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Medium effects in supernovae constraints on light mediators
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In this article, we reevaluate supernovae (SN) constraints on the diffusion time of neutrinos for a family of
extensions of the Standard Model that incorporate new light scalar and vector mediators. We compute the
neutrino mean free path, taking into account medium effects in the neutrino-nucleon scattering cross section,
and aradial dependence of the density, energy, and temperature inside the proto-neutron star to determine the
coupling strengths compatible with SN1987A constraints on the time duration signal of diffusing neutrinos.
We show that medium effects can induce an order of magnitude enhancement in the neutrino mean free path
with respect to the vacuum calculation. The increase is more significant when new physics terms dominate
over the Standard Model contribution (that is, for small mediator mass and large couplings). Finally, we
interpret these results as bounds on the parameter space of a vector U(1)z_; model and scalar lepton number
conserving and lepton number violating scenarios, improving on previous results in the literature where
medium effects were ignored. We show that SN constraints on the neutrino diffusion time lie within regions of
the parameter space that are already ruled out by other experimental constraints. We also comment on
potential limits due to changes in the SN equation of state or right-handed neutrino free-streaming, but argue

that detailed numerical simulations are needed to improve the reliability of these limits.
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I. INTRODUCTION

There is growing interest in particle physics constructions
that feature new low-mass mediators as an extension of the
Standard Model (SM). This interest has been fueled in part
by observed anomalies in low-energy observables, such as
the long-standing discrepancy in the muon anomalous
magnetic moment, and in part by the potential for these
models to connect to an otherwise secluded sector that could
account for the dark matter content of the Universe. In the
absence of any clear signal of new physics either from the
high-energy regime explored at the LHC or from direct
detection searches for canonical weakly-interacting massive
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particles, alternative search strategies are gaining attention,
including those that favor low-energy precision measure-
ments across a wide range of experimental techniques.

In general, particle models with light mediators include
new interactions in the neutrino sector, which can often be
interpreted in terms of an effective theory and described as
nonstandard interactions (NSI). This is a particularly
interesting possibility, as it widens the range of experi-
mental probes of these constructions. For example, data
from dedicated neutrino detectors can be used to set
constraints on the resulting neutrino-electron scattering,
as no deviation has yet been found from the SM prediction.
Experimental data from GEMMA [1] and Borexino [2] lead
to competitive bounds on the parameter space of these
models for mediator masses of the order of the MeV [3,4].
Likewise, new physics in the neutrino sector can also be
probed through coherent elastic neutrino nucleus scattering
(CEvNS). This rare process, which in the SM occurs at
leading order through the exchange of a Z boson [5], has
been recently observed by the COHERENT Collaboration,
employing two different targets. Their original results on
CslI [6] and the latter measurement in liquid argon [7] are in
agreement with the SM prediction, which allows us to set
limits on the parameter space of new-physics scenarios

Published by the American Physical Society


https://orcid.org/0000-0002-7649-1956
https://orcid.org/0000-0001-6881-7285
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.063013&domain=pdf&date_stamp=2021-09-07
https://doi.org/10.1103/PhysRevD.104.063013
https://doi.org/10.1103/PhysRevD.104.063013
https://doi.org/10.1103/PhysRevD.104.063013
https://doi.org/10.1103/PhysRevD.104.063013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CERDENO, CERMENO, PEREZ-GARCIA, and REID

PHYS. REV. D 104, 063013 (2021)

with light mediators [4,8—13]. The large exposure of
projected future experiments at spallation neutrino sources
[14-16] makes them well suited to probe mediator masses
in the MeV range.

Dark matter direct detection experiments have recently
joined the quest for light mediators. Although they were not
specifically designed for this aim, these detectors can be
sensitive to neutrino interactions with the electrons and
nuclei of their target. In fact, due to the resemblance of this
signal with that expected from a weakly-interacting mas-
sive particle, CEvNS is considered a background in the
search for dark matter particles [17], and it can be
interpreted as a ‘neutrino floor’ in the dark matter
nucleon-scattering cross section [18]. New physics in the
neutrino sector can alter the SM predictions for nuclear
recoils [19,20], thereby raising the neutrino floor especially
at low dark matter masses [21,22]. Likewise, the effects of
new physics could also be felt in the electron recoil
spectrum. So far, the absence of a confirmed signal in
either electron or nuclear recoils has been translated into
constraints on simplified models and scenarios with non-
standard neutrino interactions [4,19,23-26].

The presence of light new states can also have crucial
implications in cosmological and astrophysical observa-
tions. In particular, a bound on the effective number of
relativistic degrees of freedom can be derived from big
bang nucleosynthesis, that sets stringent constraints on the
abundance of new particles with masses below 1 MeV [27].

Finally, light particles can be produced in stellar interiors
and alter different aspects of stellar evolution, in particular,
SN explosions. The observed neutrino flux from SN1987A
[28-30] permitted the study of neutrino properties (set-
ting upper limits on their mass and lifetime) and set bounds
on new physics in this sector [31-43]. Most of these
constraints address the cooling effect of light weakly-
interacting particles, which would escape the star unim-
peded (thus leading to a different neutrino luminosity than
the one actually observed). This is applicable to a wide range
of models that include axions (or axionlike particles) as the
most representative example. It also affects new mediators
in the neutrino sector, for example light gauge bosons (dark
photons) [44—48] or scalar particles [49,50]. It should be
noted that cooling constraints generally restrict a window of
very small couplings (as the particle needs to escape the star
and these bounds do not apply if it is reabsorbed after
production), however, large couplings can affect the dif-
fusive properties of neutrinos [51], decreasing their mean
free path and leading to an emitted flux which can exceed the
observed ~10 s. This has been used in Refs. [42,43] to
derive upper bounds in the neutrino coupling to new scalar
and vector mediators, showing that they can compete with
limits from other experimental sources. As it was then
shown in Ref. [21], these constraints are relevant, since they
determine the maximum height of the neutrino floor in direct
dark matter detection experiments.

In this article, we carry out an improved computation of
the neutrino mean free path to derive a more reliable
upper limit on the mediator coupling to neutrinos. To do
this, our analysis takes into account the radial dependence
of the density, energy, and temperature in the proto-neutron
star (proto-NS). More importantly, given that the density
can be several times the nuclear saturation density,
po~2x 10" gem™3, we include medium effects in the
computation of the neutrino-nucleon scattering cross
section, which were not included in the analysis of
Refs. [42,43]. Medium effects can increase the neutrino
mean free path by approximately an order of magnitude
[51-55] with pure SM interactions, and in this work we
extend the analysis to new physics, showing that they can
be even more important for low mass mediators. This can
significantly alter the resulting neutrino diffusion time. We
interpret our results as upper bounds on the neutrino
couplings in simplified models, for which we choose a
(Iepton-number violating and lepton-number conserving)
scalar and a U(1),_, vector model.

This article is organized as follows. In Sec. II we
introduce simplified models that incorporate a new vector
or scalar coupling to the SM and provide the new matrix
elements that contribute to neutrino-nucleon scattering. In
Sec. IIl we review the main constraints on light new
mediators that can be derived from SN physics. We explain
in detail how to compute the neutrino mean free path, for
which we consider medium effects and a radial dependence
of the density and temperature. In Sec. IV we show the
medium effects on the neutrino mean free path and study
the area of the two-dimensional parameter space that is
excluded by SN constraints, putting it in context with
bounds from other detection methods. Finally, our con-
clusions are presented in Section V.

II. SIMPLIFIED MODELS OF NEW PHYSICS
WITH LIGHT MEDIATORS

We consider two classes of low-scale simplified models,
which introduce a new light mediator (scalar or vector) that
provides extra interactions between neutrinos and SM
fermions (quarks and/or leptons) [56]. We do not address
here how to realize these scenarios as complete UV
models, as this might imply adding extra fields for anomaly
cancellation. The new interactions induce corrections to
neutrino-nucleon scattering as illustrated in Fig. 1, thereby
altering the neutrino diffusion time. In this section we
compute the new matrix elements that enter the computa-
tion of the neutrino mean free path. R

In the following, we denote p = (E}, p’) and p* =
(Ey,p) as the four-momentum for the outgoing and
incoming nucleon of effective mass my, respectively,

and k* = (E), l:’) and ¥ = (E,, I:) the analogous for
neutrinos of mass m,. The transferred four-momentum is
defined as ¢* = (qq,q) = p* — p' = k* —k*. We will
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FIG. 1.

give more details about the concept of effective mass in
Sec. III.

A. Scalar mediator

As a first example, we introduce a new light scalar field,
¢, of mass m, that interacts with SM fermions. The scalar
must necessarily couple a left-handed fermion field to a
right-handed one, which can lead to two different scenarios
for neutrinos, which we study separately.

First, we can consider a lepton-number violating (LNV)
scenario with Majorana neutrinos. In this case, we assume
that the masses of possible heavy neutrino states are much
heavier than the typical energies inside the supernova and
their interactions can be disregarded. Alternatively, assum-
ing Dirac neutrinos, the scalar field might couple to right-
handed neutrinos in a lepton-number conserving (LNC)
model. In this case, different regimes are possible for the
right-handed neutrino mass, m,, . In this work we consider
that m,, < O(1 eV), and therefore the relevant cross
sections for neutrino scattering mediated by the new
LNC scalar in most terrestrial experiments are nearly
identical to the LNV case.'

In the case of an LNV scalar, the new interaction terms in
the Lagrangian take the form

Liny D —Co i ¢uy — Y Coahg—Y Cilgl. (1)
q 1

where C,, C,, and C; are the couplings to neutrinos,
quarks, and leptons, respectively. This differs from the
LNC scalar only in the first term, with

'If m,, 2 O(1 GeV), the neutrino-scattering cross section
would be kinematically suppressed when the center-of-mass
energy of the collision is smaller than the vz mass, and right-
handed neutrinos would not be produced in any of the scenarios
that we consider. For the intermediate case where the v, mass is
of the order of the MeV, scattering would still occur at some or all
of the energy scales we consider, with the presence of the massive
Vg producing potentially measurable effects that could even allow
us to determine m,,. This would produce a complex phenom-
enology which, while interesting, is beyond the scope of this
work.

v (k) N (p)

7' (q)

v (k) N ()

Contributions to neutrino-nucleon scattering for a scalar mediator (left) and a vector mediator (right).

Linc D —Coipdry — Y C,adqg— Y Cilpl.  (2)
q 1

Within SN, we consider neutrinos scattering coherently
with nucleons. The quark contribution to the Lagrangian
can therefore be rewritten in terms of whole nucleons as

Lyy =wNCnwng, (3)

with

fN

Cy = c, =11, 4

N = My [Zq: q mq] (4)

where the values of m, and fﬁ)’ can be found in Ref. [42].

For universal Q,, as considered in our work, one obtains

Cy = 13.8C,. The presence of the additional scalar pro-

vides a new channel for neutrino-nucleon scattering. The

squared matrix element is modified from its SM value by an
additional term

M = Mgy + M3, (5)
with
o _C2c2
M3 = 555 4*(4my — ) (6)
N (qz _ m(z/))z N

In principle, C, and Cy are separate free parameters in
our model. We can reduce the dimensions of the parameter
space by placing constraints on the effective coupling
Y =+/C,Cy. Any other process that involves neutrino-
quark scattering can directly set bounds on Y, and so can be
immediately compared with our constraints from SN
physics. Limits on the individual couplings C, and C,
can also be combined to obtain a constraint on Y. However,
applying bounds from other processes require us to make
assumptions about the relation between the couplings to
different particles.

Constraints from neutrino scattering (either CEvNS or
neutrino-electron scattering) in terrestrial experiments are
practically identical for both a LNC and a LNV scalar (with
m,, <1 eV). However, each species of scalar has its own
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unique constraints as well, stemming from limits on either
the production of right-handed neutrinos, or the rate of LNV
processes. Furthermore, the rate of neutrino scattering
within the dense interior of the SN differ for LNV and
LNC scalars due to the different nature (Majorana and Dirac,
respectively) of neutrinos and to the fact that LNV inter-
actions induce changes in the chemical potentials of the
particles in the medium, as it will be discussed in Sec. 3.2.

B. Vector mediator: Gauged U(1);_,

As a paradigm of vector-mediated scenarios, we consider
a U(1),_; model. The symmetry is spontaneously broken,
leading to a new vector mediator, Z’, with mass m, which,
depending on the scale of the symmetry breaking, can be
much lighter than the SM Z boson.

The new interaction terms in the Lagrangian take the
form

Lp = —ZquV 9z, - ch Iz,
- ZC vz, (7)

where all quarks have the same charge, C, = gg_, /3, and
all charged and neutral leptons have charge C;,, = —gp_;.
The Z' may also interact with SM fermions via kinetic
mixing with either the SM Z or the photon. Here we assume
that the couplings to SM fermions induced through kinetic
mixing are subdominant to the direct couplings C;, and so
we neglect kinetic mixing effects.

Gauging the U(1),_, symmetry in a theory with only
SM fermions leads to nonzero anomalies, so additional
particles must be added to ensure these anomalies are
canceled out. Although several nonminimal solutions exist,
the simplest way is to include three right-handed neutrinos
[57]. In this case the anomalies from the left- and right-
handed neutrino loops exactly cancel and the theory is
anomaly free. As in the case of the LNC scalar considered
in the previous section, neutrinos in this model are Dirac
fermions and interactions with the U(1);_, mediator do not
violate lepton number. There is thus no mechanism for the
efficient conversion of electron neutrinos to neutrinos and
antineutrinos of other flavors which can deleptonize the star
or impact properties such as the entropy or the temperature
of the SN core. Unlike in that model, right-handed
neutrinos are not produced in 7-channel neutrino scattering
events mediated by a U(1)g_, mediator. We therefore
assume that right-handed neutrinos are heavy enough so as
not to be produced inside the SN (this requires masses
above the GeV scale, natural in most seesaw models). This
choice has no effect on the CEvNS or neutrino-electron
scattering cross sections in the U(1),_; model.

Considering this scenario, the total matrix element
contains an interference term between Z’ and the SM Z
boson,

M = M3y + Mz, +5 22 Re(Mp Mgy).  (8)

spms

Since neutrinos are Dirac, only left-handed neutrinos and
right-handed antineutrinos couple to the Z and Z’ vector
mediators. Remember also that we are only concerned with
the light neutrino states, as the heavy ones are assumed to
have masses well above the GeV and are therefore not
produced in the SN.

Both for the left-handed neutrino nucleon interaction,
vN — vN, and for the right-handed antineutrino nucleon
one, UN — vN, the pure BL term reads

29?%

|M|%3L = (6]2 _ mz/)z (8(pk)2 (2m + C] + 4pk))

©)

On the other hand, as the SM amplitude is different for
vN — vN and N — DN, the mixing term is different too.
For vN — vN it reads

ZRG(MBLMETW)
spins
—-4\2g2, G L By
=TI (P (4) P (6°) (67 +20mi3+2K)
Z/
+8(phFY (¢2) —2F) () mid ). (10)

and for YN — UN

ZRe(MBLMZ’{v[)

_ 2

=IO (2B~ () 420+ 29)
+8(pk)*FY (q*)+2FY (¢*)mi?q?). (11)

In these expressions, F (¢?) is the neutral current vector
form factor and F) (¢) the axial one. Since the interactions
considered take place inside the SN core with a temperature
kpT < mjy (where kp is the Boltzmann constant that we set
to kg = 1 from now on), for the scenario that we study
|4?] £0.15 GeV? and we can approximate FV(g?)~
FN(0) and FY (%) ~ FY(0). See Fig. 4.9 of [58], where
the dependence of the form factors on |g?| is shown, to
understand better this approach. This is equivalent to saying
that at these energies neutrinos do not see the quark
structure but the nucleon as a whole. Therefore, for our
calculations we take F7(0)~—1/2, F"(0)~—1.47/2,
FP(0) ~0.075/2, and F;(0) ~—1.47/2 [58].
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III. SUPERNOVAE CONSTRAINTS
ON NEUTRINO INTERACTIONS

Neutrinos play a key role in the first minutes after the
collapse of a massive star. After these stars explode as SN,
neutrinos are copiously produced and trapped in a core of
radius ~10 km during the first ~10 s after the explosion
[59,60]. At this time, the proto-NS core reaches densities
several times that of nuclear saturation density,
pe~(2—=3)py, and temperatures T <50 MeV [61].
These neutrinos (and antineutrinos) arise mostly from
the electron capture on protons and flavor equipartition,
i.e., electron (v,), muon and tau (v,, v,), collectively vy.
Matter in the core is constituted of free nucleons, mostly
neutrons, with which hot (thermalized) neutrinos interact
many times before decoupling from matter inside the star.
In this way, it is reasonable to think that new physics in the
neutrino sector may alter SN dynamics in several ways. In
particular, light mediators that couple to both neutrinos and
nucleons could affect the diffusion time of neutrinos and
their energy spectrum, which were first known from the
measurements of the SN 1987A burst [28-30].

New neutrino interactions can also modify the equation of
state (EoS) of the proto-NS core [42]. This is particularly
relevant if the new couplings between neutrinos and nucleons
violate lepton number, as these processes can remove v, and
convert them into z,, v,, Uy, v, and U,. It has been stated
before [62-64] that this type of interaction would imply
sizeable differences in physical conditions, in particular in
the entropy, lepton fraction and temperature, but these effects
do not affect the explosion, as it is explained in Ref. [64]. In
order to fully assess the effects of changes in the EoS, one
must resort to numerical simulations, which is beyond the
scope of this work. We therefore do not implement these
bounds, but we show their potential reach.

The effects described above rely on the determination of
the neutrino mean free path. As we argue in this section,
this is a density and temperature dependent quantity, a fact
that cannot be ignored in order to derive reliable bounds on
new physics. In the following, we explain how this has been
implemented in our calculation.

A. Mean free path in a nuclear medium

The mean free path in a dense and hot medium must be
obtained from a self-consistent treatment, taking into
account the distribution functions of all the particles of
the interaction in the incoming and outgoing kinematic
phase space at finite density and temperature.

The standard differential cross section for the scattering
between (anti)neutrinos, (r) v, and nucleons, N, can be
written as

AAI12
M d0(p. p k)1 = fu(EY)

T Aok - mm?
x (1= f,(E,)). (12)

where the phase space volume element is

do(p.p'. k.k') = 2x)*6W(p+ k- p' —K)
d35/ d3];/
* (2n)32E, (2n)2E,

(13)

The Fermi-Dirac distribution functions for the ith-type
particle (protons and neutrons), f;(E;) = 1/1 + e E=#)/T,
are written in terms of the effective mass and chemical
potential m; and y, which differ from the naked values in
vacuum by the presence of meson fields [65]. Here, E; is
the nucleon energy and 7T the temperature of the medium.
The distribution function for the neutrino, f,(E,) =
1/1 + eEe=)/T depends on its Majorana or Dirac nature.

Note that the contribution from the scattering of neu-
trinos and antineutrinos off electrons is subleading [60] and
is therefore not included in our analysis.

Given the high values of the density and temperature that
can be reached in a SN core, matter effects cannot be
ignored when computing the neutrino mean free path.
Vacuum expressions do not capture the rich physics of the
many-body effects, which can increase the mean free path
by more than two orders of magnitude [51,66-68]. In our
calculation, we have included the Fermi-Dirac distribution
functions, which partially restrict the outgoing phase space,
and the effective values for the nucleon mass (being
my < my) and chemical potential, thereby improving
the results of previous works [42,43].

The neutrino mean free path can be expressed as the
inverse of the cross section per unit volume, A = V /6. The
differential cross section in Eq. (12) has to be weighted with

the phase space volume for the incoming nucleon sector,
35 . .
2(‘571)’3 fn(Ey). Neglecting the neutrino mass, m, ~ 0, and

performing a partial integration (see e.g., Ref. [67] for more
details), we obtain

do _ / M
4 8(27)*|k|/(pk)?

x 8(cos O — cos ) dep3d|G|dqod|pldcos 0,  (14)

where F is the Fermi-blocking term

F(Ey.Ey.E,) = fn(Ex)(1=fn(Ey))(1-fu(E)). (15)

We denote 6 as the polar angle between g and p, and 6,; and
¢;; as the polar and azimuthal angles between the momen-
tum of particle i and particle j (we take i = 1, 2 for the
incoming neutrino and nucleon, respectively, and i = 3, 4
for the outgoing ones).
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The angle 6° is fixed by energy conservation,

a5+ 2q0Ex — |4

cosf® = Sl , (16)
2|ql|p|
and the flux term can be expressed as
(pk)* = ENE, — | p||K| cos 5. (17)

The polar angle, 6,,, between the incoming neutrino and
nucleon is obtained by solving

Asin€, + BcosO, + C =0, (18)
with A = [B|[K'| sin gy sin, B = |B|(|K] cos 6,5 — [K]).
and C=|p]|7|cos6. Note that |k|=E,, |K|=E,=E,—qy,
and E\ = Ey + qo. After doing this, Eq. (14) can be
rewritten as

o 1 E, d 2E,—qo Az 2ﬂd
Y_/_—8(27z)4/_00 40 A]O |61|/0 ?13

< [ dplpIF o ) MP ,
|p_| EI/(ENEI/ - |p|Eu C05912>

(19)

- *2
with |p_| = /E}_—m and Ey_ ==+ 2 /1 -2,

Note that the limits of the integral over |p| comes from
imposing | cos@°| < 1.

The density profile of the proto-NS and the temperature
are radially-dependent functions. In the center it is well

TABLE 1.

above the nuclear saturation density and decreases towards
the outer regions. As a consequence, the neutrino energy is
also a function of the radius, and it changes within the hot
and dense medium. A complete treatment should also
include the time dependence of these quantities, but this
is only possible with a dedicated numerical simulation,
which is beyond the scope of this paper. As a more modest
approach, we use the results from Ref. [69], where the
radial and time dependence of the proto-NS temperature,
density, etc., were computed for an 18 My progenitor,
considering the TM1 model [70,71] to describe the physics
of nuclear matter. As we are most interested in processes
during the Kevin-Helmholtz phase, we have used results at
times of 1 and 5 seconds after bounce.

Since the density decreases slowly within the core, we
have considered spherical shells where temperature and
density are taken to be constant, with values extracted from
Fig. 7 of Ref. [69] as detailed in Tables I and II. We
consider these shells from the center of the star to the
neutrino sphere radius, R,, where neutrinos decouple from
matter. The neutrino sphere radius is a function of the
neutrino energy, E,, flavor, and thermodynamical state of
the matter [60,69], and therefore depends on the time after
bounce. Knowing the antineutrino spectrum from SN
1987A, which suggests that neutrinos decoupled with
energies around a dozen MeV or, accordingly, temperatures
of a few MeV (see Fig. 1 in Ref. [60]), the neutrino sphere
can be determined from the following condition on the
optical depth, 7,

(20)

Values of neutron-effective chemical potential, 4, proton-effective chemical potential, 41, neutrino chemical potential, y,,

and nucleon effective mass, mj, for the spherical shells (labeled by the index k and defined by an outer radius R) that we consider at the
two time snapshots of 1 s and 5 s, with a baryonic density, ng, temperature, 7 and electron fraction, Y,, in our analysis for Dirac
neutrinos. In the last two columns the resulting neutrino mean free path in the SM, /153“, and antineutrino mean free path, lgf/[, are also
shown. Temperatures, densities, and electron fraction are taken from Ref. [69].

Dirac neutrinos

t~1s R ((km) T MeV) ng(fm3) Y, Hy MeV)  p (MeV)  p, MeV)  mpy MeV) M @m) M (m)
k=1 5.0 15 0.5 0.3 496.6 405.4 114.6 249.6 0.42 0.30
k=2 7.5 20 0.3 0.28 530.0 458.3 102.7 384.9 0.24 0.22
k=3 10.0 28 0.15 0.25 656.5 601.9 79.9 599.4 0.17 0.20
k=4 15.0 33 0.06 0.2 779.8 723.0 29.0 786.0 0.42 0.49
k=5 17.5 18 0.03 0.1 858.7 813.1 14.4 857.0 2.7 2.9
k=6 20.0 7 0.008 0.05 917.2 893.9 12,5 915.9 35 36
t~5s

k=1 5.0 25 0.5 0.25 504.3 389.4 41.8 254.6 0.30 0.38
k=2 7.5 28 0.4 0.23 509.4 402.4 36.1 309.1 0.40 0.50
k=3 10.0 32 0.3 0.2 537.7 440.2 24.4 394 .4 0.21 0.28
k=4 12.5 25 0.15 0.13 664.8 590.6 14.2 599.1 0.51 0.63
k=5 15.0 10 0.05 0.035 831.9 787.2 0 805.3 12 13
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TABLE II.
energy, E, = nT and E, = uP + xT.

The same as Table I but for Majorana neutrinos. The neutrino mean free path is calculated for two choices of the neutrino

Majorana neutrinos

t~1s R(km) T MeV) np(fm™) u; MeV) pp MeV) my MeV) M (m) (E, =2T) M (m) (E, = p? + 2T)
k=1 5.0 15 0.5 512.3 382.9 253.9 3.1 0.27
k=2 7.5 20 0.3 544.4 440.6 389.7 1.3 0.21
k=3 10.0 28 0.15 538.0 431.4 383.0 0.51 0.17
k=4 15.0 33 0.06 781.9 713.3 786.1 0.69 0.46
k=5 17.5 18 0.03 859.2 808.2 857.0 4.1 2.7
k=6 20.0 7 0.008 917.4 889.9 915.9 76 35
t~5s

k=1 5.0 25 0.5 509.9 381.1 256.2 0.71 0.34
k=2 7.5 28 0.4 514.3 395.4 310.8 0.52 0.29
k=3 10.0 32 0.3 541.0 4355 395.4 0.36 0.25
k=4 12.5 25 0.15 665.9 587.1 599.3 0.77 0.58
k=5 15.0 10 0.05 831.9 787.0 805.3 4.1 4.1

Neutrinos with purely SM interactions (i.e., the electroweak
force) already fulfil the opacity constraint and they remain
diffusive while streaming out. Adding a new physics
contribution to neutrino interactions increases, in general,
the probability of scattering, and therefore the condition of
Eq. (20) is satisfied. The addition of a new vector mediator,
however, must be considered more carefully, as the
destructive interference with the Z boson can dominate
in certain regions of the parameter space. We have checked
explicitly that neutrinos remain diffusive in all the param-
eter space.

Regarding the neutrino energy, we consider Dirac
neutrinos to be in thermal equilibrium with an energy E, =
u, + nT [61], where u, is the neutrino chemical potential.
Majorana neutrinos do not reach thermal equilibrium (and
do not have a chemical potential associated to them). Their
energy should be determined numerically, but at the time of
writing this paper, we are not aware of any hydrodynamic
simulation of SN with Majorana neutrinos. Therefore, we
consider two limiting cases for the Majorana neutrino
energy, namely E, = 2T (a relation that has been used,
e.g., in Ref. [63]) and E, = u2 + 2T, where ul is the
chemical potential for Dirac neutrinos.

In order to determine the effective nucleon mass and
chemical potentials in each shell, we consider the TM1
model (also used in Ref. [69] to obtain the radial temper-
ature and density profiles that we use in Tables I and II). We
use a relativistic mean field (RMF) approach where baryons
are considered as Dirac quasiparticles moving in classical
meson fields and the field operators, ¢, are replaced by their
expectation values, (¢). The TM1 [70,71] model, widely
used in current numerical simulations, is a representative
example where the set of parameters used can smoothly
connect low and high density regions in the dynamical
stellar description. The presence of an effective nucleon
mass and effective chemical potential is due to the non-
vanishing values of the Lorentz scalar meson, (c), Lorentz

vector, (), and vector-isovector, (p,), meson fields. The
self-consistent solution in the RMF approximation of the
meaningful components of these field values (o, ®y, po3)
was obtained in Refs. [70,71]. In this way, an effective
nucleon mass, m}, = my — g,y (o), and effective chemical
potentials, u;j = p; — g,n(®) — g,nt3:(p), are obtained for
each thermodynamical state. The quantities gy, g,n, and
g,n are dimensionless constants that couple nucleons to the
o, w, and p mesons, respectively. t5; is the third component
of the isospin of the proton or the neutron, i = p, n.
Relativistic baryonic energies are defined as E}(k) =

\/k* + m3?. This parameter set includes self-interaction
terms from scalar, vector and vector-isovector mesons in
nonisospin symmetric nuclear matter at finite temperature.
TMI interaction terms are constrained by the nuclear
masses, radii, neutron skins, and their excitations. When
applied to the derived proto-NS, the mass-radius diagram
allows us to fulfil the subsequent two solar mass constraints
from recent observations of older objects.

By imposing baryonic charge conservation, fixed lepton
fraction and charge neutrality, the RMF equation for the
fields, o, w, and p are solved to obtain effective nucleon
masses and chemical potentials at finite temperature [70].
Note that at finite temperature a nonvanishing positron
fraction is available and a net lepton number (including the
neutrino sector) arises. The resulting values of mjy and
chemical potentials are shown in Tables I and II. For
reference, we also indicate the resulting neutrino mean free
path in the SM, A°M. For the Majorana case, we show the
two values that correspond to the limiting cases for the
energy window we consider, E, = #T and E, = u? + nT.

Finally, using these values of the effective masses and
chemical potentials in Eq. (19), we compute the neutrino
and antineutrino mean free paths for each spherical shell,
Ak, to determine the diffusion time in each of them. We
add these to estimate the total duration of the neutrino
(antineutrino) emission as
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L =RI-R:
cAP D) — Zk—_k—l’ (21)

par )“ll;@)

where R), is the outer radius of the kth spherical shell, and
Ry = 0. Since the neutrinos detected in the signal from
SN1987A were electron antineutrinos we compare the total
duration of the antineutrino emission with the observed
At~ 10 s.

B. Effects on SN dynamics

During the core collapse, protons and electrons combine
into neutrons, with each of the O(10%7) reactions producing
an associated electron neutrino but also other flavors (muon
and tau) and reactions come into play including electron-
positron annihilation, or nucleon bremsstrahlung [72].
Many of these neutrinos and antineutrinos escape the
developing neutron star, carrying away the largest portion
of the gravitational energy lost in the collapse. This neutrino
burst was detected by the experiments Kamiokande II, IMB,
and Baksan in coincidence with the SN 1987A event
[28-30], and their measurement allows us to place con-
straints on models of new physics which would affect the
propagation of the neutrino burst through the proto-NS. In
particular, the diffusion time scale At of Eq. (21) can be
altered by new interactions between neutrinos and nucleons.
One must impose that this quantity is of the order of the
observed duration of the burst, Az < 10 s.

When we apply Eq. (21) using pure vector-axial SM
interactions, we obtain Ar™ = 2.6 s for Dirac neutrinos
and Ar™™ = 2.4 s for antineutrinos. For Majorana neutri-
nos, we obtain A = 1.1 s (AS™M =2.7 s) for E, = #T
(E, = uP + #T). For consistency, these numbers have been
obtained using the configuration for 7~ 1 s of Tables I
and 11.2

The mean free path for Majorana neutrinos is extremely
sensitive to the incoming neutrino energy. If the same
energy as for Dirac neutrinos is used, Majorana and Dirac
neutrinos yield a very similar A3M. The main difference
between these two scenarios comes from the energy
distribution of neutrinos in the star, and if E, = zT is
used, the neutrino mean free path for Majorana neutrinos
increases considerably (by up to a factor ~4, depending on
the SN shell). To obtain a more precise answer, neutrino
energy should be determined by numerical simulations,
especially for Majorana neutrinos, which do not reach
thermal equilibrium.

We should point out that we have not considered
correlations that typically enhance the mean free path,
see for example Ref. [66], where random phase-

’If we had used the configuration for r ~5 s we would have
obtained ArM = 1.5 s (1.3 s) for Dirac neutrinos (antineutrinos)
and ArM = 1.6 s (1.0 s) for Majorana neutrinos with E¥ = zT
(EY = ul + =T).

approximation correlations indicate that in-medium insta-
bilities cause an increased mean free path. In addition, the
inclusion of weak magnetism effects can alter these values
by approximately 20%. A fully consistent treatment of the
dispersion suffered by neutrinos would require the use of
Boltzmann transport and energy conservation at each
interaction step. Since this is not feasible in our calculation,
we rely on semianalytical estimates to include the size of
corrections expected when new physics is involved. This,
together with the choice of a pure axial-vector current for
the SM interaction description (realistic simulations con-
sider extra tensorial terms [66]) might explain why our
results for the SM diffusion time is slightly shorter
than 10 s.

After new physics contributions are included, we need to
ensure that the total neutrino diffusion time, Af, remains
consistent with the duration of the observed SN1987A
neutrino burst, which leads to the condition

At< 10, (22)

setting an upper limit on the strength of neutrino inter-
actions with quarks. Since what experiments have observed
is the burst of antineutrinos through the measurement of
positrons coming from D,n — pe™, we apply this con-
straint to the antineutrino diffusion times. Lacking a full
simulation analysis, the systematic error of this numerical
approach is difficult to estimate. Since the SM times that we
obtain are slightly shorter than the 10 s observed, we also
indicate the region in which the new physics contribution
becomes as important as the SM one, which can be
estimated as follows:

At S2AM, (23)

For consistency, the bound given by Eq. (22) is computed
using the ¢ ~ 5 s configuration of Tables I and II, whereas
for the one of Eq. (23) we must use the 1 ~ 1 s configu-
ration, so that the stellar properties correspond to those at
half the amount of time that neutrinos typically spend in the
supernova.

If the interaction between neutrinos and quarks via a
scalar mediator is LNC, right-handed neutrinos with
masses m,, <1 eV can be produced in the scattering of
left-handed neutrinos off SM fermions. Once vy are
produced, they free stream out of the star since they do
not interact via SM interactions, leading to a suppressed v,
flux and a much shorter cooling time. This can be prevented
in two ways, either v; do not interact with SM fermions via
a new physics interaction while they are trapped in the
proto-NS, i.e.,

n

CAtk
> S 1 (24)
k=1 "k
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with

2 2
Rk — Rk—l

CAtk ~ CAtiM = /’{SiM’
k

(25)

where X" is the mean free path computed only with new
physics interactions. Alternatively, if the new physics
scattering rate is sufficiently large, the vz do not free
stream out of the core. Instead, they scatter back into v;,
and the overall effect is that the neutrinos are constantly
switching back and forth between v; and vy as they diffuse
out of the SN. In line with the analysis of Ref. [42], we
constrain this effect by requiring that at least 100 new
physics interactions take place over the path the v; would
take when free streaming out of the SN, this is,

" AR,
szloo, (26)
k=1 "k

where AR, = R, — R;_;. Note that, in this case, neutrinos
spend on average half of their time inside the star as v and
not feeling electroweak interactions. Thus, the diffusion
time is calculated as

1< 21
CAt:EZ(R%_R%—I)LW—'_AS—M} (27)
k=1 k k

The condition in Eq. (26) must be understood as a
qualitative statement, limiting the relative size of the
new physics and SM contributions.

Finally, as we have mentioned above, if new neutrino
physics happens via a LNV interaction, quantities such as
the entropy, lepton fraction, and temperature can be greatly
affected. Qualitatively speaking, one can estimate when
neutrino interactions might have an impact on the EoS of
SN matter by requiring that they scatter at least once as they
stream out of the star. This minimal condition can be
imposed as in the LNC case, requiring that Eq. (24) is
fulfilled.

Changes in the EoS of SN matter would only indirectly
affect the neutrino signal; either through a change of
detected flavors or time correlation on Earth. Currently,
preliminary microscopic simulations have been performed
using one neutrino species allowing internal deleptoniza-
tion with ¢/ogy < 1072 for the reaction v, + N = o, + N
[73]. It should be noted that this work, based on one single-
flavor LNV reaction, employs one-dimensional codes
where luminosities are monitored for moderate times after
the trigger of the stellar collapse. Because of their sim-
plified microphysics input, they do not display all the

3Alternatively, a similar condition could be implemented on
the radius of the right-handed neutrinosphere, constraining by
how much it can exceed the radius of the left-handed neutrino-
sphere.

physics features relevant to the dynamics and outcome of
the observable signals at Earth, such as convection [74] and
precollapse seed perturbations [75,76]. The results of
Ref. [73] suggest some degree of insensitivity of the overall
dynamical evolution of the models to rather dramatic
modifications of the microphysics, but to obtain a reliable
result, it is necessary to extend the simulation to
larger times.

More recent dedicated studies have performed detailed
numerical simulations that include other exotic species,
such as sterile neutrinos with O(50) MeV masses that
decay into SM neutrinos. It was found that these could have
a significant impact on the dynamics of the core collapse. In
fact, for some parameter choices, they can lead to too
energetic explosions thus indicating that with the help of
the astrophysics data it is possible to further constrain the
parameter space of sterile neutrinos [77]. Given the proto-
NS star conditions described in our contribution we
anticipate that the early deleptonization could be very
different from that predicted using SM neutrino transport.
Further work on the computational side is needed in order
to obtain the full picture regarding how the final spectra
would look like as measured in a hypothetical neutrino
detection on Earth.

Because of the arguments above, and in line with
previous literature [42], we only indicate when the con-
dition given by Eq. (24) is fulfilled for an LNV model in
Fig. 4, but we do not consider it a solid constraint yet. In
order to obtain robust results, a full hydrodynamic simu-
lation would be needed that relates changes in the EoS with
SN observables.

Previous works [42,43] have implemented the conditions
of Egs. (22) to (26) to constrain new physics models, but
ignoring the Pauli blocking for the outgoing nucleons and
their effective masses and chemical potentials. In our work,
we use the results of the previous section, where medium
effects have being taken into account, for the calculation of
the mean free path in Eq. (19) to derive a more consistent
estimate.

IV. DISCUSSION

In this section, we compute the neutrino mean free path
for the new physics models of Sec. II and show the
constraints on the corresponding parameter spaces.

First, in order to quantify the importance of medium
effects on our results, we compare the values of the mean
free path in the kth shell of the star including medium
effects [4;, obtained using Eq. (19)] with those found
neglecting both the Pauli blocking of the outgoing states
and the effect of the dense nuclear medium on the nucleon
mass (). To compute 4 one must include the density of
nucleons in each shell. To mimic vacuum calculations,
where 1°% ~ (ong)~!, we perform the integral over the
phase space volume for the incoming nucleon sector,
ng ~2d°pfn(Ey)/(27)3, retaining the effective mass of
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the nucleon only in this factor for consistency with the
baryonic density of each shell (note that the effective mass
is related to the baryonic density through the RMF
equations). Since we are keeping fy, /12 is not truly a
vacuum mean free path and it incorporates some in-
medium effects.

In Fig. (2), we plot the ratios 4; //12 as a function of the
mediator mass for two representative choices of the
coupling in both the U(1),_, and LNC scalar models,
and for the five radial shells at = 5 s described in Table 1.
We can observe that medium effects are more important in
the inner shells (where the temperature and density are
higher) and decrease as we move outwards in the SN. The
neutrino mean free path can increase by approximately one
order of magnitude with respect to the vacuum estimate in
the central region of the SN, an increase which is more
pronounced (up to a factor 14) with new physics contri-
butions. In each plot, the lines become horizontal in the

14

limit where the SM dominates over the new physics
contributions, which happens at small values of the
couplings and large mediator masses.

The nontrivial behavior of 1;/4) when new physics
contributions dominate is due to the dependence of the
scattering amplitudes of Eqgs. (6)—(11) on the effective
nucleon mass and mediator mass. The mediator mass enters
through the denominator of the corresponding propagator
[1/(q*> = m3) or 1/(q* — m3,)], affecting the range of the
g* values that enter the integration in Eq. (19), which also
multiply terms in the numerator with the effective nucleon
mass. For heavy mediators (m3, ; > |g*|), this asymptoti-
cally reaches a flat behavior. This can be seen more clearly
in Fig. 3, where we represent the ratio 4;/4}, computed
separately for each contribution (new physics, interference
term, and SM) for the innermost shell (a quantity that we
define as 4,/ ;1(1)). The nontrivial behavior observed in Fig. 2

14

QB—L=5X10_5 — k=1 gB_L=1X10_3 — k=1
121 — k=2 121 k=2
— k=3 k=3
— k=4 k=4
10 — k=5 10 k=5
X 4
~< ~<
61 61
41 4
2 24¥
1073 1072 1071 10° 1073 1072 1071 100
mz [GeV] mz [GeV]
14 14
Y=5x10"* — k=1 Y=1x10"3 — k=1
121 — k=2 121 — k=2
— k=3 — k=3
— k=4 — k=4
101 — k=5 101 — k=5
B B
~ ~
< <

2 4\_/— 2 |
103 102 10-1 10° 103 10-2 10-1 100
my [GeV] my [GeV]

FIG. 2. Ratio of the values of the mean free path in the kth shell of the star including medium effects (4;) with those found neglecting
the Pauli blocking term and using the vacuum value for the nucleon masses (17, see text for more details) for the # ~ 5 s snapshot. The
upper plots correspond to U(1),_, model while the bottom ones are related to the LNC scalar mediated model. For each model we
consider two different values for the coupling. The left plots correspond to couplings providing new physics interactions which do not
distort the SM scenario for large masses while the right ones illustrate cases where new physics interactions affect the diffusion time.
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16 —— pure new physics B-L
——- interference B-L

16 —— new physics scalar

1073 1072 1071 10°
mz [GeV]

FIG. 3.

1073 1072 107! 10°
my [GeV]

Ratio of the contributions of the new physics and SM terms to the mean free path in the first shell of the star including medium

effects (1) with those found neglecting the Pauli blocking term and using the vacuum value for the nucleon masses (1)) fora t~5 s
snapshot. Left plot for the U(1);_, model and right plot for the LNC scalar mediated one.

appears when all the contributions are included in the

calculation of the mean free path.

Using the values of the mean free path with medium
effects, 4;, we compute the neutrino diffusion time for each
point in the parameter space of our low-mass mediator
models through Eq. (21), and we determine the regions
where the diffusion conditions of Egs. (22) and (23) are
satisfied. We represent the results in Figs. 4 and 5 for a
LNV and LNC scalar mediator, respectively, and in Fig. 6
for the U(1)_, scenario. Since the main contribution to the
neutrino-matter interaction rate comes from scattering off
neutrons, the relevant cross section is proportional to the
product of the coupling of neutrinos to the new mediator
and the coupling of the mediator to neutrons. Thus, in the
scalar model, we place constraints on ¥ = /C,Cy. For the
U(1),_,, where there is only one independent coupling, we
choose gp_;.

There are numerous experiments which have probed
different aspects of new physics in the neutrino sector (or
new light mediators in general), without having found, so
far, any significant deviation with respect to the SM
predictions. This has led to constraints on different combi-
nations of couplings in the new physics model. In the
U(1)g_, model, all of these constraints can be translated
directly into bounds on gz_;. We take our preexisting
constraints on this model from Refs. [4,78]. In the two
scalar models, we consider three classes of constraints,
divided based on the combination of couplings they apply
to. In Figs. 4 and 5, we plot all of the constraints under
the assumption of universal couplings to SM fermions
C,=C=C, = Y/\/ﬁ), though they can be rescaled
for other models with different relative couplings.

(a) Neutrino-nucleus interactions. The constraints we
derive from supernova neutrino scattering can only
be directly compared with other limitson Y = /C,Cy.
This is the same combination of couplings that appears

in the cross section for CEvNS. This elusive process has
been measured by two experiments within the CO-
HERENT Collaboration, the first time in CsI [6], and
again more recently in the CENNS-10 liquid argon
experiment [7]. Both results were compatible with the

1072

-5 A_./' ”’

107" ¥8BN + T
nscatd4 ~__.-=Z
SNEOS _____-===Z%

. =] — E,=nT

1074 Ey=ul+nT
T T
1073 1072 1071 10°
my [GeV]

FIG. 4. Constraints on an LNV scalar mediator. Solid lines
represent direct constraints on the coupling ¥ = /C,Cy, dot-
dashed lines represent those translated from constraints on
v/C,C,, and dotted lines are from constraints on ,/C,C,. These
latter two classes of constraints can only be compared with the
SN limits in a model-dependent way. Here they are plotted under
the assumption of universal couplings to all SM fermions. For
models with different couplings the lines can be rescaled, as
described in the text. Constraints from supernova neutrinos are
shown under two possible assumptions for the neutrino energy:
E, = zT (blue) and E, = uP + =T (orange). The two solid lines
of each color correspond to two possible criteria under which the
neutrino diffusion time can be constrained: A7 = 10 s and
At = 2ArM, while the dashed lines represent the region above
which the SN EoS is likely to be affected by the presence of LNV
interactions.
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FIG. 5. The same as in Fig 4, but for an LNC scalar. The shaded

blue area is ruled out because of right-handed neutrino production.

SM prediction, and can therefore be used to place
bounds on modifications to the CEvNS scattering rate.
Constraints on a light scalar mediator were first derived
in Ref. [42,79], and were later improved using an
updated quenching factor [10,11]. They are identical
for the LNV and LNC scalar models. Constraints can
also be obtained on Y by combining limits on the
individual couplings Cy and C, . The former have been
derived from measurements of neutron scattering [80],
while the latter can be obtained from cosmology and, in
the case of the LNV scalar, from searches for neutrino-
less double-beta decay. Cosmological bounds arise
from limits on the effective number of neutrino degrees
of freedom during big bang nucleosynthesis, and differ
for the LNVand LNC models. All of these are discussed
in more detail in Ref. [42]. We represent these con-
straints with solid lines in Figs. 5 and 4.

(b) Neutrino-electron interactions. Constraints can be
derived on the combination of couplings 1/C,C, from
measurements of neutrino-electron scattering. In
Figs. 5 and 4, we use dot-dashed lines to represent
the equivalent bounds that would apply to Y for the
case where C, = C,. These bounds can be adapted for
a theory with a different relation between these
couplings, by rescaling them by a factor C,/C,. We
have obtained constraints from the results of the
Borexino experiment [2], following the method used
in Ref. [4]. We have also included the limits that can be
derived from the GEMMA detector, using the results
of Ref [26], and from the recent analysis of electron
recoil events at XENONI1T [4,26,81,82]. In both cases
these constraints are less relevant than those from
Borexino.

(¢) Quark-lepton interactions. Constraints have also been
placed on models with new light mediators from the
decays of mesons containing heavy quarks. In Ref. [83],
measurements of branching ratios of B™-meson decays

were used to place limits on a new scalar mixing with
the SM Higgs. The constraints in that work were
obtained due to the effective coupling generated be-
tween a top quark (in a loop) and a y*u~ pair. This
constraint can be rescaled to give a constraint on the
combination of couplings  /C,C,, in our scalar models.
The resulting constraints on Y are shown as dotted lines
in Figs. (5) and 4 under the assumption of universal
couplings to SM fermions. As with the neutrino-
electron scattering bounds, the constraints derived from
BT -meson decays only apply to Y in a model-depen-
dent way, and should be rescaled with the relative C,
and C, couplings in a scalar model with nonuniversal
couplings. However, even in the case where there is no
tree-level coupling to top quarks, a constraint could still
be obtained by replacing the top quark in the loop with
either its first- or second-generation counterpart. Such a
scenario would require more careful consideration than
the simple rescaling used for the neutrino-electron
scattering constraints.

In Figs. 4, (5), and 6 we show in solid lines and under the
labels At = 10 s and At = 2A¢5M the upper bounds based
on the diffusion time constraints given by Egs. (22) and
(23) for the LNV (blue and orange) and LNC (blue) scalar
mediator and for the U(1),_; model (blue). In Fig. 4 the
orange lines correspond to the case in which EM = y? +
7T while the blue ones correspond to EM = zT. As it has
been already shown in Sec. 3.2, the SM diffusion time is
smaller for lower values of E,. This translates into a bigger
gap between the At = 10 s and At = 2ArM lines when
EM = 7T (as aforementioned, the realistic neutrino energy
for Majorana neutrinos should be obtained through numeri-
cal simulations). The differences between the diffusion
upper bounds for the LNV, Fig. 4, and LNC, Fig. (5),
scenarios for the same incoming neutrino energy, stem from
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FIG. 6. As in Figs. 4 and 5 but for a U(1),_; vector mediator.
In this model there is only one independent coupling, ggz_;, SO
constraints from different sources can be compared directly.
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the fact that medium effects are different for Majorana and
Dirac neutrinos since in the first case y, = 0. Note that
these constraints have been weakened with respect to the
ones of [42], mainly due to the effect of the Pauli blocking
which restricts the phase space of nucleons (for LNV and
LNC) and neutrinos (only for LNC). As a result of this, SN
diffusion constraints are no longer competitive with those
of COHERENT.

Regarding the U(1),_, model, the bounds of Fig. 6 are
also less restrictive than other existing limits. The different
behavior of these bounds with respect to the LNC scalar
scenario, especially at low mediator masses, is due to the
distinct scattering amplitudes, Egs. (6) and (9), associated
to each model. Note that in these cases the nature of the
neutrino is the same (Dirac) and medium effects are
introduced in an identical way.

For the LNV and the LNC scenarios, we also show in
Figs. 4 and (5) the EoS limit given by Eq. (24), and the
region (shaded in blue) where the conversion of v; into vg
for the LNC scenario could distort the neutrino burst flux
and time. As already mentioned above, the supernova EoS
line is only indicative and shows the region above which
LNV interactions could affect the EoS of SN matter.
Likewise, the excluded region due to vy production in
the LNC scenario is based on qualitative arguments [the
upper limit corresponds to demanding at least ~100 new
physics interactions in Eq. (26) to consider that vy is
trapped]. This region has shifted upwards with respect to
the results of Ref. [42] due to Pauli blocking and other
medium effects, disfavoring a narrow band that was
allowed in their work for ¥ ~ 1074,

Care must be taken when comparing our constraints with
previous results in the literature [42,43], as there are
substantial differences in the analysis. In particular, none
of these previous works have included medium effects, i.e.,
Pauli blocking for the outgoing states and effective masses,
and chemical potentials for nucleons. As we have shown in
Fig. (2), these are responsible for a significant reduction in
the scattering cross section (an increase in the mean free
path) which, in turn, results in a less stringent bound. The
recent analysis of Ref. [43] also considered a radial
dependence of the density in the proto-NS, however their
input data corresponds to a snapshot at At = 0.25 s after
bounce (whereas we take At = 1, 5 s for consistency) and it
is based on a simulation that employs a different nuclear
matter model (the SFHO [84]) than the one we take, where
the neutrinosphere has a larger radius, R = 40 km. Besides,
it must be noticed that their computation of the neutrino
mean free path ignores the central region, where the nuclear
density is higher, and therefore, where neutrinos get to spend
more time. This translates into weaker constraints since the
region where more scatterings take place is not considered to
calculate the time which neutrinos spend streaming out.

Finally, our choice of couplings for the scalar case (Y)
coincides with the notation used in Ref. [42], but the

comparison with Ref. [43] must include a rescaling of their

couplings by a factor \/5 with Q' ~ 14 the nucleon
coherence factor. For the U(1),_; model, we can directly
compare with Fig. 9 of Ref. [43]. Taking this into account,
we notice that our bounds both for the U(1);_, model and
the scalar scenario are approximately a factor of 2 more
stringent than those of Ref. [43]. This mostly comes from
the fact that they neglect the inner part of the star where
more scatterings take place.

V. CONCLUSIONS

In this article, we have reevaluated the constraints on
particle models with new low-mass scalar and vector
mediators in the neutrino sector that can be derived from
neutrino diffusion SN. To do this, we have computed the
neutrino mean free path for three simplified scenarios,
featuring either a new scalar (in a LNV and LNC model) or
a new vector field [in a U(1)z_, construction], incorpo-
rating medium effects in the determination of the neutrino-
nucleon scattering cross section, and a radial dependence of
the density, energy, and temperature inside the proto-NS.

The resulting diffusion time has been compared to the
neutrino flux observed from SN1987A, which suggests that
neutrinos do not remain trapped for longer than approx-
imately 10 s. Using this as an upper bound, we derived
constraints on the properties of the new low-mass mediators
(namely their coupling strength to neutrinos and their
mass). We have compared these bounds with those from
other experimental techniques.

Our results improve previous estimations, which did not
take into account matter effects. In particular, we have
found that matter effects lead to an increase of the neutrino
mean free path that is more prominent in the central regions
of the SN core where the temperature and density are larger.
We have also shown that this effect is more important when
new physics contributions dominate, for which the neutrino
mean free path can increase by more than one order of
magnitude with respect to its value in vacuum. This, in turn,
leads to shorter diffusion times and relaxes the constraints
on the neutrino coupling to nucleons.

The limits derived on the scalar mediator model are less
restrictive than current bounds from other experimental
sources, and the bounds on coherent elastic neutrino-
nucleus scattering are leading for most of the values of
the mediator mass. Likewise, in the U(1),_, scenario, we
have shown that the constraint lies comfortably within the
area of the parameter space that has already been explored
by neutrino experiments.

Our findings motivate dedicated numerical simulations
of Majorana neutrinos in SN, which would more precisely
incorporate the time and radial dependence of the stellar
parameters in the computation of the neutrino diffusion
time. This would also permit to study properly the effect of
changes in the EoS. In line with previous works, we have
indicated when new LNV interactions might alter the EoS,
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but we have been unable to check whether this has any
effect on the SN observables.
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