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1. Neutrino Self Interactions

In the Standard Model, neutrinos interact with each other only through Z-boson exchange, but
direct observation of this interaction remains beyond current experimental capabilities. Neutrino
self-interactions (SM vSI) have never been directly measured, despite cross-sections comparable
to electron-neutrino scattering [1-3]. Due to their weak and neutral nature, neutrinos are the
least understood SM particles, yet they offer a pathway to beyond Standard Model (BSM) physics.
"New" or "secret" neutrino self-interactions (BSM vSI) can produce larger scattering rates and
impact phenomena like neutrino mass generation, solutions to cosmological tensions (e.g., Hy, 0g),
and dark matter production [1, 4-6].

In the context of BSM vSI the key free parameters are the coupling strength of the potential vSI
mediator to neutrinos and the mediator mass. Additional complexity to the analysis of vSI provides
possible non-universality of the coupling to different neutrino flavors, which might be favored by
Hubble tensions [5]. Additionally, the mediator could potentially interact not only with neutrinos
but also with other particles, such as dark matter. The unresolved question of whether neutrinos are
Dirac or Majorana particles, along with the origin of small neutrino masses adds further layering.

Constraints on vSI couplings can be derived from a variety of sources, including cosmological
[7-10] astrophysical [11-14], solar [ 15] and laboratory measurements [ 16, 17], which probe different
mass ranges of vSI mediators and interaction scales of vSI for various models.

Building on these constraints, in the scenario of minimal coupling, neutrinos may couple to a
massive scalar, pseudoscalar, vector, or axial-vector particle [18]. In this work, we will focus on
Dirac neutrinos interacting with a massive spin-one boson ¢* through a vector coupling of the form

L=gijvivuvjo!, (i,j=e,u,7) - ¢*isavector boson. (1)

The mediator ¢* either does not interact with charged particles or if it does, the interaction is
extremely feeble. Therefore, we consider its coupling to other particles to be effectively negligible.
The mediator mass M and coupling strength g;;, are free parameters.

2. HEDY scattering on CvB

The high and ultra-high (UH) energies unattainable in laboratory experiments or in other
astrophysical environments, and great distances between the source and detector, can uncover new
information about neutrino mixing, masses, and potential new forms of interactions. In particular,
such a new interaction can affect the passage of astrophysical neutrinos through CvB. During the
propagation, we may consider the following processes involving vSI: vovg — vovg,  VeVae —
vgvg (Va8 = Veu,s Ve,u,7). Analyzing the propagation of HEv’s scattering on the CvB in full
detail could be an exceedingly complex challenge to tackle analytically. To maintain the simplicity
of our calculations and keep them analytical, we’ve made several standard assumptions:

1. CvB consists of all neutrino species with equal density distribution
2. All neutrino masses are equal and m < 0.1eV

3. The interaction is flavor-diagonal and universal (go8 = g6ap)-
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With these assumptions in place and considering only electron antineutrinos from the HEv source,
we assume that interactions with 7 neutrinos yield equivalent contributions as those with u neutrinos.
Thus the task of examining HEv scattering on the CvB simplifies to

Ve + CVB = (VeVe = VeVe) + (VeVe = VeVe) +2(VeVe = v V) +4(VuVe = viVe).  (2)

3. Cross-section

Neutrinos from astrophysical sources typically have energy in the MeV — PeV range, while
CvB neutrinos are about 10~* ¢V, and may be taken to be at rest. Assuming the coupling to this
new particle to be g, the differential cross-sections for the proposed neutrino scattering processes
via this new particle are presented in [19].

Although the cross-section formally diverges, there is a physical cutoff. We can calculate the
relevant fraction of the total cross section by taking the limits of integration to be —s(1 — €) <
t < —es [11]. The parameter € corresponds to a minimum center-of-mass-frame scattering angle
to regularize this cross-section. Without non-zero €, the cross-section does not go to zero in the
s — oo limit. Numerical results do not depend strongly on the value of €, apart from the light
mediator mass range.

There are two limits of the cross-section, which are well described in the literature: light
mediator limit M < s and heavy mediator limit M > s, with cross-sections o (s) = g* a/s
and oy (s) = g* as/M* respectively, where a - is a channel-dependent constant [11]. Here we,
however, consider the full M-dependence over the relevant interval without splitting into the limits.
For process which include s-channel we use Breit-Wigner from of the propagator.

4. Mean free path

The mean free path A might be derived from the Boltzmann equation for the evolution of the
neutrino phase-space density:

_ vevs = vl

dp
-1 CvB
= . f(pCvB) VMoller O-(S), VMoller =

~J (@n)p

where vasoier 1s the Moller velocity, pc, p is @ 3-momentum of a CvB particle, f(pc,5)

3)

IVCvBl

- is a phase-space density distribution of CvB. Knowing the CvB distribution we can instantly
identify two regimes due to differences in neutrino masses. Given the current constraints on the
sum of neutrino masses and their differences, it’s at least two species of neutrino within the CvB
are non-relativistic, and at most one is ultra-relativistic. We will therefore assume a fork [11] with

non-relativistic (NR) and ultra-relativistic (UR) limits:
. |p CvB |

NR: — 0, s— m?+2mE, VMoller = 1
| CVB|
UR: 1PcvE] — 1, s> 2EEcyg(1-2), VMolier = V2(1 -2)
CvB
with corr?:sponding formulae for mean free paths
- 1 “
ANg =ncv 0(s),  ncyp = m/ dEcyBEZ%, 5 f(EcvB) )
0
1V dEcyBE? E dzV1 E 5
UR = m CvBLc,p f(EcvB) Z -z0(z,EcyB) Q)
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where E — incident HEv energy, m — neutrino mass, E¢, p and nc,p are CvB energy and number
density, cosmologically predicted for each species to be 56 cm™3. In this context, z = cos6 and 0
is the angle between incident neutrino and background neutrino. Nonetheless, in our analysis, we
average over this parameter. Also, we adopt CvB-spectrum fc,5(p) = [1 + elPcval/Tevs]~1 with
temperature 10~*¢eV from [20], however for calculations, we reduce it to the Maxwell-Boltzmann
distribution.

5. Constraints on coupling constant

The great distance to the sources of astrophysical neutrinos presents an exceptional opportunity
to set constraints on neutrino properties. In order to establish limits on the vSI coupling constant,
it’s enough to observe a single neutrino from the flux. The detection of neutrinos from the source
requires that the mean free path of neutrinos through the CvB is comparable to or greater than the
distance to the source[11]. So we set this condition to the mean free path DA™! < 1, where D is
the distance to the source and from this follows

(/l
g <

In this work, we present constraints on vSI coupling constant based on the well known sources of
astrophysical neutrinos: SN1987A, Blazars TXS 0506+056 and PKS 0735+178, and ANG NGC
1068. We illustrate our results with graphs generated using the approach outlined in previous

o—1 1/4
g ) . (6)

D

sections. Figure 1 shows the constraints on the coupling constant depending on the vSI mediator
mass for incident v, ’s from the HE neutrino sources, displayed in the Table 1 scattered on NR and
UR CvB.

Table 1: HE and UHE neutrino sources

Source SN1987A TXS 0506+056 PKS 0735+178 NGC 1068
Mean energy 10 MeV 290 TeV 171 TeV 10 TeV
Distance D 55 kpc 1,3 Gpc 1,9 Gpc 13,4 Mpc

6. Conclusion

We conducted a detailed analysis of astrophysical neutrino scattering on the Cosmic Neutrino
Background (CvB) via vSI mediated by a new massive boson. Our work provides a framework for
deriving analytical constraints on the vSI coupling constant, incorporating the CvB distribution.
Without assuming a specific mediator mass, we explored the behavior of the coupling constant in
the intermediate mediator mass region. The results were demonstrated using several well-known
sources of astrophysical neutrinos.
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Figure 1: Dependency of the coupling constant g from the mediator mass M for UR (right) and NR
(left) cosmic neutrino background regimes compared. The regions above the curves are the regions of
exclusion. The colored regions illustrate excluded values of vSI coupling constant for UR CvB and HEv
from a corresponding source. Solid lines stand for a given cut parameter € = 1072, dashed lines correspond
to the case where the cut parameter tends to zero. Sources of neutrinos are illustrated on the plot legend.
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Figure 2: The figure on the left represents comparison between UR and NR regimes of CvB. The solid line
shows the behavior of the coupling constant with the accounted shape of UR CvB, and dotted and dashed line
displays NR CvB regime, € = 1072, Typical for NR regime dip produced by s-channel resonance, slightly
shifted compared the UR dip and depends on different parameters. The figure on the right shows the cut
parameter € region for UR CvB and the blazar TXS 0506+056. The cut parameter significantly changes the
behavior in the light mediator mass range. On this plot cut parameter varies in the range 10719 < € < 0.5.
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