987A is in broad agreement with that expected from standard core collapse
supernova simulations, see e.g. for a review [58]. In this context, there are two bounds
one can place. Firstly, the X particle should not be copiously produced and escape on a
timescale shorter than ¢ ~ O(10) s, otherwise the supernova will cool much faster than what
has been observed in SN1987A [59]. Requiring that the luminosity in X states is smaller
than the one from neutrinos in the standard scenario rules out couplings in the range [60]:

¢ keV

k
4 %10 XY <y < qgra ke

4.8
x x (4.8)

for keV scale bosons. Secondly, it has been very recently pointed out [60] that even if the
luminosity of X particles emitted by the supernova is substantially smaller than that of
active neutrinos there could still be constraints due to the lack of high energy events in
the time window where the SN1987A signal was observed. For mx < MeV, the reported
exclusion range corresponds to

7 keV

3x 1077 — <\ 510—4@.

4.9
x x (4.9)

As such, we find that these constraints are weaker than the one we impose from BBN
consistency in our scenario. However, a future galactic supernova could push further these
limits. A galactic supernova at a distance of 10 kpc detected by Hyper-Kamiokande detector
would test values of the coupling down to A\§¥ ~ 3 x 107 % [61].

®ee BBN Constraints on the mizing between active and sterile neutrinos: the massless
sterile neutrinos we consider are subject to BBN constraints on their own because they mix
with active neutrinos and therefore can be produced via collisions and oscillations in the
early Universe. In addition, since these states are lighter than active neutrinos they feature
an enhanced resonant production [62]. The production rate for these sterile neutrinos peaks
at T ~ 10 MeV (|Am?|/0.1eV?)1/6 [1], which is well above neutrino decoupling and BBN.
The main effect of these additional states will then be to contribute to the energy density
in the Universe both at the time of BBN and recombination. Here we take the production
rate of sterile neutrinos from [63] and integrate it up to the time of neutrino decoupling,
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Tdec ~ 2 MeV, in order to obtain this contribution to the number of ultrarelativistic neutrino
species in the early Universe:

X [Ge |2+ 0.8(10,x 2+ 0,4[2) [ m
ANqg|. ~0.014 ex A UEX X ( Y ) . 4.1
ly = 0.0 Xzz:l 10-6 0.1eV (4.10)

Note that for simplicity to obtain this expression we have neglected destruction of sterile
neutrinos in the collision rates. By solving the relevant Boltzmann equations we have
explicitly checked that this is a good approximation provided that ANeg < 0.3 for a given
new species.

Assuming that the mixing is similar for each species and applying a bound of AN.g < 0.3
which is representative of both Planck data [3] and global BBN analyses [64], we can find a
bound on 6,, and N, which reads:

[10 [0.2eV
L <1073, [ — 4.11
0ux] S 10 N\ (4.11)

where here m,, refers to the mass of an individual and almost degenerate active neutrino.

In terms of the parameters of interest in our study this means that:

Oy = nfD <1071 —1073, (4.12)
where the ranges are taken by varying 0.1eV < m, < 1eV and N, < 50 as relevant for
a range of scenarios as seen in figure 1. This explains why in figures 3 and 4 we take as
benchmarks [6,,| = 1072 and |6,,,| = 107%. Choosing smaller values of ,, would move
the allowed regions to smaller values of vy, as a seen from egs. (3.15), (3.18). This would
lead to non-perturbative gauge couplings or similar inconsistencies in the global case (see
discussion below). For the gauged version, for mixing angles significantly below 10™* the
allowed region above the free streaming bound on vg, eq. (4.7), would disappear. Therefore,
the preferred parameter region is close to the upper bounds for ¢, discussed above.

With active neutrinos close to the eV scale and massless sterile neutrinos, we obtain
a mass-squared difference Am? ~ 1eV?, potentially relevant for short-baseline oscillation
experiments [65, 66]. However, mixing angles in the range indicated in eq. (4.12) are too
small to be tested in oscillation experiments.

5 Discussion

Let us summarise the main results from the various constraints discussed in the previous
section, referring to figures 3 and 4. We find a closed region of parameter space for the
mediator mass mx and scalar VEV vg, where the mechanism can work. The mediator
mass is restricted roughly to the range 1keV < myx < 1MeV, both in the global and
gauged version of the model. For the global case, the scalar VEV is roughly in the range

leV S vp S 10keV for 6, = 1073, and roughly one order of magnitude smaller for
O,y = 10~*. In the gauged version, we obtain larger scales for vg, ranging roughly from
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10 MeV to few GeV for the case 0, = 1073, but only viable for 20-200 MeV for Oy = 1074 as
a result of the vy dependence of the neutrino freestreaming constraint on y self-interactions.

The different scales for the VEV in the global and gauged versions, as well as the
dependence on the mixing angle follow from the parametric dependence of the coupling
constants shown in egs. (3.15) and (3.18), being proportional to m, /ve (myz//ve) in the
global (gauged) version. For the global case, a shift in the neutrino mass would have a
similar effect as changing 6,,,, with lower masses moving the excluded regions to smaller vg.
This follows directly from eqgs. (3.15).

Let us now discuss in some more detail the parameter region for the global U(1)x version.
In the scalar sector, the parameters of the model are the scalar VEV wvg, the mass of the
real scalar, m,, and the mass of the pseudo-Goldstone boson mg, which we consider as
an independent parameter responsible for the explicit breaking of the U(1)x symmetry.
The diagonal line in figure 3 indicates the condition mx = wvg. Considering the case
X = ¢, we see that in large regions of the parameter space (for 6,, = 10~* even all of
the viable parameter space), we have mg > ve. This means actually that the explicit
symmetry breaking happens at scales higher than the spontaneous breaking, which in some
sense contradicts the notion of the global symmetry. We consider this configuration as
theoretically inconsistent, and we remain only with the small triangle to the right of the
diagonal line in figure 3 (left), which however, still implies a mass for the pseudo-Goldstone
not too far from the VEV, and also requires “large” mixing angles 6, , saturating the bound
from BBN. Furthermore, we note that there is another cosmological element that makes
the region where m,, /4 > ve theoretically unappealing. The reason is that in such regions
of parameter space the U(1) x symmetry would only be spontaneously broken in the early
Universe at T' ~ vp. That in turn means that actually the scalars may not have gotten
their masses until 7' < m,, /4 which would prevent them from actually thermalising with
the neutrino sector of the plasma because of the strong dependence of the interaction rate
with mp/¢.

Alternatively, we can consider the situation X = p, i.e., the real part of the complex
scalar plays the role of the mediator particle. In this case we can avoid explicit symmetry
breaking at all and keep ¢ to be a massless Goldstone. Note that p and ¢ have the same
couplings to the fermions, eqs. (3.15), and therefore, the phenomenological discussion from
section 4 applies equally to p and ¢. For the mass of p we have m, = V2Xpve. Therefore,
the perturbativity requirement for the quartic coupling, A < /4, implies that m, cannot
be much larger than the VEV: m, < 2.7ve. Hence, we see that again we are restricted to
the small region to the right of the diagonal line in figure 3. In addition, in this case there is
an additional constraint related to the presence of the massless pseudo-scalar ¢, which now
can lead to 2-to-2 processes such as yx — ¢¢ and vv — ¢¢, which can suppress neutrino
freestreaming. For this not to happen, these processes cannot be in thermal equilibrium
at z < 10° [49]. Explicit calculations show that the coupling mediating this process then
should be A <7 x 1077 [67]. In particular, this bound will apply to )\;X, see eq. (3.15b),
and can be interpreted as a lower bound on the scalar VEV that reads:

] (o
3k . 1
ve > 0-3keV 075 { G 2ev (5:1)
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This constraint is shown as a vertical green line in figure 3 and we see that this bound,
together with the perturbativity requirement for the quartic coupling, puts also severe
restrictions to the parameter space in the case of global U(1)x with no explicit symmetry
breaking (mg = 0).

We conclude that the global symmetry version of the model is severely constrained
by perturbativity and theoretical consistency arguments. This is not the case for the
gauged version: we indicate in figure 4 by diagonal lines the values of the gauge coupling
gx = my /ve, and we can see that the allowed region does not have any perturbativity
problem since the couplings are sufficiently small (unless 6, is not chosen much smaller
than the values adopted in the figure, see also the discussion in section 4). In addition,
since gx < 1, we note that the U(1)x symmetry will be spontaneously broken in the
early Universe at T ~ vg > myx. Since the interactions between Z’ and fermions are most
efficient at T' ~ mys /3 we conclude that the U(1)x symmetry is broken and Z’ is massive
by the time the mechanism we describe to reduced the neutrino number density is active.

In the following subsections we discuss further cosmological consequences of the model.

5.1 Heavy right-handed neutrinos, A N.g, and leptogenesis

The mass of the heavy neutrinos My is essentially unconstrained, as for given m,,ve and
6,y we still can choose the Yukawa couplings Ys. However, we can derive an upper bound
on Mg from two arguments. First, by requiring perturbativity for Yg, i.e. that Yg has to
be smaller than v/47. In the one flavour approximation this reads

M
Yo = YRy < Vir, (5.2)
Vo
which gives an upper bound on Mg:
2

v
Mp < 4 o )
R < meegx (5.3)

Second, although we set Ae = 0 at the electroweak scale, it can get a sizeable value via
radiative corrections. In particular, a box diagram with v, x and Ng in the loop can generate
this mixing between the two scalar fields. Thus, we require that this contribution has to be
smaller than 1076 to avoid ® thermalisation before BBN [68]. Using SARAH [69, 70] we
find that the one loop contribution to the Apg coupling reads as follows:

VIYE om0

Moop = . 5.4
He 472 472 U(% U%W (5-4)

The requirement )\E%p < 1075 gives an upper bound on Mg:

Ve VEW

Mp < 2w

1076, (5.5)

my eux

These bounds are shown in figures 3 and 4 as vertical dashed lines. For values of ve < 10% keV,
the bound coming from perturbativity dominates while for v > 10?keV the scalar mixing
sets an stronger bound. We see that in the global case the heavy neutrinos are relatively
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light, with masses below the TeV scale in a large fraction of the parameter space. However,
the mixing between active and heavy neutrinos given by eq. (3.12) is too small to be tested
in collider searches, see e.g. [71]. In the gauge case we have upper bounds on Mg in the
range between 10° GeV and 10'¥ GeV. In general the heavy neutrinos are not going to
interfere with the mechanism altering the neutrino number density before recombination,
but nevertheless we can wonder about other cosmological implications they can lead to.

Right handed neutrinos that give masses to the active neutrinos are expected to thermalise
in the early Universe with the SM plasma via inverse decays of the form H L — N, see
e.g. [72]. That means that if the reheating temperature of the Universe was Tryy > Mg then
we expect these sterile neutrinos to have cosmological implications. Perhaps the most widely
studied consequence of them is baryogenesis via leptogenesis, see e.g. [73]. In addition,
in our scenario these states interact with a large number of very light species, which can
lead to a primordial ANeg that is effective both at the time of BBN and recombination
and would therefore exclude the model. The key parameter controlling the contribution to
AN and also the possible effect on the generation of a lepton asymmetry is the branching
ratio into the dark sector:

2N, 6% vi
BR(N — ¢x) = x Ty Tew (5.6)

- 2NX91%XU]23W+U% '

The interaction rate of heavy sterile neutrinos with the SM plasma is directly determined
by the Yukawa coupling Y, which in the type-I seesaw mechanism is intimately related
to the neutrino mass, m, ~ Y,2vi,/2Mp. We thus expect the sterile neutrinos to reach
thermal equilibrium in the early Universe for Kgqy 2 1, where

I'(N — HL) my
Koy = 2 9 . .
SM = F7 ~ 2 20 <o.zev> (5:7)

Clearly, if these states have efficient interactions with xr and ¢ then they will generate a

large number density of massless states that will contribute to ANqg. In addition, these new
interactions, if efficient, can make the distribution function of heavy sterile neutrinos very
close to thermal and therefore suppress the generation of a primordial lepton asymmetry.

ANg =2 <11)4/3 lpDS] , (5.8)

ANy can be written as

4 P~y

where ppg refers to the energy density in the dark sector, i.e. xr and ¢. This contribution
is bounded from above because the maximum temperature the ¢ — x population could have
obtained is the SM one, in which case we can use entropy conservation to find:

4/3
AN.g < 8 (11)4/3 9xsNx + 98] | oS8 (Tioday) /
e - .
T\ 4 2 SM(T ~ Mp)

Using gfg/[ (Tioday) ~ 3.9 and gfg/l (T ~ Mpg) ~ 105, this yields a maximum contribution to
ANeg of

7
ANt s 2 0.027 {1 + SgXNX} | (5.9)
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For instance, for typical values we have ANeg|max(Ny = 10,g, = 2) ~ 0.5, which is
already excluded.

By solving explicitly the Boltzmann equations for the number density of heavy sterile
neutrinos in the early Universe allowing them to decay into these new very light species we
find that in order to satisfy the CMB and BBN bound AN.g < 0.3 we require:

Ksvy x BR(N — ¢0x) <1, (5.10)

where this expression is rather insensitive to N, provided that N, > 5.% From eq. (5.7)

~

we obtain 10 < Kgy < 800, where the limits come from taking \/|Am2,| < m, < 0.8€V.
Putting this together, we see that the branching ratio of sterile neutrinos is bounded to be

BR(N — ¢x) < (1073 —0.1). (5.11)

Using eq. (5.6), we find that for the global version of the model the full viable parameter
space is incompatible with this condition. Therefore in the global case we need to require
Tru < Mg, such that the heavy neutrinos cannot thermalise. Since in the global case the
right handed neutrinos could have masses Mpr < 100 GeV this means that one would need
to invoke a mechanism that explains the baryon asymmetry of the Universe without the
help of sphalerons processes. This argument again makes the global version of the model
less attractive compared to the gauged case, in addition to the discussion above.

For the gauge case there is some parameter space fulfilling eq. (5.11) which is displayed
as a vertical band in purple labelled “Leptogenesis” in figure 4. For these values of vg
the contribution to AN.g remains small and we can be confident that the usual thermal
leptogenesis mechanism will not be distorted because the interactions with the new dark
sector will always be slower than the expansion rate of the Universe and therefore will
not impact the potential generation of a primordial lepton asymmetry. Of course, for the
standard thermal leptogenesis mechanism to be successful the sterile neutrino mass cannot
be arbitrarily low and should be Mg > 10% GeV [74]. For the rest of the parameter space
(to the left of the purple band), in order to be in agreement with BBN and CMB bounds
on AN.g, we need to require Tryy < Mg and the usual thermal leptogenesis will not be
operative. However, this parameter space is compatible with having Try large enough to
allow for sphaleron processes.

5.2 Active neutrino decay

The existence of interacting fermions lighter than active neutrinos allow neutrinos to
decay. Furthermore, if active neutrinos were to decay on a cosmological timescale this will
diminishing their density today, see e.g. [19]. Two body decays v — x ¢/p/Z’ are forbidden
in our scenario because the ¢/p/Z’ bosons are heavier than active neutrinos. As such, the
only possible decay channels at tree-level are v — 3x and v; — v;xx. The first cannot
happen in the global case because )\;)pc =0, see eq. (3.15). The rate for the second is very
small specially for the region of degenerate active neutrino masses we are interested in.

4This simply means that the rate of interactions of sterile neutrinos with the dark sector should be slower
than the expansion rate at T~ Mpg: (I'(N — ¢ x)) S H(T ~ Mg).
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However, the v — 3y decay is possible for the gauge mediated case through the gauge
interactions A\ 7y*x and gx ZLY’W X- Assuming the mixing between active and sterile
neutrinos is similar for all the IV, sterile species, we get 2N§ possible decay channels
and therefore the total active neutrino decay rate will be I't,, = 2 N% I'y—3y. Taking the
decay rate calculated in [19] we can compute the lifetime of the active neutrinos with the
parameters of our model in terms of the age of the universe, tyy >~ 13.8 Gyr, and the number

(13t
1 MeV

(%) () (5)
6 0.2eV 103

Given this equation it can be seen from figure 4 that neutrinos do not decay on cosmological

of new sterile species, which reads:

=4 x 103ty (5.12)

timescales in the regions of parameter space in which the mechanism is viable.

6 Conclusions

We have discussed a UV complete model to realise a mechanism to relax cosmological
neutrino mass bounds to the level that the neutrino mass becomes observable in terrestrial
experiments such as KATRIN and/or neutrinoless double-beta decay. The mechanism is
based on an idea put forward by Farzan and Hannestad in ref. [30]. The main ingredient is
the depletion of the cosmological abundance of active neutrinos by populating instead a
sufficient number of massless species, see eq. (2.5) and figures 1 and 2.

Our model realisation is based on a version of the seesaw mechanism sometimes called
“minimal extended seesaw” with the following main features: we have 3 heavy right-handed
neutrinos, responsible for generating active neutrino masses via the type-I seesaw. In
addition we introduce a large number of additional sterile neutrino species, which remain
massless and provide the dark radiation. In order to achieve the required relaxation of
the neutrino mass bound to ~ 1€V for the sum of neutrino masses, we need O(10) species
of massless sterile neutrinos. To realise the conversion of active to sterile neutrinos we
introduce a U(1)x symmetry, which can be either global or gauged and is spontaneously
broken by a complex scalar field. The (pseudo-)scalar or vector bosons act as mediators
between active neutrinos and the dark sector.

The depletion of active neutrinos should happen between BBN and recombination. This
restricts the mass of the mediator particle to the range between 1keV and 1MeV. We
provide a detailed discussion of the relevant phenomenology and cosmological constraints in
section 4 and find that the mechanism can work only in a closed region of parameter space.
The version with the global symmetry is severely constrained by theoretical consistency
arguments and perturbativity requirements. Furthermore, it is incompatible with thermal
leptogenesis and requires a reheating temperature below the electro-weak scale. In contrast,
the gauged version of the model is safely in the perturbative regime, is partially compatible
with thermal leptogenesis and allows for reheating temperatures above the electro-weak
scale. In the gauged version of the model, the VEV breaking the U(1)x symmetry can be
between 10 MeV and a few GeV when the mixing |0, | = 1073 while for |0, | = 107 only a
narrow window of VEVs is allowed 20 MeV < vg < 100 MeV.

—90 —



In conclusion, we have presented a relatively simple extension of the Standard Model,
explaining active neutrino masses close to the eV scale, featuring a non-standard neutrino
cosmology. The main signature of the model is the possibility of observing a non-zero
neutrino mass in KATRIN and/or a signal in neutrinoless double-beta decay, which would
be excluded within the standard ACDM cosmology. The model requires the presence of
O(10) species of massless sterile neutrinos, whose theoretical motivation remains to be
identified, see however [75-77] for extensions of the Standard Model with large number of
sterile neutrinos or BSM species.

Looking forward, in this scenario the number density of active neutrinos forming the
cosmic neutrino background (CNB) is smaller than in ACDM. However, these neutrinos have
a smaller temperature and therefore can cluster much more efficiently in the solar system.
This in turn enhances the direct detection prospects of the CNB within this cosmology [35].
In addition, while in this work we have focused on relaxing the current cosmological neutrino
mass bound, the essence of the model remains relatively unchanged and will be relevant for
the interpretation of upcoming cosmological neutrino mass measurements from DESI/Euclid,
see figure 1.
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A The mechanism after recombination

In the main text we have considered the possibility of decreasing the number density of
neutrinos before recombination in order to relax the cosmological neutrino mass bound.
However, a priori it is not really needed that the depletion of the neutrino number density
happens before recombination, it can also happen after. In this appendix we comment on
this possibility.

First, let us note that the mean momentum of a neutrino at the time of recombination is
(py) ~ 3T, ~ 0.6eV. As such, the primary CMB spectra can only be affected by neutrinos
that are m, 2 0.6eV. Indeed, the WMAP bound on the neutrino mass within ACDM
was y_.m, < 1.3eV at 95% CL [78], very close to the estimate given above. Nevertheless,
the CMB is indirectly sensitive to less massive neutrinos via their effect on the growth
of the large scale structures in the Universe. This sensitivity steams from the fact that
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such large scale structures can lens the CMB photons emitted at the surface of last
scattering and detected today, see e.g. [79]. The energy density in non-relativistic neutrinos
suppresses this growth and CMB observations are therefore sensitive to significantly lighter
neutrinos, e.g. >.m, < 0.24eV at 95% CL is the bound from Planck CMB observations
alone [3]. Importantly, the main contribution to the lensing of CMB photons happens only
at moderately low redshifts, z < 6, and this means that provided that m, < 0.5eV Planck
CMB observations are really sensitive to Q,h? at z < 6. Similar considerations apply for
data from Baryon Acoustic Oscillations. Put together, this means that in principle the
mechanism described in the main text could work equally well provided that the neutrino
number density is reduced at z 2 10.

To concretely see how this could work we first note that neutrinos become non-relativistic
at zpr ~ 200m,, /0.1eV. In the scenario we considered in the main text we need a particle X
that can decay to neutrinos and therefore should have a mass mx > 2m,. That means that
the mass of this particle would need to be in a rather narrow range 0.1eV < mx S 1eV.
In addition, this particle should interact efficiently with neutrinos at z < 10% but not at
z > 103, This is simply because otherwise this new state will suppress neutrino freestreaming
and distort the CMB [49]. Thus, we can appreciate the three requirements are that the
interactions are not effective until z < 103, that the mediator is in the right mass window
0.1eV < mx < 1eV, and that the interactions occur rapidly as compared with the timescale
for expansion. We believe that these three conditions can be met although we think that
this will only occur in a very limited region of parameter space for m, and mx and for the
interactions between X and neutrinos. To confidently study the viable parameter space in
this case a solution of the relevant Boltzmann equations would be needed which is beyond
the scope of this study.

Finally, one can consider the possibility of depleting the neutrino number density by
neutrino annihilations into massless states, v — xx. This in fact was considered a long
time ago [80], but was shown indeed not to be possible because of the suppression of neutrino
freestreaming from these interactions [81].

B Entropy production and the value of Ngg

The thermodynamic processes discussed in the main text that depletes the number density
of neutrinos in the early Universe leads to entropy production. This in particular means that
we do not expect Neg to be exactly 3.044. However, for large IV, we expect the difference
not to be significant. The reason that N.g # 3.044 is because the production and decay
of a massive particle, X, always leads to some extra energy density production stored in
its decay products. Of course, the more x states there are the less significant will be this
release of energy because the fractional number density of X states will be small. Since we
are working in a regime where the relevant processes are very efficient with respect to the
characteristic expansion timescale ¢y ~ 1/H, we can use equilibrium thermodynamics to
elucidate this matter.

We should split the discussion in two events that we consider happen instantaneously.
First, we consider that at T' > mx the X bosons and the x fermions thermalise instan-
taneously generating a coupled system with temperature T, and chemical potential ;.
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Since all the particles are massless energy conservation implies:

Pv(Ty,0) = pu(Teqs p137) + px(Teq, ,U;q) + px (Teq, /#e)?) : (B.1)

In addition, since we are considering processes X <> vv and X < xx we know the chemical
potentials of these species are related to be 2u = 2uft = pgs
In addition to energy conservation, we know that the processes we consider respect a

conservation law for the number density of the various species:
(T, 0) = ny (Tog, ) + 1y (Teg, ,u(;(q) + 2nx (Teq, Ng?) ) (B.2)

where here the 2 comes from the fact that a pair of neutrinos or y particles can be
interchanged by an X state. Solving these two equations simultaneously provides Ty and
uod from a given 7,,.

After thermalisation happens the Universe expands and eventually the X boson decays
away at T < my. Since we are in thermal equilibrium, in this system entropy density is
conserved and number density is also conserved as before. This explicitly means:

a® (s, (T, j1) + s (T, ) + sx (T, 2p1)) = constant ,
a®(ny, (T, 1) + ny (T, p) + 2nx (T, 24)) = constant . (B.4)

—~
joe
w

~—

Thus, solving egs. (B.3) and (B.4) simultaneously using as initial condition Teq and fieq
allows one to find Ty and py. Namely, the final temperature and chemical potential of both
neutrinos and massless x species as relevant for CMB observations once the X particle has
disappeared from the plasma.

It is important to highlight that in order to obtain the decrease in the neutrino number
density after this process one does not actually need to solve these equations explicitly. The
number density conservation in eq. (B.2) and in eq. (B.4) imply

nu(TuaO) = nl/(Tf’Mf) +nX(wauf)' (B'5)

Since the x particles are fermions we can easily see that:

1

SM
1+g,N,/6’

nV(Tfa /’Lf) = nl/

as highlighted by eq. (2.5).

®Note that in the global case considered in the main text the relevant processes are X <+ vv and X > vy.
Although they are different they also lead to the condition 2u;% = 2uS? = pS¢. Similarly, while the relevant
processes in the gauge case are X < xx, X <> vy, and X < xx, we end up having the same result.

SWhile in the main text we consider ultralight fermions the same consideration can be done for bosons.
In such a case a compact formula cannot be obtained. A numerical fit to the result is: n, (T¢, puy) =
nSM/ (14 g, N, /6 + 0.07) which is accurate to better than 0.5% for any N,.
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Figure 5. N.g as relevant for CMB observations as a function of the number of massless species
that eventually thermalise with neutrinos N,. In blue when the mediator is a vector boson with
gx = 3 and in red when we have a scalar mediator with gx = 1. Dashed lines correspond to the
case of x being bosons and solid lines to the case of y being bosons. The black dotted line shows
the SM prediction of Neg = 3.044.

Obtaining Ng, however, does require solving explicitly for these four equations simul-
taneously. In figure 5 we show its value as a function of N,. We can appreciate that
unless NN, is small, N, < 3 the contribution to Neg at the time of recombination should be
undetectable even with an ultrasensitive Stage-IV CMB experiment.

Finally, we note that actually the processes we consider lead to a significant production
of entropy because a large number of new relativistic species are produced. Importantly this
does not change the number density of photons and therefore have not relevant impact on
what the number density of baryons or dark matter particles should be. For completeness,
however we report an approximate fitting function of g,g which reads:

6
gx5 ~ 35+ 1 log(N/19), (B.7)

and that we see depends only logarithmically upon N, .

C Decay rates

Here we outline relevant formulas used to compute the various of the constraints in the
main text. The thermally averaged rate of the process a + b <+ X with X being either a
scalar, pseudoscalar or a vector boson and a, b being two light fermions is given by [43]:

m=reft () 5 (7)) ©

where I'x is the decay rate of X in vacuum, gx is the number of degrees of freedom of X (1

for the scalar/pseudoscalar and 3 for the Z’), mx is the mass of X, T, is the temperature
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of the fermions (in case of neutrinos, after decoupling we will approximate T, /T, ~ 1.4)
and K is a modified Bessel function of the first kind. The decay rate in vacuum for the
scalar and pseudoscalar is

)\2
I'x = — C.2
X T 96, (C2)

and for the vector boson \2
'y = —my, (C.3)

8

with A the corresponding coupling, see egs. (3.15) and (3.18). For the cross sections of 2 to
2 processes with interaction coupling g and mediator X we have used

4
g [
~—"—T CA4
1672 m% -~ (C4)

when they are mediated by a massive (mx 2 T') mediator and

gt 1

T 16n2 T2

(C.5)

when the mediator is light (myxy < T).
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