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Sizable neutrino self-interactions could exist and affect our understanding of large neutrino density
environments. But if they are mediated by a light boson, i.e., have a long range, they might be
extremely challenging to probe. In this work, we scrutinize how cosmology is well-suited to study
them. In particular, we demonstrate that the energy density and equation of state of interacting
cosmological neutrinos would diverge from the commonly assumed ideal gas form. Our results
show that the current cosmological neutrino mass bound is fully avoided in the presence of a
long range interaction, opening the possibility for a laboratory neutrino mass detection in the
near future. We also demonstrate an interesting complementarity between neutrino laboratory
experiments and the future EUCLID survey.
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1. Introduction

The quest for exploring new fundamental interactions has traditionally focused on high-energy
probes such as particle colliders. The main hypothesis underlying these searches is that new physics
has evaded detection because it only acts at short distances or, in particle physics terms, is mediated
by heavy states. However, new physics could be mediated by light particles (i.e., it could have a
long range) and remain undiscovered simply because it couples too weakly to matter.

In this case, small couplings can be overcome by setups with large amounts of particles over
which effects accumulate coherently. An archetypal example is gravity: despite being exceptionally
weak, it was the first fundamental force discovered as it adds up over all particles in macroscopic
objects. Cosmology is particularly well suited to explore this sort of many-particle effects, as in
the early Universe particle number densities were extraordinarily high. Furthermore, cosmological
evolution is dominated by gravity, and it is thus susceptible to be modified by any stronger interaction.

Although neutrinos are ubiquitous throughout the Universe, where many large-density en-
vironments could be affected by neutrino self-interactions, these interactions remain poorly con-
strained [1]. Furthermore, so far the literature has mostly ignored possible long-range effects of
neutrino self-interactions [2—5] (even after the lately renewed interest due to their possible relation-
ship to the Hubble tension [6—8] or the short baseline neutrino anomalies [9, 10]). In this work, we
systematically explore the long-range effects, finding out that they strongly affect the information
about neutrino properties we extract from precise cosmological observations.

2. Formalism and equation of state

For simplicity, we will study scalar-mediated long range interactions among neutrinos. The
action of the system is given by

I I . Y
g = / V=G d*x (_EDH¢D/J¢ _ §M92b¢2 + iy Dy — moyy — gy | M

where ¢ and i are the scalar and neutrino fields respectively, G is the determinant of the metric and
D, its associated covariant derivative, M4 and my are the scalar and neutrino masses respectively,
g is the interaction coupling, and we have used the metric signature (—, +, +, +).

The equations of motion stemming from Eq. (1) give the neutrino dispersion relation [11]

P, P* = —i* = —(mo + g¢)*, 2)

i.e., when neutrinos source a classical scalar field ¢, they acquire an effective mass /i # mg. This
scalar field, for a homogeneous and isotropic neutrino background with a momentum distribution

fo(p), is given by
mo+ g

VIBI2 + (mo + g¢)?

If we assume that the neutrino distribution takes a Fermi-Dirac form

Myp=-g | &5 fo(p). (3)
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with g the amount of internal degrees of freedom (including particles, antiparticles and any internal
quantum number) and 7" the neutrino temperature; we can self-consistently solve Eqgs. (2) and (3)
and obtain the effective neutrino mass 71 as well as the equation of state parameter

Lag2 42 3= 7 >
B -2 My +fd p Wfo(“ﬂ) 5
IM22+ [ &5 1B+ w2 fo(15])
1d,

The latter is particularly important in cosmology, as in an expanding Universe > d—’t’ =-3H(1+w)
with H the Hubble parameter; i.e., it parametrizes the rate at which energy density is diluted.
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(a) Effective neutrino mass divided by mg. The gray line (b) Equation of state of the system.
separates the non-relativistic and relativistic regimes.

Figure 1: Equation of state and effective neutrino mass as a function of T'/mg for different interaction
strengths [solid blue shades]. The dashed orange line shows the result without long range interactions. T is
the neutrino temperature, m its vacuum mass, and % parametrizes the interaction strength. The neutrino
distribution function is given by Eq. (4) with g = 6 degrees of freedom.

Figure 1 shows that neutrino long-range interactions dramatically change their cosmological
behavior. Figure 1a illustrates that the sourced scalar field reduces the effective neutrino mass,
keeping them relativistic even though T <« myg. In Fig. 1b we notice that keeping neutrinos
ultrarelativistic makes them behave as radiation (w = 1/3) even for T < mg. The sourced scalar
field, though, also contributes to the total energy density and pressure of the system, so that w can
take negative values. Finally, as the system cools down the interparticle distance becomes larger
than the interaction range ~ M ;1, and all interaction effects switch off.

3. Cosmological data analysis

Equations (2) and (3) modify the behavior of cosmological neutrinos. Using also the modified
neutrino perturbation equations, we have carried out an analysis of present cosmological data under
the presence of neutrino long-range interactions (see Ref. [11] for details). The resulting allowed
regions are in Fig. 2. As we see, no neutrino mass bound can be obtained from Planck CMB data if
the interaction is strong enough to delay the relativistic to non-relativistic equation of state transition
(see Fig. la): forg/My 2 10?2 eV~!, the neutrino system still behaves as radiation at recombination.
For small couplings g/My < 10 eV~!, we essentially recover the standard cosmology and neutrino
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mass bound. Baryon acoustic oscillations (BAO) exclude a large amount of interaction strengths
for relatively large values of the neutrino mass, as these would modify late-time cosmology (c.f.
Ref. [11]).
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Figure 2: Planck 2018+BAO constraints [12—15] on long range interacting neutrinos, LRIv, [solid purple],
on ACDM with non-interacting massive neutrinos [dotted orange], and Planck 2018 constraints [12] on long
range interacting neutrinos [dashed green]. In the hatched region, cosmic neutrinos are relativistic today.
The solid dark green line is the minimum value of ) m, allowed by neutrino oscillation data [16].

Nevertheless, there is still no cosmological neutrino mass bound. In other words, the KATRIN
laboratory experiment, that aims to constraint ), m, < 0.6eV [17], could in the near future
detect a non-zero neutrino mass compatible with cosmology if neutrinos have interaction strengths
g/Mg ~ 103-10%eV~". In the future, though, cosmological constraints will also improve: surveys
such as EUCLID [18] should have ~ 2-3¢ sensitivity to smallest neutrino mass allowed by
oscillations. To quantitatively explore the potential of EUCLID, we have carried out a forecast
generating EUCLID mock data for two values of the sum of neutrino masses: Y, m''*® = 0, a priori

4
excluded by oscillations; and Y, m}["® = 0.08 eV, a value compatible with present data that should
be well-measurable by EUCLID.

Figure 3 shows the future constraints on neutrino long-range interactions. As we see, EUCLID
data can be consistent with massless neutrinos without violating neutrino oscillation constraints for
interaction strengths g/My ~ 102-10°eV~!. Alternatively, if EUCLID observes a neutrino mass
signal, it will exclude neutrino long range interaction strengths g/Mg > 10*eV~!. Moreover, as

mentioned above, a neutrino mass detection at KATRIN of > m, > 0.6eV could point to long
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Figure 3: Future constraints on long range interacting neutrinos, LRIv, [solid yellow], and Planck 2018 +
BAO constraints [dotted purple]. We show the marginalized 20~ credible regions and 1-D posterior probability
distributions for Y m,, and Mi(p.

range interactions with strength g /M4 ~ 103-10°eV~!. As we see in Fig. 3, these parameter values
can be explored by EUCLID, allowing to test this hypothesis.

4. Conclusions

In this work, we have consistently explored the cosmology of neutrinos endowed with a scalar-
mediated long range interaction. We have also performed an analysis of current and near future
cosmological data.

We have shown that long-range interacting neutrinos can behave as relativistic even for temper-
atures well below their mass, and have an equation of state that dramatically differs from the standard
assumptions. As a consequence, there is no cosmological mass bound with present data, and a very
interesting complementarity between the KATRIN experiment, neutrino oscillation experiments,
and the future EUCLID survey emerges. To facilitate future studies of this complementarity, or
applications of our formalism to other fermions, we have made our code publicly available [11].

Altogether, there is a bright future for laboratory and cosmological neutrino experiments that
will shed light on the neutrino mass scale and the possible presence of long-range interactions.
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