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We consider a nonstandard interaction between the neutrino and a hypothetical massive scalar
or pseudoscalar. In the ultrarelativistic limit, the new effective interaction between the neutrinos
vanishes if neutrinos are Dirac fermions but not if they are Majorana fermions. Using a multi-
angle “neutrino bulb model” we calculate the flavor transformation above the neutrinosphere in
a core collapse supernova and find that the addition of the nonstandard neutrino self-interaction
(NSSI) to the ordinary V-A self-interaction between neutrinos is capable of dramatically altering
the collective oscillations. If our understanding of the neutrino signal from a Galactic super-
nova is sufficiently well understood, supernova neutrinos provide complimentary constraints on

scalar/pseudoscalar interactions of neutrinos.
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1. Introduction

The extreme conditions found in the centers of core-collapse supernovae (CCSN) are won-
derful laboratories for probing the properties of neutrinos. Beyond the neutrinosphere - the sur-
face of last scattering for the neutrinos - the neutrinos are free streaming and can undergo fla-
vor oscillations. The oscillations are governed by a Hamilton H and at a radial coordinate r the
Hamiltonian for a neutrino with momentum q (E = |q|) is composed of three terms, H(r,q) =
Hy(E)+ Hwm(r) + Hsi(r,q), where Hy (E) is the vacuum contribution and Hy(r) the effect of mat-
ter. In addition to these two terms, the number density of neutrinos in a CCSN is so large that
neutrinos feel the presence of all the other neutrinos trying to escape. This leads to the third term
Hgi(r,q) known as the neutrino self interaction. In the Standard Model the self-interaction term has
a form which arises from the V-A nature of the weak interaction given by

Hy A (@) = V2Gs [ (1=p-@) [p(:p)dny (1) =B (rp)dns (np))dEp  (1L1)

where p and p are the density matrices of the neutrinos and antineutrinos respectively and dn,
and dny are their respective differential number densities. But if we consider non-standard self-
interactions (NSSI) for Majorana neutrinos e.g. a scalar or pseudoscalar interaction via a massive
boson, there are additional contributions to Hg; which are found to be of the form

HS/P(r’(’i) :4/(1 —f)(’i) {g[p*(r,p)dnv (r,p) —f)(r,p)dn‘-/ (}’,p)]g}dEp (12)

In this equation g is arbitrary Hermitian coupling matrix. The diagonal elements of g are flavor
preserving, the off-diagonal elements are flavor violating. The difference is the very subtle change
from the density matrix p to its conjugate p*. Nevertheless this change has the potential to greatly
modify the flavor evolution of the neutrinos in CCSN.

2. Our study

We study the effects of NSSI upon the flavor evolution by solving the Schrodinger equation
for the neutrino evolution matrix S above the neutrinosphere i.e.
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Figure 1: Heatmaps of survival probability of electron neutrinos at a postbounce time of #,;, = 1.0 s and at
r =400 km as a function of energy and emission angle when there is only flavor-preserving NSSI.
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where 7 is the affine parameter for the neutrino trajectory and we use Hs; = Hy_a + Hg /p- We
refer the reader to Yang & Kneller [1] for further details. Three results from these calculations
are shown in figure (1) which were for cases where the coupling matrix g was parameterized as

1/2
g= {\/EGF /4] a;13. In the leftmost panel we see the electron neutrino survival probability at

r =400 km as a function of the neutrino energy and the quantity sin? g where 6 is the emission
angle of the neutrino at the neutrinosphere relative to the radial direction. As we increase «; the
range of energies and emission angles which are affected by self-interactions is reduced (middle
panel) until at o = 1.5 we find the flavor transformation has been completely switched off. From
this and many other calculations like it, we are able to build up a flowchart for the consequences of
non-standard neutrino self-interactions which is shown in (2).
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Figure 2: A flowchart indicating the consequences of the non-standard neutrino self-interactions.

3. Conclusion

The neutrino flavor transformations in the supernova environment are sensitive to new inter-
actions between neutrinos if the neutrino are Majorana particles. The exact effect of the NSSI
depends upon the magnitude and structure of the coupling matrix g. If the strength of the NSSI
are of order the weak interaction then pure flavor-preserving couplings suppress flavor mixing. If
flavor-violating NSSI are allowed then the resulting flavor transformations can look almost identi-
cal to those from the Standard Model alone. In the case of pure flavor-violating NSSI, the neutrino
flavor transformation in the CCSN environment may actually be enhanced. CCSN are a unique
laboratory for testing the nature of the neutrino and its interactions.
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