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Constraints from the duration of supernova neutrino burst on on-shell light
gauge boson production by neutrinos
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In this article, we study the on-shell production of low-mass vector mediators from neutrino-antineutrino
coalescence in the core of protoneutron stars. Taking into account the radial dependence of the density,
energy, and temperature inside the protoneutron star, we compute the neutrino-antineutrino interaction rate
in the star interior in the well-motivated U(1) 1,-1, model. First, we determine the values of the coupling
above which neutrino-antineutrino interactions dominate over the Standard Model neutrino-nucleon
scattering. We argue that, although in this regime a redistribution of the neutrino energies might take place,
making low-energy neutrinos more trapped, this only affects a small part of the neutrino population and
it cannot be constrained with the SN 1987A data. Thus, contrary to previous claims, the region of the
parameter space where the U(1) L-L, model explains the discrepancy in the muon anomalous magnetic

moment is not ruled out. We then focus on small gauge couplings, where the decay length of the new gauge
boson is larger than the neutrino-nucleon mean free path, but still smaller than the size of protoneutron star.
We show that in this regime, the on-shell production of a long-lived Z’ and its subsequent decay into
neutrinos can significantly reduce the duration of the neutrino burst, probing values of the coupling below
O(1077) for mediator masses between 10 and 100 MeV. This disfavors new areas of the parameter space of

the U(1),,_, model.

DOI: 10.1103/PhysRevD.107.123012

I. INTRODUCTION

Core-collapse supernovae (SN) are the violent explo-
sions that result from the rapid collapse of giant stars at the
end of their thermonuclear evolution. These very energetic
phenomena provide a unique window to test new physics
beyond the Standard Model (SM), especially in the
neutrino sector. Neutrinos are copiously produced during
the SN collapse and the subsequent cooling of the resulting
protoneutron star (proto-NS), as confirmed by the obser-
vation of the burst from SN 1987A.

The production of new exotic particles inside SN cores is
severely constrained by the measured neutrino flux from
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SN 1987A. For example, if such particles are long-lived
and very weakly-interacting, they may efficiently transfer
energy from the core and thus induce energy loss that
exceeds the measured flux of 3 x 103 erg [1-20].
Moreover, if this particle mediates new neutrino inter-
actions with matter fields, the neutrino mean free path can
be reduced, increasing the observed ~10 s duration of the
neutrino burst from SN 1987A. This has been used to
derive bounds on the neutrino scattering cross section with
nucleons, which can ultimately be translated into con-
straints on the parameters of the underlying theories. If the
new physics is due to a light mediator between neutrinos
and SM particles, the constraints on the mediator mass and
couplings are complementary to those obtained from other
experimental limits in the range of masses between 1 MeV
and 1 GeV, see Refs. [16,18,21].

If the mass of the mediator (for example, a new vector Z’)
is comparable to the temperature inside the proto-NS (MeV
scale), the process v — Z™* — v can be enhanced when
the mediator goes on-shell. These interactions are espe-
cially important for the muon and tau neutrinos, for which
scatterings with their antiparticles are more frequent due to
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their vanishing chemical potential. In Ref. [22], it was
argued that the on-shell Z' production from neutrino-
antineutrino interactions in the SN core can significantly
increase the neutrino diffusion time in the U(1),

model, which poses a challenge to the solution to the
muon anomalous magnetic moment, (g — 2),. It should be
noted that although the SN 1987 A neutrino signal was only
detected through the positrons produced by electron anti-
neutrinos, thanks to the oscillation phenomenon, neutrinos
or antineutrinos of any flavor generated in the SN have a
O(1) probability to be detected as v, or D, after they exit the
star core and propagate to Earth. Thus, if muon and tau
neutrinos have a diffusion time significantly different from
~1 s (a factor 10 enhancement is expected for the signal
time since the stored thermal energy, £, in matter
continues to be emitted in neutrinos even after the first
neutrinos escape), this should have been observed as well in
the electron neutrinos.

We however argue that because of the momentum
conservation in scatterings, the mere short-ranged inter-
action between neutrinos and antineutrinos inside the
proto-NS cannot change the energy flux of neutrino plus
antineutrino gas so the neutrino burst duration cannot be
affected by neutrino-antineutrino interactions as long as
they are short-ranged. This argument is in agreement with
that of Ref. [23], which prevented early bounds on the cross
section for neutrino self-interactions applying to very large
values, 6,, ~ 1073 cm? [24], as well as the range of
couplings in Ref. [22]. It would therefore seem that the
solution to the (g —2), is safe.

In this article, we study certain effects on the SN neutrino
signal duration caused by the neutrino-antineutrino coa-
lescence that have been largely overlooked in the literature.
We first point out that the Breit-Wigner resonant enhance-
ment of neutrino-antineutrino interactions via MeV scale
mediators can lead to a redistribution of the neutrino
energies in the SN interior. This can make low-energy
neutrinos more trapped, however, this effect depends
crucially on the fraction of low-energy neutrinos, which
we show is rather small. Then, we focus on the regime
where the decay length of the mediator is larger than the
neutrino-nucleon mean free path. It has already been
demonstrated that if the mediator decays outside the
proto-NS, the duration of the neutrino signal can be
shortened [5-20]. The reason is that neutrino and anti-
neutrino pairs inside the proto-NS core can convert to a Z’
within timescales much shorter than the diffusion time and
can then be transferred outside the neutrinosphere (the
radius at which neutrinos decouple from stellar matter). We
extend this analysis to the range where the mediator decays
inside the star and demonstrate that the neutrino burst
duration can still be significantly reduced. This allows us to
identify regions of the parameter space below couplings of
O(1077) that are disfavored by the SN 1987A neutrino
burst duration measurement.

Recent works have also considered some neutrino self-
interaction effects on SN dynamics. For example, in
Ref. [25] strong neutrino self-interactions outside the
proto-NS have been used to extract bounds on light scalars
based on the SN diffusion time. Likewise, in Ref. [26] self-
interactions were considered between SN neutrinos and the
cosmic neutrino background in order to obtain constraints
based on the delay of SN neutrinos to reach the Earth.
Although 2 to 4 processes were shown to affect the shock
revival in the SN neutrino core, the v — VU processes were
not included, since they do not change the number of
neutrinos. In addition, Ref. [19] derives cooling bounds by
studying neutrino-antineutrino coalescence as well as muon
semi-Compton scattering that produce long lived vector
bosons which decay outside the star.

The on-shell production of the mediator via neutrino-
antineutrino coalescence can also alter the energy spectrum
of neutrinos measured at Earth. When the Z' can directly
come out of the inner hot core (without being cooled in the
outer shells), neutrinos leaving the star will be hotter than in
the SM prediction. This has been used in Refs. [27,28] to
constrain the parameter space of models featuring a
light scalar boson coupled to neutrinos. However, for
the range of couplings, ~6 x 1078, and mediator masses,
10-100 MeV, that we show to be in tension with the SN
1987A measurements in this article, the neutrino energy
spectrum on Earth will not be distinguishable from the SM
prediction. The time duration argument that we study in this
article provides a better route to test this region of the
parameter range.

In this article, based on the modification of the neutrino
flux duration, we reevaluate previous constraints for MeV
scale mediators. As a concrete example, we find new
disfavored regions in the parameter space for the well-
motivated gauged U(1) L,-z, model. This is a simple
anomaly-free extension of the SM which feature a Z’
boson that mediates new interactions in the neutrino
sector. However, our results can readily be applied also
for other models with light mediators, such as the models
for large nonstandard neutrino interaction (NSI) with
matter fields [29-35].

This article is organized as follows. In Sec. II, we review
the well-known U(1), _; model, which incorporates a
new vector coupling to the SM. In Sec. III, we summarize
the neutrino diffusion process in a proto-NS when only SM
interactions are considered. In Sec. IV, we consider new
physics contributions to neutrino-antineutrino scattering,
including the production of the mediator on-shell, as well
as the radial dependence of the density and temperature
inside the proto-NS. We study the effects in two comple-
mentary regions of values for the gauge coupling.
Section IVA addresses the large coupling regime, for
which we compute the regions of the parameter space
where the neutrino-antineutrino scattering dominates over
the SM neutrino-nucleon scattering contribution. We
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estimate the relevance of the neutrino energy redistribution
and discuss that it is not discernible with the SN 1987A
data. In Sec. IV B, we study the small coupling regime,
where the gauge mediator can decay in a distance longer
than the neutrino-nucleon mean free path, leading to a
shorter neutrino burst. Based on the observed duration of
the SN 1987A neutrino signal, we find new disfavored
regions of the parameter space where the mediator decay
length is smaller than the size of the proto-NS in the
U(1)p, ., model. Our conclusions are presented in Sec. V.

IL THE U(1),, _; MODEL

The recent measurement of the muon anomalous mag-
netic dipole moment, (g —2),, by the E989 experiment
[36] has confirmed a previously observed [37-39]
deviation with respect to the SM prediction. This can be
interpreted as a hint of new physics in the leptonic sector.
Among the different beyond the SM (BSM) realizations
that could account for such an excess, the U(1) L,-L, gauge

anomaly-free model is the simplest extension of the SM
that would explain this observation introducing a light
vector boson [40]. Moreover, such a model can offer an
explanation for the nearly maximum mixing angle between
the second and third generations of neutrinos [41], alleviate
the tension between the late and the early time determi-
nations of the Hubble constant [17] and accommodate dark
matter with the correct relic abundance [42-46].

Due to the extremely small coupling to electrons or
quarks, the U(1), _; vector boson is difficult to test in
collider or fixed target experiments. However, experiments
looking for new physics in the neutrino sector together with
SN and NS signals offer an opportunity to search for this new
vector boson exploiting its tree-level couplings to the muon
and tau neutrinos. Recent works [17,19,22,47,48] have
provided constraints over the model by studying its cos-
mological and astrophysical implications. Bounds on the
effective number of relativistic degrees of freedom, N,
from big bang nucleosynthesis [22,48] and stellar cooling
[47] strongly constrain new vector bosons with masses
below 1 MeV. However, there is still room for heavier
mediators which can both explain the (g — 2), measurement
and be produced in the interior of the proto-NS core.

The Lagrangian of this model can be expressed as

n,
2

1
Lot = Lou= 3 292+ =L 2,2 + Zi T (1)

where my is the mass of the gauge boson, and Z:,p’ =
0,Z; — 0pZ, is the field strength tensor. The y — 7 current is

J/Ott—r = gﬂ—r(ﬁya/’l + DﬂyaPLUﬂ - %}/a’[ - DryaPLyr)v (2)

where P, = 3 (1 — ys) is the left chirality projector and g, _,
is the gauge coupling. The rest frame partial widths for Z’

decays to charged leptons f = y, T and neutrinos vz = v, .
can be written as

2 , 2m? Am?>

g/,t—‘rmZ p p
| AT 1 1 —— 3
Z=pp 127 ( * m%) \/ m2, G)

2
9u—Myz
FZ’—»D/;I/[; = #24][ . (4)

Note that for my < 2m, ~211.3 MeV, the only possible
decay of the mediator is into x and 7 neutrinos. In our
analysis, we will consider 1 MeV <mz <1 GeV. The decay
into muons will take place only for Z’ heavier than twice
the muon mass. For my ~1 GeV, I'z_ -/ (Tzop,,+
FZ’—H?,D, + FZ'—w*/f) ~0.5.

III. STANDARD PICTURE OF NEUTRINO
DIFFUSION IN A PROTO-NS

The diffusion of neutrinos from the core of proto-NS is a
complicated process. Let us first focus on the diffusion of
Vys Vg, Uy, and U (collectively denoted as v,) within the SM.
During the short v,-burst and accretion periods (¢ < 0.7 s),
the v, and v, fluxes are much larger than the v, flux but, in
the proto-NS cooling period, the luminosities in the form of
all three neutrino flavors and their antiparticles become
equal up to a precision of 10% [49]. The total binding
energy of the proto-NS (from the binding energy of the
collapsing star) is of the order of 10° erg. This energy will
be depleted with a gray body radiation of neutrinos and
antineutrinos of all three flavors from the neutrinosphere (at
a radius of ~20 km). At the onset of the cooling phase
(~1 s after the bounce), the luminosity is of the order of
10°2 ergs™! for each neutrino and antineutrino species.
However, as the outer shells cool down fast, the neutrino-
sphere recedes to smaller radii and the luminosity quickly
drops. The neutrino emission is backed up with the
diffusion of neutrinos from the inner shells. Due to multiple
scattering, these neutrinos take a sizable time to reach the
outer shells of the proto-NS, from where they are radiated
out with a timescale of [49]

3 glot 1
tp~——R2 5
E ﬂ22€,;h m</1y> ()
tot

where £ and &%, are respectively the total baryon and
neutrino thermal energies, (1/4,) is the average of the
inverse of the neutrino mean free path. Remember that
R2.(1/2,) (where R, is the radius of the neutrinosphere)
gives the timescale of the diffusion of a single particle with
a velocity of light and with random walk steps of 4,. Within
the SM, v, scattering is dominated by neutral current
scattering on nucleons. The cross section is proportional
to (E2), which varies across the core radius.
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TABLE L

Values of neutron effective chemical potential, y;, proton effective chemical potential, y,, electron neutrino effective

chemical potential, 4 , and nucleon effective mass, my;, for the spherical shells (labeled by the index k and defined by an outer radius
R,) that we consider at 1 s after bounce, with a baryonic density, ng, temperature, 7' and electron fraction, Y,. Temperatures, densities,

and electron fraction are taken from Ref. [51].

R (km) T (MeV) np(fm=3) Y, 1 (MeV) 15 (MeV) u;, (MeV) m? (MeV)
k=1 5.0 15 0.5 0.3 496.6 405.4 114.6 249.6
k=2 75 20 0.3 0.28 530.0 458.3 102.7 384.9
k= 10.0 28 0.15 0.25 656.5 601.9 79.9 599.4
k=4 15.0 33 0.06 0.2 779.8 723.0 29.0 786.0
k=5 17.5 18 0.03 0.1 858.7 813.1 14.4 857.0
k=6 20.0 7 0.008 0.05 917.2 893.9 12.5 915.9

The neutrino interaction rate with other particles in the
interior of the proto-NS, as well as its mean free path
and diffusion time, depend on the nuclear medium
properties, such as the baryonic density, ng, temperature,
T, the effective nucleon masses, m}, and the neutrino and
nucleon effective chemical potentials, u; , py,, py,. Note
that the effective masses and chemical potentials of the
particles in the nuclear medium are different from the
naked values in vacuum by the presence of meson
fields [50].'

In Table I, the temperatures, densities, and lepton
fractions for the different shells of the star for a time of
1 s after bounce, obtained from the simulation of Ref. [51],
are shown. The effective electron neutrino and nucleon
chemical potentials and the effective nucleon masses were
derived in Ref. [21] invoking the TM1 model, widely used
in current numerical simulations. This was done for a
18 M, progenitor in a relativistic mean field approach, after
solving the equations of motion and imposing the equi-
librium conditions. Note that since the mass of the tau
leptons is considerably larger than the temperature in the
core, charged-current interactions for the = neutrinos cannot
take place. Thus, v, and v, will be produced with equal
amount [49]. This implies p, = p; =0, unless weak
magnetism effects [52] are considered. Equally, the net
muon number in the proto-NS is negligible and, therefore,
to a first approximation, we can also set y, =~ p; ~ 0 [49].
With a Fermi-Dirac energy distribution, the mean energy of
v, and 7, is then (E,)~zT, while for the electron
neutrinos (E,) = (3/4)u;.

In Fig. 1, we have represented the energy distribution,
Efﬁ f (Ey/}, 1o T), for muon and tau neutrinos (black) and
for electron neutrinos (green solid) and antineutrinos (green
dashed), as a function of the neutrino energy for the first
and sixth shells of the star (see Table I), on the left and right

n order to obtain the electron effective chemical potential, the
equilibrium equation that must be solved involves effective
meson fields. In particular, p;, + p;, = pj, + ui + 2g,(p), where
p is an effective field responsible of the strong interaction in the
model used in Ref. [21].

plots respectively. Since the chemical potential for muon/
tau neutrinos and antineutrinos is negligible, their distri-
bution functions coincide, fyw =f P On the contrary, for
electron antineutrinos p; = —p; and, therefore, in the
inner shells, where the electron neutrino chemical potential
reaches the highest values, their distribution functions
substantially differ, f, > f; . This, in turn, leads to a
negligible density of electron antineutrinos in the inner
shells, which suppresses the v,7, interactions. In the outer
shells, the electron neutrino and antineutrino chemical
potentials significantly decrease in absolute value and
therefore f, ~ f; ~ f,,w. Due to the high matter density

and frequent collisions with the SN medium inside the
proto-NS, flavor conversions are expected to be sup-
pressed. Neutrino oscillation becomes possible only after
neutrinos exit the core.

The measurement of SN 1987 A neutrino burst duration
is subject to uncertainties, especially due to the unknown
relative time offsets (of up to =1 minute) of the three
detectors, Kamiokande II, IMB, and Baksan. However,
from the Kamiokande II observations alone, we can make
sure that the duration cannot be shorter than 10 s. For
example, a time duration of 5 s is already ruled out. The
constraints that we are going to set in this paper are based
on the shortening of the duration which is robust against
the measurement uncertainties. We should however notice
that constraining a model that prolongs the duration by a
factor of ~2 can be challenged by the uncertainty.

The duration of the neutrino signal in the SM can be
computed assuming that neutrino-nucleon interactions are
the leading contribution to the neutrino mean free path, ﬂ,,ﬁ.
The neutrino diffusion time can be computed as

n

e = Z (R = R%—1)<1//1u/,>k’ (6)

k=1

where k = 1, ..., 6 are the different shells of Table I at 1 s
after the bounce, R, are the radius of each shell, and
(1/4, ;) is the average of the inverse of the mean free path

in each shell,
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(1/4,) = ()

where E, , Ey, p,,, Py are the energies and momenta of the

incoming neutrino and nucleon, £, , Ey, p', . p'y are those

of the outgoing states, and p, . py, py,, py are the
corresponding four-momenta. In this expression, f = e,
u, 7 indicates the neutrino flavor, N = n, p refers to the
nucleon states, i.e., neutrons and protons, and

dp
”ti E,) Z/ N (En. iy T)|vs,

UN|J

(8)

In this expression, the product of the neutrino-nucleon
relative velocity and the neutrino-nucleon scattering cross
section is given by

| 2

[, = vl = / 40, g i FELEy). (9)

where

N4E

l’/f

d3pll’/i d3p/N

dd
N = (22)%2E], (27) 2E}

(27)*

x 8 (p, +py—pl,—py)  (10)
is the 2-body neutrino-nucleon phase space element. f(Ey,
uy.T)) is the Fermi-Dirac distribution function for the
incoming nucleon and F(E,,Ey) = (1 — f(E,,p;.T))x
(1 —f(Ey.uy,T)) accounts for the Pauli blocklng of the
outgoing states.

If we consider only the SM interactions, we obtain . ~
1.3 s for muon and tau neutrinos and 7 ~ 3 s for electron
neutrinos. This leads to 7z ~ 10 s in Eq. (5), due to the fact

——= De

— Yy |

100 200 300 400 500
E, [MeV]

Energy distribution of electron (green) and muon/tau (black) neutrinos (solid) and antineutrinos (dashed) as a function of the
neutrino energy for shells k = 1 (left) and k = 6 (right) of Table I.

that the stored thermal energy in matter continues to be
emitted in neutrinos even after the first neutrinos escape,
which is compatible with the observed duration of the
neutrino signal from SN 1987A.

IV. IMPACT OF ON-SHELL PRODUCTION OF
NEW LIGHT MEDIATORS ON NEUTRINO
DIFFUSION

In this section, we analyse two complementary regimes:
when the new gauge coupling is large (so that the neutrino-
antineutrino interaction strength is comparable or exceed
the SM neutrino-nucleon one) and when it is small (so that
the new mediator can travel a long distance inside the
proto-NS star before decaying back to neutrinos).

In Fig. 2, we show the neutrino-antineutrino scattering
diagrams via the new vector mediator, Z’. The cross section
of this process can be greatly enhanced through s-channel
Breit-Wigner resonance when the mediator is produced on-
shell.® This is very sensitive to the energy distribution of
neutrinos in the SN core of Fig. 1.

The ¢-channel contribution would be leading at very large
values of the coupling (since it scales with the fourth power
of the coupling) and small mediator masses (due to collinear
enhancement), i.e., my ~ 1 MeV for g,_, ~ 0.1, however,
these regions of the parameter space are generally ruled out
by existing experimental and observational constraints. We

*When Z' reaches thermal equilibrium with the neutrino gas
and the plasma, it can receive a share of the entropy content of the
core. We may therefore wonder whether this significantly reduces
the temperature relative to the SM prediction. Since neutrinos
below the so-called energy neutrinosphere are in thermal equi-
librium with the plasma, which act as a huge thermal energy
source (i.e., / &4, > 1), the addition of the three bosonic
degrees of freedom associated with the three polarizations of the
Z' boson can only change the temperature by a negligible amount
suppressed by £, /E'9' ~ 0.2. We therefore assume that around 1 s
after the bounce the temperature profile of the core is similar to
what is predicted within the SM even in the limit of large
coupling.
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Vg Ve vg Vg

4 P

Vg Vg Vo Vo

FIG. 2. New physics contribution to neutrino-antineutrino
scattering through a low-mass vector boson, Z’. The diagram
on the left represents the s-channel that is the leading contribution
for the relevant range of parameters. For the U(1) L-L, model

a,f=u, 1.

have explicitly checked that, when the mediator goes on-
shell, the main contribution to the neutrino-antineutrino
cross section is given by the s-channel diagram. Likewise,
other processes such as neutrino-neutrino scattering and
neutrino-lepton scattering, both of which would proceed
through #-channel, are subleading.

The s-channel Breit-Wigner resonance in neutrino-
antineutrino scattering is not relevant in the SM, since
the typical neutrino energies inside the proto-NS are not
high enough to produce the Z boson on-shell. However, in
models with new gauge bosons in the MeV range, the Breit-
Wigner resonance can significantly increase the neutrino-
antineutrino scattering cross section. The model that we
consider is lepton flavor conserving so v4 will fuse only
with 7 to produce an on-shell Z'.

A. Large coupling regime

Let us first discuss how neutrino-antineutrino interactions
can affect the neutrino burst duration in the relatively large
coupling regime, where the rate of neutrino-antineutrino
interactions is comparable or larger than the neutrino-
nucleon SM interaction rate.

The impact of scatterings of neutrinos off nucleons on
the average diffusion time is quite different from the effects
of neutrino scattering off the background antineutrinos. An
outflow of neutrinos will be hindered by the scattering off
nucleons and electrons inside the core. In the following, we
show the difference using the formalism in Ref. [53]. The
time evolution due to the neutrino and antineutrino outflow
is given by the radial derivation of the neutrino-antineutrino
energy flux [53]: 4r [(H,+ H;)E*dE, where H,;) =
S fu@ cosB,dcosd, in which f,; is the neutrino
(antineutrino) distribution and @, is the angle that momen-
tum of the neutrino (antineutrino) makes with the radial
direction. Because of the net outflow of neutrinos and
antineutrinos, H, and H; are nonzero. That is, since
neutrinos and antineutrinos move more frequently outward
than inwards, even isotropic scattering on nucleons or
electrons can reduce H, + H;. However, when neutrinos
and antineutrinos scatter off each other as v+ 7 — v+ 7,
H, + H; remains unchanged because this sum is nothing

but the total momentum density in the radial direction,
which is conserved. In case of scattering with the electrons
and nucleons, this sum can change because the neutrino and
antineutrinos exchange momentum with the plasma.

However, in this limit, the neutrino-antineutrino coales-
cence can in principle redistribute neutrino energies with a
rate larger than that of scattering off the background matter,
which brings the distribution back to the thermal Fermi-
Dirac distribution. Let us consider a neutrino with energy
E| ~T scattering off an antineutrino whose momentum
makes an angle of € with the direction of the initial
neutrino. In order for such a pair to produce an on-shell
7', the antineutrino energy should be
2,

o/ —
> 7 2E,(1 — cos )

(11)

Simple kinematics® show that the final neutrino and
antineutrino from the Z’' decay will have flat energy
distribution in the range [(E;+ E,)(1 —vy)/2,(E| +
E;)(1+ vy)/2] in which vy = (1 —m2,/(E, + E;)?)"/2.
For E, ~ E| ~ T, the energies of the final particles will be
of the same order as those of the initial neutrinos and,
therefore, their diffusion time cannot be significantly
altered. In the limit £, > E|, given that the scattering cross
section of neutrinos off nuclei is proportional to the square of
the neutrino energy, the diffusion time can change. If the
neutrino-antineutrino interaction rate is small, the impact
will of course be tiny. Let us take Ey;,, to be an arbitrary value
with the condition Ej;;,, > T. On the other hand, in case the
rate of scattering off antineutrinos (or neutrinos) with energy
E, such that E, > Ey,, > T is larger than the rate of
scattering off stellar matter (which thermalizes back the
energy distribution), the higher energy tail of the neutrino
distribution (with energies exceeding Ej;,,) will be used
up, without having time to be replaced. Thus, independently
of the value of the coupling, the fraction of neutrinos
or antineutrinos that come out of the thermal Fermi-
Dirac distribution will be very tiny and given by the ratio
of the number density of antineutrinos with energy larger
than Ej;,, (ny;,,) to the total number density of neutrinos. This
can be understood with the following argument. The
dynamics of ny;, can be described as 7y, = =gy (Mg —
nil ) — Pngwhiim Where T'gy is determined by the rate
of scattering off electrons and nucleons and nj’ is the
value of ny;, computed with the Fermi-Dirac distribution
nim = [ f(E,,—p;, T)E;dE,. The asymptotic (stable)
value of ny, will be given by ni>™ = nid sn/Tnew-
Let us denote the number density of neutrinos scattered
up to higher energies out of the Fermi-Dirac distribution

3If 7' scatters before decay, its energy will change and this
argument does not therefore apply. Thermalization of Z’ however
requires 6(Z'v — Z'v)n, /T, > 1 which can be achieved only for
couplings larger than 1.
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by n°. The evolution of n°

can be written as n°' =
—Tgn™ + Ingwitp - Thus, the asymptotic solution
which shows the density of neutrinos kicked out of equi-
librium is n°* = (Fgy /Ty )nyin - For Eyyy, > T, this quan-
tity is suppressed by a factor

Je f(E,.u;. T)E2dE,
[ f(E,,—u;, T)E2dE,

(12)

A less extreme scenario is the one where E; = zT — A
and E, as in Eq. (11), where 0 < A < #T is an arbitrary
energy. For example, let us consider muon and tau neutrinos
with energies of £; = 15 MeV, interacting with antineu-
trinos with energies E, = m2,/(30 MeV(1 — cos 0)). If the
mediator mass is mz = 50 MeV, the antineutrino energies
must be £, 2 41.7 MeV in order to produce the mediator
on-shell. After the interaction, v; will gain energy and
therefore its interactions with nucleons will be stronger,
since 6, y o« E2. As a result, v; will be more bounded to
stellar matter and stay for longer in the star.

The lower energy tail of the spectrum can therefore be
scattered up to higher energies via Z’ on-shell production.
We should however remember that the fraction of muon or
tau neutrinos with E, < T (E, < T/3) is only 8% (0.48%)
of the whole number density. Thus, even if all of neutrinos
in the low energy tail scatter up, the impact on the diffusion
time is not observable in the SN 1987A data. A more
detailed analysis is needed to determine whether this can be
a noticeable feature in the event of future SN detection with
a greatly improved statistics.

In the following subsection, we study the regions of the
parameter space where this effect could take place for the
well-motivated U(1), _; model.

1. Implications for the parameter space
of the U(1 ) -1, model

To find the regions where neutrino-antineutrino inter-
actions are more frequent than neutrino-nucleon inter-
actions, we need to calculate the neutrino-antineutrino
scattering rate via the new Z’' mediator. The average of
the neutrino-antineutrino scattering rate can be calculated
by integrating the scattering cross section as follows,

<Rvﬁz7ﬂ—>Z’—>v,,D,,>
_ dev/;f(szwiui/;’ T)El%/jRD/jD/j_)Z/_)UaDa (El//;)

" , (13)
[dE, f(E,,.u;, T)E,
where f = u, 7 indicates the neutrino flavor and
& py .
Ruﬂﬂ/jaZ’—waz‘/a (Ev/;) = / (2”)§f(E17/; 7/4;/;’ T)'”l//; - vl_//; |0v/;,17/,
(14)

-7

is the relative velocity between neutrinos and antineutrinos

and v, is the neutrino-antineutrino scattering cross

section. Note that we are considering massless neutrinos

and therefore [p, | = E,,
For the

|Ul/ - BD/} ’6

ﬁzﬁ| = EE/;'

vy = Z' = v, process, the factor

y 1,7, Can be written as
i = |M 12/ N7
|U”/’ - vi/fla”/i"_/ﬂ - /dq)l/ﬂ Up 4E, g; F(E, E/ ) (15)
P
where
dBI;/ d P
d®,, 5, = 3 ya/ ya/ (27)*
(27)*2E,, (27)*2E,

x8Y(p,, + ps, — pb, — ph)  (16)

is the 2-body phase space element, with E, , E;, p,,. P,

the energies and momenta of the incoming particles, Ej, ,
E; , 1;’%, 1;’;“ those of the outgoing states, and p, , py,.
p., Py, the corresponding
factor F(E, .E; )=(1-f(E, .1, T))(1=f(E; .u3..T))
accounts for Pauli blocking in the outgoing states.

Since, in the parameter space under analysis, the on-shell
production of the Z’ boson is the leading new physics
process and Fz/q,;w /my < 1 is fulfilled, we can use the

four-momenta. The

narrow width approximation (NWA). In this way, the
neutrino-antineutrino interaction rate for these new physics
interactions, R, ; 7,5, (E,,), can be computed as

Ruﬂf/ﬁaz’eyuf/a (Eu/; )
1 ©

T 327 Jpmn
L/}

mgz 2 - 2 FZ’—waZ/a
XQE)WMJF?,<W
1% 4

with Em‘“—mz, J@E,) and 9! =3" Tz 5, +Tz g p,
where f = u, 7. Note that the decay into taus will not be
open for the values of the mediator masses considered
in this work. The squared amplitude can be written

/12 _ 2 2 .
as |M Vi = Gu—cMy /2. Here we are neglecting

f(EDﬂ’ﬂ;/, T)ED,,
E; +E

vp Vg

Pauli blocking for neutrinos and antineutrinos since for
muon and tau neutrinos, which are the ones interacting
with Z', the chemical potential vanishes and there-
fore (1 — f(E}, uz,T)) ~ 1.

Within the SM, a suppressed population of muons is
expected to exist inside a proto-NS. Reference [19] has
studied the Z' production by this background muon
population through semi-Compton and Bremsstrahlung
processes, showing that the effect can be significant only
for the Z’ masses below ~5 MeV, which are already ruled
out by the cosmological bounds. We therefore neglect this
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effect. In principle, one can think that the annihilation of
neutrino-antineutrino into muons via s-channel Z’ diagram
may have an impact on the physics of the proto-NS. However,
these processes generate the same amount of muons and
antimuons, not changing their chemical potential, and there-
fore we do not expect the equation of state of the nuclear
matter to change. Besides, even though muon neutrinos
(antineutrinos) can scatter on antimuons (muons), as the
muon density and its scattering cross section with muon
neutrinos and antineutrinos are much smaller than that of
nucleons, the mean free path of scattering on muons (anti-
muons) is negligible compared to the scattering on nucleons.
The only effect we could expect comes from the decay of
muons into muon neutrinos close to the neutrinosphere, which
can change equality between the muon neutrino and tau
neutrino fluxes that come out of the neutrinosphere, having
consequences for collective neutrino oscillation [54-58].

For completeness, we have also explicitly checked that
processes at one loop, such as neutrino-antineutrino anni-
hilation into u*u~ and the subsequent u™u~ — vb are
subleading for the calculation of the neutrino-antineutrino
scattering rate.

In this subsection, we show the parameter space from
which the rate of neutrino-antineutrino interaction can
exceed that of the neutrino scattering off nucleons for
the U(1),,_,, model. As we mentioned above, these
regions cannot be ruled out usmg SN 1987A data, but
they are indicative of the regions that might be explored
when a better measurement of the SN neutrino flux
(perhaps with better statistics from future detectors) is
available. We shall compare them with the range ruled out
with different observables and considerations.

Since in this scenario the new neutrino couplings to
electrons and nucleons are extremely suppressed, the mean
free path of electron neutrinos is not modified, and there-
fore charged-current S-processes do not need to be taken
into account.

We have represented in Fig. 3 the values of g,_. as a
function of my for which the new physics contribution to
the neutrino scattering becomes as important as the SM one
for each of the six shells described in Table I. We should
emphasize that, contrary to what might be inferred from
Ref. [22], the region compatible with (g —2), is not yet
ruled out.

The inner shells of the proto-NS (k = 1-5) are charac-
terized by high temperatures and nucleon densities. These
regions give the largest contribution to the neutrino
scattering cross section both in the SM and when new
physics is added. Due to the larger available neutrino
energies, in these inner regions the condition for the light
mediator production holds for larger masses (the tail of the
neutrino distribution function—albeit very small—is still
considerably larger than in the outer regions as we showed
in Fig. 1). From these lines, we see that a coupling of the
order of g,_, ~ 1071077 is sufficient for the new physics
diagrams to be comparable to the SM contribution. A small

mz [MeV]

FIG. 3. Values of (g,_,,mz) for which the average of the
neutrino-antineutrino interaction rate of Eq. (13) equals the SM
value in each of the proto-NS shells of Table I. The band in red
shows the region in the parameter space consistent with the
(9 —2), measurement. Gray areas show different complementary
bounds from: BABAR [59], neutrino tridents (Charm-II) [25,60],
COHERENT CslI [61], and LAr [62], white dwarf cooling [63],
and the effect on N in the Early Universe [17].

kink at 2m, = 210 MeV can be observed in all the lines.
This is due to the opening of the Z' — u*u~ decay channel,
which slightly increases the total Z' decay width in
Eq. (17), reducing the cross section.

In the outer shell (k = 6) the nucleon density is con-
siderably smaller (the neutrinosphere is located at
~20 km). This leads to a large suppression of the SM
processes (neutrino-neutron scattering) and makes it easier
for the new physics to dominate (substantially reducing the
values of g,_. at which this occurs). Also, the temperature
is much smaller in these regions, which means that the
Breit-Wigner resonant condition can only be fulfilled for
small masses of m. For this reason, the lines at which the
new physics equals the SM contributions move to lower
values of g,_, and mz. However, the timescale of neutrino
diffusion from these two last layers up to the neutrinosphere
is much smaller than 1 s so they are not relevant for the
diffusion time.

For comparison, we show in gray the existing bounds on
the parameter space from various observations.

B. Small coupling regime

In this section, we first compute the rate of v — Z’
and the average decay length of Z’, considering the
energy distribution of the produced Z’ and the relevant
boost factor. We then focus on the parameter space range
where £, is larger than the standard neutrino mean free
path (~3 m) but smaller than the proto-NS radius (given
by the size of the neutrinosphere, R, ~ 20 km). This
range has been overlooked in the literature. We also
explore the range £, > R, confirming previous results.
We shortly point out the potential effects on flavor and
energy spectrum of neutrinos, arguing that they are
distinct for the two regimes 7, < R,, and £, > R,,.
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Finally, we identify new regions of the U(1), _, model

parameter space that are in tension with the SN 1987A
neutrino burst duration measurement.

If, after neutrino-antineutrino coalescence takes place, Z'
decays back into vz, this would lead to neutrinos effectively
escaping earlier, shortening the length of the SN neutrino
burst. Similarly to Eq. (17), the rate of the scattering of a
single v off any o in the medium producing the Z’' on-shell
can be computed via the following relation,
Rb/il_//i—’Z'(EU/}> - L/m dEE f(ED/J’Iqu, T)Ey/j

327 JE r  E; +E

g}}in Yp Yy
< z >2|/\/l 2 (18)
X _ /.
Z
ED/,Ey,, Vptp—

&b, d

3=
Py e = n
f (2”)3} f(El//;v /’t;/]7 T) f (2”){?} f(El_//;7 :u;/p T)GD/;I._//;—>Z' |UU/; - ’UI?/; |YZ/ vz ]"Tzoll

The timescale of the interaction can be defined as
Typ-7 = ¢/ (Ryp,-7), With

R [dE, f(E, 1, T)E} R, 5,7 (E,,)
vpip—Z deyﬂf(EU/;’lu:/}’T)E’%/i

(19)

The decay length of Z', ¢,, is given by lifetime
multiplied by the relativistic boost factor, y, = E,/my,
and the Z’ velocity, vy, averaged over the energy of Z’,
which is set by the energies of the neutrino and antineutrino
producing the mediator on-shell,

7 =

where Ouyiym? is the cross section for neutrino-antineutrino
coalescence. Since the temperature and, therefore, the
energy distribution of neutrinos and antineutrinos produc-
ing Z' depend on the distance from the center, £, also
varies with this distance. We have computed ¢, for each
shell described in Table I.

For the range of g, . such that ~3m<?¢y <R~
20km, we can assume that, during time span 7,;_,
neutrino-antineutrino pairs convert to Z’' and decay into
vp at a distance £, . That is, after a time interval of 7,;_,,
vp take a step of £, inside the core in a random direction.
After time ¢, they take N = t/7,;_,» random steps, which
takes them on average a distance v/NZ, far away from
where they started. Thus, making the approximation that
the whole proto-NS has the same temperature and density
conditions, in order for a neutrino to travel a distance R,
(exit the star), ¢ = ¢Sy must satisfy

(tgiet};‘//TvI/aZ/)l/sz’ = Ry;. (21)

In other words, the neutrino diffusion time via the new
mechanism will be

tgff\)fv = (Rns/fz’)ZTuDaZ" (22)

In order to be more realistic, we consider the different
shells of Table I. Then, the shortening of the diffusion time
due to the new interactions, in the limit in which
3m < ¢y < R,, can be computed as

d3ﬁb; dBﬁz, N N ’ (20)
f (2,,)é (Eu/,’ :uI//;’ T) f (2,;)é (Ei/pﬂl‘//,’ T)‘)-v/,D/,—)Z"Uvﬁ - UD/;|
n 2 2
(Ry — Rey)
=) o (23)

k=1 (fé’)z

where 7, and 7% are the timescale of the neutrino-
antineutrino interaction and the Z’ decay length, respec-
tively, in the k-shell. Note that for muon and tau neutrinos
only the temperature changes between shells when com-
puting these quantities.

It is important to remark here that previous cooling
bounds, such as those of Ref. [19], are based on the
shortening of the neutrino flux duration by a half when
the energy taken away by the new mediator is comparable
with the one taken by neutrinos in the first 10 s [5-8], i.e.,
3 x 10°3 erg. Here, we extend these disfavored regions by
arguing that the duration of the neutrino signal can be
shortened even in the cases where the mediator decays
inside (their trapping area). The total energy of the core
in form of Vs Uys Vs and 7, at the onset of the cooling
phase, computed using the input in Table I, amounts to
~3x 10°! erg. If AW = 0.1 s, the energy transfer via
the Z' production will be comparable to the luminosity
within the SM so the burst duration will be reduced
by half.

Let us now turn to the regime £, > R,,. In this case,
each v pair producing the Z' on-shell will be transferred
outside the neutrinosphere. The energy transfer rate per unit
volume and time taken by the Z’ can be written as
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1 * 2 ©
ﬁ—g/ﬂﬂ%wﬂ%éz

‘min

B

where the factor 2 at the beginning of the inner integral
comes from considering both muon and tau neutrino
flavors.

Thus, the total energy carried by the Z’ per unit time is

LNV

L= Z?(Rz_Ri—l)Ek’ (25)
k=1

and imposing L < 3 x 10°? erg/s is equivalent to the upper

bound obtained in Ref. [19] for the U(1), _; model. Note

that £, corresponds to the Z' energy transfer rate per unit
volume and time in each shell, which depends on their
temperature.
The following remarks are in order:
(1) In the regime where £, > R,,, the flavor compo-
sition of neutrinos transferred by Z’ can be different
from the SM prediction. In the U(1) L,-L, model,

neutrinos reaching out of the neutrinosphere will be
composed of v, v;, U, and v, with equal spectra and
vanishing v, and 7, components, up to the correc-
tions from the contributions from the standard
neutrino diffusion from the neutrinosphere. Of
course, these neutrinos will then go through flavor
conversion traversing the outer shells of the star (and
if £, is larger than the whole star size including the
envelope, in the vacuum between the star and the
Earth). Fluxes of v, and 7, will be produced via
oscillation but the ratio between electron neutrino

dElj m 2 —
p B * ~ A 2
3o f(El//;’:Myﬂ’ T)Ez//; <E Eyﬁ) |M =2

(24)

l_//;

and muon and tau neutrino fluxes, i.e., F, /F Vo> @S

well as the equivalent for electron antineutrinos,

F;,/F,,, at Earth will be different from the SM
prediction.

(i) As pointed out in the literature before [27,28], if the
mediator can travel distances larger than R, before
decaying back to neutrinos, the energy spectrum of
the neutrinos reaching the Earth will be harder than
the SM prediction. This is a consequence of the
transfer of neutrinos from the inner core directly
outside without being thermalized in the outer core
which has a lower temperature. As a result, in the
regime £, > R,,, the measurement of the neutrino
energy spectrum can reveal new physics, independ-
ently of the neutrino burst duration measurement.
However, for 3m < ¢, < R, the neutrinos from
the hotter inner core will be transferred first to the
outer layers where they can reach thermal equilib-
rium so they cool down before coming out of the
proto-NS. For the parameter range that we rule out in
this paper, the burst duration measurement provides
a unique SN observable to test the model.

1. Implications for the parameter space
of the U(1), _; model

Before discussing the new disfavored regions, let us
remind ourselves that all three neutrino flavors are in

5 T 5 T 3 T T
10 mz = 10MeV | 10°F mz = 50MeV | 10°F mz = 100 MeV |
10! 10t
? 1 'F 1
= 107!t = 107!t
N N
1 1
21073t 21073
= =
1075 1075
1077 1077
103} 103}
§ 10 F E 10tk
& &
1071h 1071h

-3 1 1
1071 10° 10°% 1077

10—3 1
10719 107°
Gu-t

10—3 1 1
1071 10° 10°®
Gu-t

0 107 T0-7

FIG. 4. The timescale of the neutrino-antineutrino interaction producing the Z’ vector mediator on-shell and the decay length of Z’ as a
function of the coupling for the U(1) L-L, model in the upper and lower panels, respectively. We show in different colors the

corresponding values for each shell of the star. Different masses are depicted in the three columns showed. In particular, m, = 10, 50,
100 MeV for the left, central and right columns. For reference, the dotted lines correspond to the cases for which the timescale of the
interaction is 1 s, and where the decay length of the mediator is equal to the neutrinosphere radius.
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thermal equilibrium inside the core with each other as well
as with the huge thermal energy source stored in matter
fields (electrons and nucleons). In the U(1) L,-L, model, the
v, v, and v, coalescence will not directly affect the v,
population or its diffusion process. However, if there is an
energy transfer mechanism such as the v,v, and/or v,

mechanism depletes the energy content, once the initial v,
leave the core via the standard diffusion mechanism with a
timescale of ~3 s, there would be no energy left to replace
them. Thus, the fact that v, are not directly affected does
not maintain the SM prediction for the neutrino burst
duration.

In the upper panels of Fig. 4, we represent the timescale
of v,0, = Z' or v,v, » Z' inside different shells of the
proto-NS as a function of the gauge coupling, for various
values of the mediator mass (m, = 10, 50, 100 MeV). The
horizontal dotted line corresponds to 7,;,, = 1 s. For
values of 7,;_,» below this line, the coalescence rate of the
neutrino-antineutrino pair is faster than their standard
diffusion rate. The lower panels show £, for the different
shells and the same choice of mediator masses, and the
horizontal dotted line highlights the value of the neutrino-
sphere, R,; = 20 km. These two parameters, 7,;_ and
¢, are key quantities for the calculation of the neutrino
diffusion time due to new interactions, see Eq. (23).

Notice that £ is shorter in the outer shells because the
7' produced with smaller temperatures have a smaller boost
factor, E;/my. Also, the vb — Z' interaction rate is
maximized when the temperature of the layer is similar
to ~m, /2x (since the average of neutrino and antineutrino
energies for a given temperature of the star is ~z7) and
consequently, 7,;_,» becomes smaller in those shells. This
behavior can be observed in the three columns of Fig. 4. In
particular, the value of 7,;_,» in the outer layer increases
with m., since the temperature is lower and Z’ production
is suppressed by the Boltzmann factor. For this reason, we
do not include the last shell (k = 6) when computing the
neutrino diffusion time through the new interactions given
by Eq. (23).

In Fig. 5, the dark gray area shows the new disfavored
region in the U(1), _, parameter space obtained in this
work. The solid black line provides the lower bound on
the g,_. coupling below which the neutrino duration
signal would be reduced by more than half. The black
dashed-dotted line indicates the region above which our
calculation of the neutrino diffusion time via the new
interaction holds, i.e., when the decay length of the
mediator is smaller than the proto-NS radius. In light
gray, we show the cosmological bounds from big bang
nucleosynthesis based on the contribution to N due to
the presence of the mediator in the Early Universe [17].
The cooling bounds from Ref. [19] can be observed in
hatched gray. Using Egs. (24) and (25), we have also
confirmed that the lower limit from Ref. [19] is recovered
for masses above 10 MeV. We have found that the exact

10-°

1077}

1078}

Ju-t

10~9f cooling

100l Ly—Le

10° 10! 107 10°
mz [MeV]

FIG. 5. Disfavored regions for the parameter space of the
U(l) L-L. model. The solid black line provides the lower bound
on the coupling below which the neutrino duration signal would
be reduced by more than half. The black dashed-dotted line
indicates the region above which our calculation of the neutrino
diffusion time holds. The dark gray region indicates the new
excluded region by this work. In light gray we show the
cosmological bounds from big bang nucleosynthesis [17] and
in hatched gray the cooling bounds from Ref. [19].

values of the bounds depend rather strongly on the
assumptions on the temperature profile of the proto-NS.

Our results extend the region of Ref. [19] that is in
tension with SN 1987A data, and show that, even in the
‘7 < R,, regime, the neutrino diffusion time can be
significantly shortened by the production of the Z’ via
neutrino-antineutrino coalescence. In this regime, the Z’
decay length can be long enough to allow neutrinos to
travel distances £, inside the star without significant
interactions with nucleons, thus depleting the thermal
energy stored in the proto-NS in form of muon and tau
neutrinos and antineutrinos faster than in the SM scenario.
In particular, for my ~ 10-100 MeV couplings below
O(1077) are disfavored.

Notice that the treatment in Ref. [19] does not probe the
parameter region marked with dark gray in Fig. 5. In this
regime, the Z' decays back inside the core (using the
terminology of Ref. [19], it is absorbed inside the core) and
does not directly contribute to the luminosity. However, this
overlooks the fact that when the produced Z' bosons jump
from the hot inner shells of the core to the outer shells, they
warm up the outer shells, increasing the neutrino density
and hence the energy emission from the outer shell. This
effect is automatically ingrained in our treatment so we are
able to probe the dark gray region. The dashed region
excluded by Ref. [19] also includes a relatively narrow
range above the dotted-dashed line at which 7, < R,;.
This is understandable because of two reasons: (1) The Z’
decay is a stochastic process and a good fraction of Z’
decay long after £, /c; and (2) Due to simple geometry, the
7' particles that are produced in the outer shells and head
outwards travel less than R, to reach outside the core. As a
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result, even above the dotted-dashed line, a good fraction of
7' are not absorbed inside the core and directly contribute
to the luminosity by decaying outside the neutrinosphere.

One may also wonder whether the thermal distribution
for neutrinos and antineutrinos is a good approximation to
compute the production rate of Z'. In the relevant range
of parameters shown in Fig. 5 the timescale of processes
that produce the Z' is much larger than the timescale
of weak interaction processes and, therefore, the local
thermal equilibrium is expected to be maintained. This
continues until the temperature throughout the core
drops so much that the production of Z’ is not efficient
anymore. According to our analysis this happens in less
than ~5 s. Then the temperature reduces so much that the
flux of neutrinos would be too low to be detectable by
KamioKande and other detectors that observed SN 1987A.
A similar argument has been widely invoked to obtain
cooling bounds in the literature, such as for example in
Refs. [15,19,20]. However, in order to be conservative, due
to the lack of a self-consistent simulation that includes the
transport equations for both the Z' boson and neutrinos,
we refer to the regions of the parameter space in tension
with the SN 1987A measurements as “disfavored regions”
instead of “excluded” ones.

It should be noted that the Z’ could potentially undergo
interactions with neutrinos and muons before leaving the
star. However, the rate of the scattering of Z’ off neutrinos,
7' +v—Z +v is suppressed by gi_, and is therefore
negligible. Despite the smallness of the muon density
inside a proto-NS, the scattering Z’' + u — p +y can be
dominant as it is only suppressed by gﬁ_f. Using the muon
distribution derived in Ref. [64], we have computed the
mean free path of Z’' + 4 — u + y and we have found it to
be ~60 km(7 x 107%/g,_,)?. Thus, for mz > 10 MeV, the
mean free path is larger than the decay length of Z’ by more
than one order of magnitude. As a result, the Z' decays long
before undergoing any scattering.

Finally, the non-negligible amount of muons inside the
proto-NS [64] could open a new production mechanism of
Z' via muon-photon semi-Compton scattering. However
this production mechanism is only relevant for mediator
masses below 10 MeV [19], which are already ruled out by
N [63] and cooling bounds [19]. For masses above
10 MeV the leading process producing the Z’ is neutrino-
antineutrino coalescence and, therefore, neglecting the
small amount of muons expected in the proto-NS is a good
approximation for our parameter space range of interest.

V. CONCLUSIONS

In this article, we have investigated the on-shell
production of low-mass vector mediators from neutrino-
antineutrino interactions in the core of proto-NS, determin-
ing the conditions wunder which these processes
significantly alter the neutrino signal duration in SN

explosions. We point out that the on-shell production of
a long-lived Z' and its subsequent decay into neutrinos
inside the proto-NS can significantly shorten the duration
of the observed neutrino burst, providing a new way to test
neutrino self-interactions.

As a concrete example, we have computed the rate
of neutrino-antineutrino interactions in a well-motivated
new physics scenario that features a new vector mediator,
namely U(1), _, . In order to calculate the rate of vv —
(Z')* — v in the nuclear medium, we have considered the
radial dependence of the density, temperature and chemical
potentials of the particles inside the proto-NS. We have
found that, thanks to their vanishing chemical potentials,
the rate of muon or tau neutrino-antineutrino interactions
can exceed that of the SM scattering off nucleons when the
kinematics allow for on-shell Z' production, even for
couplings as small as g,_, ~107°-107>.

We have first discussed that, contrary to the previous
claims, in the range of parameter space where neutrino-
antineutrino interactions dominate over the SM neutrino-
nucleon scattering, the diffusion time does not significantly
change. This is because the momentum conservation
preserves the outflow of neutrinos plus antineutrinos.
Our argument confirms the results in Ref. [23]. In particu-
lar, the U(1) L-L solution for the muon magnetic moment
anomaly is not ruled out for this reason. We have then
examined whether frequent neutrino-antineutrino inter-
actions can redistribute the energy of neutrinos and anti-
neutrinos, leading to a change in the burst duration.
However, we found out that the effects of energy redis-
tribution are too small to lead to a discernible impact in the
SN 1987A data. More work is needed to determine whether
the subtle changes in the neutrino spectrum can be
observable with future SN data.

It was shown by Ref. [19] that if the Z’ decays outside the
star, the neutrino burst duration can be significantly
reduced so that the measurement of the SN 1987A burst
duration already rules out very small couplings of O(107)
for the mass range of 10 MeV-200 MeV. In this parameter
space range, in addition to the neutrino burst duration, the
energy spectrum as well as the flavor composition of the
neutrino and antineutrino fluxes reaching the Earth will be
significantly altered.

We have focused on the region of the parameter space for
which the decay length of Z’ is larger than the standard
neutrino mean free path, ~3 m, but smaller than the proto-
NS radius. We show that, in this range, even if the Z’ decays
inside the proto-NS, the neutrino burst duration can also be
significantly reduced allowing us to determine new areas of
the parameter space with couplings of ~6 x 1078 that are in
tension with SN 1987A data. We argue that this criterion is
robust against uncertainties in the measurement of the time
duration of the neutrino burst (unlike any bound based on
SN 1987A neutrino burst duration measurement that one
would impose on a model that predicts prolongation rather
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than shortening of the duration). In this new range of the
parameter space, neutrinos from deep inner core are first
transferred to the outer shells by the Z' production and
become thermalized in the cooler outer core. Thus, the
energy spectra of neutrinos and antineutrinos coming out of
the star are not expected to be significantly different from
the standard prediction. Therefore, while the smaller
couplings for which ¢, > R, can be alternatively tested
by the energy spectrum measurement, in the range of
parameters that ruled out for the first time in this paper, the
neutrino burst duration holds a unique and special place of
honor to explore new physics. Our results are summarized
in Fig. 5.

These results are relevant for any other model that
features new MeV scale mediators that couple to the
neutrino sector such as light mediator models with NSI.
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