PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 29, 2017

REVISED: July 12, 2017
ACCEPTED: July 12, 2017
PUBLISHED: July 21, 2017

Supernovae and Weinberg's Higgs portal dark
radiation and dark matter

Huitzu Tu and Kin-Wang Ng

Institute of Physics, Academia Sinica,
128 Academia Road, Section 2, Nankang, Taipei 11529, Taiwan

E-mail: huitzu2@gate.sinica.edu.tw, nkw@phys.sinica.edu.tw

ABSTRACT: The observed burst duration and energies of the neutrinos from Supernova
1987A strongly limit the possibility of any weakly-interacting light particle species being
produced in the proto-neutron star (PNS) core and leading to efficient energy loss. We
reexamine this constraint on Weinberg’s Higgs portal model, in which the dark radiation
particles (the Goldstone bosons) and the dark matter candidate (a Majorana fermion)
interact with Standard Model (SM) fields solely through the mixing of the SM Higgs boson
and a light Higgs boson. In order for the Goldstone bosons to freely stream out of the PNS
core region, the Higgs portal coupling has to be about a factor of 4-9 smaller than the
current collider bound inferred from the SM Higgs invisible decay width. We find that in
the energy loss rate calculations, results obtained by using the one-pion exchange (OPE)
approximation and the SP07 global fits for the nucleon-nucleon total elastic cross section
differ only by a factor < 3. The SN 1987A constraints surpass those set by laboratory
experiments or by the energy loss arguments in other astrophysical objects such as the
gamma-ray bursts, even with other nuclear uncertainties taken into account. Furthermore,
the SN 1987A constraints are comparable to bounds from the latest dark matter direct
search for low-mass WIMPs (< 10 GeV.)
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1 Introduction

SN 1987A was a type Il supernova discovered on February 24, 1987 by Shelton, Duhalde and
Jones. The progenitor star was Sanduleak —69° 202, a blue supergiant in the Large Mag-
ellanic Cloud. Thanks to its proximity of about 51 kpc to the Earth, neutrino burst events
from the core collapse of the progenitor star could be recorded at the underground lab-
oratories Irvine-Michigan-Brookhaven (IMB), Kamiokande II, and Baksan separately [1].
The observed burst duration of about 12 seconds, individual energies up to 40 MeV, as well
as the integrated total energy of O(10%3 erg), confirmed the standard picture of neutrino
cooling of the proto-neutron star (PNS) [2-4]. A proto-neutron star is formed when the col-
lapsing stellar core of the progenitor star reaches nuclear saturation density. Being initially
hot and lepton rich, the PNS keeps contracting as it cools and deleptonises, to become a
neutron star as the final supernova remnant. See refs. [5-7] for the PNS structure and the
evolution, and ref. [8] for the most recent review on neutrino emission from supernovae.

Emission of light exotic particles in nuclear interactions in the PNS core have been
considered exhaustively in the literature, notably the axions [9-13], right-handed neutri-
nos [9], Kaluza-Klein gravitons [14-16], Kaluza-Klein dilatons [14], unparticles [17, 18],
dark photons [19, 20], dark matter [21], dilation [22], saxion [23] etc. Simulations of PNS
in the neutrino-emitting phase were done in refs. [24, 25] for the axion, and in ref. [15] for
the KK-gravitons. By comparing the predicted neutrino burst signals with the SN 1987A
observations, very stringent constraints were obtained on the properties of the exotic parti-
cles. For a quick comparison without invoking simulations, Raffelt has derived a bound on
the emissivity of light exotic particles based on the argument that they should not affect
the total cooling time significantly [26, 27].



In this work we shall reexamine the SN 1987A constraints on Weinberg’s Higgs portal
model [28], which was proposed to account for the dark radiation in the early universe.
The effect of the dark radiation on the cosmic microwave background (CMB) data is
parametrised as the contribution to the effective number of light neutrino species Neg. The
conflict between the value of the Hubble constant H from the Planck CMB data and local
determination may be remedied by assuming an addition of AN.g = 0.4-1 to the standard
value of N, = 3.046 by the dark radiation component [29] (see, however, also ref. [30].) In
this model, Weinberg considered a global U(1) continuous symmetry associated with the
conservation of some quantum number, and introduced a complex scalar field to break it
spontaneously. The radial field of the complex scalar field acquires a vacuum expectation
value (vev), and mixes with the Standard Model (SM) Higgs field. The Goldstone bosons
arising from the symmetry breaking would be massless, and their characteristic derivative
coupling would make them very weakly-interacting at sufficiently low temperatures. The
latter property is crucial, since the Goldstone bosons must decouple from the early universe
thermal bath at the right moment so that their temperature is a fraction of that of the
neutrinos (see e.g. ref. [31].) Collider phenomenology of Weinberg’s Higgs portal model
has been investigated in refs. [32, 33]. Weinberg has also extended this minimal set-up
to include a Majorana fermion as a Weakly-Interacting Massive Particle (WIMP) dark
matter candidate. In ref. [33] it was shown that the results of the dark matter direct search
experiments LUX [34] provide very strong constraints, which are slightly strengthened by
the XENONI1T experiment [35] very recently.

Previously we have examined energy losses due to the emission of Weinberg’s Goldstone
bosons in a post-collapse supernova core [36] in the limit of large radial field mass. Sub-
sequently we scrutinised the production and propagation of Weinberg’s Goldstone bosons
in the initial fireballs of gamma-ray bursts for more general cases [37]. In this work we
extend our previous analysis and consider in greater detail Goldstone boson production by
nuclear bremsstrahlung processes in the proto-neutron star core of SN 1987A. In section 2
we briefly review Weinberg’s Higgs portal model for dark radiation and dark matter. In
section 3 we calculate energy loss rate due to Goldstone boson emission by two methods,
i.e. using the one-pion exchange approximation and using experimental data of low-energy
nucleon collisions. In section 4 we estimate the mean free path of the Goldstone bosons as
a function of their emission energies, and determine the free-streaming requirements. Our
results in these two sections are then used in section 5 to derive supernova constraints on
Weinberg’s Higgs portal model by invoking Raffelt’s criterion. We then confront our SN
1987A constraints with those from accelerator experiments, gamma-ray burst observations,
and dark matter direct search experiments. In section 6 we summarise our work.

2 Weinberg’s Higgs portal model

In this section we briefly summarise Weinberg’s model [28] following the convention of
refs. [32, 36]. Consider the simplest possible broken continuous symmetry, a global U(1)
symmetry associated with the conservation of some quantum number W. A single complex
scalar field S(x) is introduced for breaking this symmetry spontaneously. With this field



added to the Standard Model (SM), the Lagrangian is
L= (ausT) (9"S) + 112515 — \(STS)2 — g(5T8)(®1®) + Lo, (2.1)

where ® is the SM Higgs doublet, 2, g, and X are real constants, and Lgy is the usual
SM Lagrangian. One separates a massless Goldstone boson field a(x) and a massive radial
field 7(z) in S(x) by defining

1

S(x) = 7 ((r) +r(2)) @, (2.2)

where the fields a(x) and 7(x) are real. In the unitary gauge, one sets ®T = (0, (p)+p(x))/v2
where p(z) is the physical Higgs field. The Lagrangian in eq. (2.1) thus becomes
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where the replacement a(x) — «a(x)/(2(r)) was made in order to achieve a canonical
kinetic term for the a(x) field. The two fields ¢ and r mix due to the g(StS)(®T®) term,
with their mixing angle given by

tan26 — 29210 (2.4)
Mg — My

where myg and my are the masses of the two resulting physical Higgs bosons H and h,
respectively. The heavier one is identified with the SM Higgs boson with mg = 125 GeV,
while the lighter one is assumed to have a mass in the range of MeV to hundreds of MeV.
In this model, the interaction of the Goldstone bosons with the SM fields arises entirely
through the SM Higgs boson in the mixing of the ¢ and r fields. The light Higgs boson h
decays dominantly to a pair of Goldstone bosons, with the decay width given by

3
1 my

= T (2.5)

L'y,
When kinematically allowed, there is also a probability for h decaying into a pair of SM
fermions as well as a pair of pions [37].

The Higgs effective coupling to nucleons, fxympy/{(p) = gnnm, has been calculated
for the purpose of investigating the sensitivities of the dark matter direct detection ex-
periments [38-42]. For example, ref. [41] found gynyg = 0.0011, which corresponds to
fn =~ 0.288. It was pointed out in ref. [43] that the effective Higgs-nucleon coupling has
a wide range of values, 0.0011 < gyng < 0.0032, due to uncertainties in the pion-nucleon
sigma term. The authors of ref. [42] have done a statistical analysis to infer the value of
fn from more up-to-date lattice evaluations of the nucleon matrix elements. By exploit-
ing two possible statistical distributions for the strangeness matrix element, they found
fn =0.3+0.03 and fy = 0.3 +0.01 at the 68% confidence level, respectively.



This model is also extended to include a dark matter candidate by adding one
Dirac field

£w=w&v-&p—nw¢w——i%%wST—j%&w%% (2.6)

and assigning a charge U(1)y = 1 for it. One expresses the field as 1(x) = ¢ (z)e*®),
and expands the Lagrangian after the radial field achieves a vev (for details see ref. [33].)
Diagonalising the 1)’ mass matrix generates the mass eigenvalues

my = my & fi (r) | (2.7)

for the two mass eigenstates 14, which are Majorana fermions. The Lagrangian is now

Ly = %.7/7&7 C 0Pt — %mi¢i¢i - 4<Zr> (V470— = Y_y9y) - da
- % r (Y — ), (2.8)

and one needs to use the massive representation » = cos h + sin# H for the interactions
of . The heavier fermion decays into the lighter fermion by emitting a Goldstone boson,
while the lighter one is stable due to unbroken reflection symmetry. The latter can thus
play the role of the WIMP dark matter, with mass m_ = M, in the range of GeV to TeV.
Its relic density has been calculated in ref. [44].

Model parameters in the minimal set-up are my, g, and (r), and including M, and f,
in the extended version. From the SM Higgs invisible decay width, a collider bound on the
Higgs portal coupling

g < 0.011, (2.9)

has been derived in ref. [32]. In the future, the International Linear Collider (ILC) may
reach a sensitivity of constraining the branching ratio of SM Higgs invisible decays to
< 0.4-0.9% [45] in the best scenarios. If this can be realised, the collider bound on the
Goldstone boson coupling will be improved by a factor of 5 ~ 7. Experimental limits on
meson invisible decay widths have also been turned into constraints on the ¢-r mixing
angle in ref. [33], which we list in section 5. There is also the perturbativity condition,

which requires for the quartic self-coupling of the S field

2
A= h < dr (2.10)
(r)

In Weinberg’s Higgs portal model including the dark matter candidate, exclusion limits
on the WIMP-nucleon elastic cross section set by the null results of the direct search

experiments have been found to put very strong bounds on the mixing angle in ref. [33].

3 Goldstone boson production in proto-neutron star core

In the PNS core, the dominant Goldstone boson production channel is the nuclear
bremsstrahlung processes NN — N Naa. Low-energy nuclear interactions have been stud-
ied quite thoroughly by various experiments, while theoretical calculation remains a difficult



task. Taketani, Nakamura and Sasaki [46] suggested to divide the nuclear forces into three
regions: the classical (long-range), a dynamical (intermediate range), and a phenomeno-
logical or core (short-range) region. In the classical region, the one-pion exchange (OPE)
dominates the longest range part of the potential. In the intermediate range the two-pion
exchange (TPE) is most important, where heavier mesons may also become relevant. In
the short-range region, multi-pion exchange, heavy mesons, quark-gluon exchanges are ex-
pected to be responsible. At present NN potentials calculated using the chiral effective
field theory to the fifth order (N*LO) [47] and the sixth order (N°LO) [48] are available,
which can reproduce the experimental data to outstanding precision. See e.g. refs. [49-52]
for reviews on nucleon-nucleon interactions.

As for nuclear bremsstrahlung processes, in refs. [53, 54] neutrino pair production in
core-collapse supernovae was studied using chiral effective field theory to the fourth order
(N3LO). It was found that shorter-range noncentral forces significantly reduce the neutrino
rates compared to the one-pion exchange (OPE) approximation [12, 55, 56], which was
typically used in supernova simulations or in deriving supernova bounds on exotic particles.
More recently, ref. [57] goes beyond the OPE approach and uses T-matrix based formalism
from ref. [58] in their supernova simulations. The approach of using phase shift data to fix
the on-shell NN scattering amplitudes and making the soft-radiation approximation has
already been taken in ref. [59] much earlier. It was found therein that the resultant rates
are roughly a factor of four below earlier estimates based on an OPE NN amplitude.

In this section we make the same comparison in Weinberg’s Higgs portal model.

3.1 Energy loss rate using one-pion exchange approximation

The OPE contribution to the nuclear forces takes care of the long-range interactions
and the tensor force. From the Lagrangian describing the pion coupling to nucleons
Loy = —gr0 )iy T3 90(”0), where N = n, p, the potential is

VOPE(/Z) - (f7r>2 <6’1 . E) (52 . E) 7). 51)

M [E[2 +m?2

with & the momentum exchange, and &; and 7; the spin and isospin operators of the in-
coming nucleons, respectively. The neutral pion-nucleon coupling constant is 97%0 /A =
(2mn fr/mz)? ] (A7) = 14 [60, 61], with fr ~ 1. In the one-pion exchange (OPE) approxi-
mation (see e.g. ref. [12]), there are four direct and four exchange diagrams, corresponding
to the Goldstone boson pairs being emitted by any one of the nucleons. Summing all dia-
grams and expanding in powers of (7//my), the amplitude for the nuclear bremsstrahlung

processes N (p1) N(p2) = N(p3) N(ps) a(q1) a(ge) is [36]
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where ¢ = q1 + ¢2, and k = ps — p4 and [ = ps — p3 are the 4-momenta of the exchanged
pion in the direct and the exchange diagrams, respectively. In addition, Goldstone boson
pairs can be emitted from the exchanged pion due to an effective Higgs-pion coupling. The
amplitude for this process is

Z |MOPE pion) ‘ ~ 4 g 2 ZmeTI' 4 ((I1 (J2)2 g 2
NN—NNaa m%{ M (q _mh) +th2 9

spins
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where k1 = p1 — p3, ko = p2 — pa, I1 = p1 — pg, and lo = py — p3, with k1 + ke =11 + 12 = q.
However, with ¢® ~ m,%, kY ~ —]E\Q and similarly for k3, 2, and 3, this contribution is
subdominant.

The volume energy loss rate is

S 37
QNN->NNaa = 2,/ i e /H 2F; (27)7 fifa(L = f3)(1 = fa)

2wy (27)3 2wy (27)3

X Z IMNN-NNaol? (27T)454(p1+p2—p3—p4—ql—(b)(m+w2)7 (3.4)
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where wi,wy are the energy of the Goldstone bosons in the final state. The symmetry

factor S is % for nn and pp interactions, whereas for np interactions it is 1. The nucleon

occupation numbers are f; = 1/(eZ~#N)/T 1 1) where in the non-relativistic limit the

nucleon energies are

7[>
2my

Here ppy is the chemical potential of the nucleon, and Uy is the mean-field single-particle

E;~my+ +Un . (3.5)

potential in which the nucleons move. In ref. [62] it is pointed out that due to the extreme
neutron-rich conditions in the PNS core, the mean-field potentials for neutrons and protons
can differ significantly, with the difference directly related to the nuclear symmetry energy
(see e.g. refs. [63, 64] for recent reviews.) Non-zero U,, — U, was found therein to have a
strong impact on the spectra and luminosities of the supernova emitted neutrinos. In any
case the nucleon occupation numbers are normalised to the nucleon number density,

00 3
nN =Xnynpg = /0 ?;ﬂ)g, fi(pi) s (3.6)

where np is the total baryon number density, and Xy with N = n, p, are the neutron
and the proton fraction, respectively. The relative abundances of the neutrons, protons,
electrons, and the neutrinos in the PNS core are determined by the conditions of kinetic
and chemical equilibrium, as well as charge neutrality. Therefore the neutron fraction X,
parametrises the underlying nuclear equation of state and indicates the level of neutron
degeneracy.



We perform the integral over the Goldstone boson momenta first

/dgfﬁ g (q1- ) (2¢°)* _ 2(2m)*
wi  wa (g2 —mh) +mhF2 (2p-q)* mjl\,

/OOO dw w* Li(w, mp, (1)), (3.7)

where w = w1 + wa. The dimensionless integral is defined by

+1 (1 4
1, (w0, mp, { / dw/ dcos&® (1 —@)° (1 — cosf) 7 (3.8)

272 2 2
1—w)(1—cos€)—%} —i—mzif"

with @ = w;/w, and 6 is the angle between the two emitted Goldstone bosons.

As the integral over the nucleon momenta in eq. (3.4) is not easy to evaluate, we follow
the conventional approach of taking the non-degenerate and the degenerate limit in the
following. As we will show, energy loss rate due to Goldstone boson emission calculated
in these two limits have distinct dependences on the PNS core temperature T and neutron
fraction X,, therein.

3.1.1 Non-degenerate limit

The initial-state nucleon occupation numbers are given by the non-relativistic Maxwell-
Boltzmann distribution f;(p;) = (nN/Q)(27T/mNT)3/26_|ﬁi‘2/2mNT. The integration is sim-
plified by introducing the center-of-mass momenta, so that p1 o = P+ Di, and p3 4 = P+ Df-
The d3P integral can be performed separately. The energy loss rate in the non-degenerate
limit is then

Sy/m 273 may\2 [ 2mnfe\* 150
R W = e (35 )t (B} (22de) . D (a)

Here we have defined the integral Iy by
Iy(T, mp, (r)) = /du dvdz z* I (z, T, mp, (r)) Vuve ™ §(u — v —z), (3.10)

with u = |p;|*/mnT, v = |p¢|>/mnT, and © = w/T. The j term is

ﬁzIE)’O/dudvdajx4ll(:ﬂ,mh,<r>)\/ﬁe_“é(u—v—x)/

. (3.11)
12 !k\ ! 2’

where z = (p; - py) /|Pi||Pf|, the angle between p; and py.
In the resonance region, one can make use of the limit of the Poisson kernel

lim ———— = d(a), (3.12)

and obtain

7
T m
IF (wamha <T>) ~ 37211}1 (Zﬁ (313)

Since this approximation is valid when m,% Jw? ~ 25 (1 — @), where the latter < 1, it is
only applicable for w > my and I', < w. We have checked that, for m; = 500 MeV and
(r) =10 GeV, this approximation still works well.



This is equivalent to considering the production of a real light Higgs boson h, for which

QOPE(ND) Sym <3_ 2ﬂ> 2 (ng (r) mN>2 (2me7r>4 my,

NN—=NNh = (27T)4 3 N mlzq My m%Q T1/2
0o xr2 — m721 00
X / dng/ dudvuve “§(u—v—1x). (3.14)
mp /T T 0
And indeed we find that for m; < 500 MeV,
QNN NNaa © QuN-vNh X B(h = aa), (3.15)

with B(h — aa) = T'_aa /T, the branching ratio of the light Higgs boson h decaying into
a pair of Goldstone bosons. Thus we find that in the parameter range we consider in this
work, Goldstone boson production in the PNS core is dominated by the production of a
real light Higgs boson h and its subsequent decay. This is a very distinct feature from the
nuclear bremsstrahlung emission of a massless scalar, e.g. the dilaton [22], or a massive
stable scalar such as the saxion [23].

3.1.2 Degenerate limit

We calculate the energy loss rate due to Goldstone boson emission, eq. (3.4), in the de-
generate limit following ref. [55]. The integral over the Goldstone boson momenta is done
as in eq. (3.7) and eq. (3.8) first. In the degenerate limit, the nucleon momenta integral is
simplified by d®p; = |pi|? d|p;| d% ~ pr(n) mydE; d;. The neutron Fermi momentum is
pr(n) = (37r2nn) 1/3, with the neutron number density n, = X,p/mxy given by eq. (3.6).
One then perform the integral

47)? 2 LS LS
(FNn) = ( A) /Hsz 8*(P1 + P2 — Ps — P1) (3.16)
i=1
k| s [k[2Ji[? - 2|k - 1]
X = + — + —= = + ...
(k> +m2)> (P +m2)*  ([k[> +m2)(|I]* +m3)

1 2 2 V1 22
=3—b5ztan ! =) + v + < tan™? Vit ,
T 1+22 /14222 x?

with A = (47)°/2p3.(n), and & = m,/2pr(n). The level of nucleon degeneracy is charac-
terised by the |IZ : sz term. In the case of strong degeneracy, |l¥ . ﬂ 2 = 0. Note also that in
the degenerate limit, the pion mass terms m2 in the braces cannot be neglected. Finally
performing the integral over the nucleon energies yields

4
/HdEi fifo(Q=f3) (1= f1)6(Ey + By — E3 — By — w) = T Jaa(y), (3.17)
=1

with y = w/T, and
1 _
Joa(y) = =5 (v +4r%y) (1—e") ™. (3.18)
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Figure 1. Energy loss rate due to Goldstone boson emission from nuclear bremsstrahlung
processes nn — nnaa divided by the Higgs portal coupling ¢2, for various light Higgs boson
mass mp. The rates are calculated in the non-degenerate (ND) and degenerate (D) limits, for
proto-neutron star core temperature T = 30MeV, neutron fraction X,, = 1 (solid) and 0.7
(dashed), respectively. For all my, values we assume the radial field vacuum expectation value is
(ry = 1GeV. Also shown is Raffelt’s analytical criterion on the energy loss rate per unit volume
Qx in eq. (5.1) (dash-double-dotted).

The energy loss rate in the degenerate limit is then

2 4 8
OPE (D) S Ingmy 2mpy fr T
- 4 (Fyn) Lo - 1
NN=NNaa = (539 (FNN) < m, ) ( - pr(n) m, (3.19)

with the function given by

Lo (mp, (r)) = /000 dyy* I (y, ma, () Jaa(y) - (3.20)

We evaluate [, numerically using the VEGAS subroutine both directly and using the limit
of the Poisson kernel, eq. (3.13). Here we also checked that Goldstone boson production can
be well described by the production of a real light Higgs boson and its subsequent decay. We
compare the results in these two limits at the nuclear saturation density p = 3 - 10'* g/cm?.
In figure 1 the comparison is made at the PNS core temperature T' = 30 MeV and neutron
fraction X,, = 1 and 0.7. Energy loss rate calculated in the two limits have different de-
pendence on X,,: QE\I;I]]\?LNNM o X2, and Q%{,HNNM x X,l/g. In figure 2 the comparison
is made at two different PNS core temperature T' = 30 MeV and 20 MeV.

It was pointed out that in the case of a mixture of neutrons and protons, in the

degenerate limit the energy loss rate for np — npaa dominates that for nn — nnaa and
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Figure 2. Energy loss rate due to Goldstone boson emission from nuclear bremsstrahlung processes
nn — nnaa divided by the Higgs portal coupling ¢2, for various light Higgs boson mass mj. The
rates are calculated in the non-degenerate (ND) and degenerate (D) limits, for proto-neutron star
core temperature T = 30MeV (solid) and 20 MeV (dashed), respectively, and neutron fraction
X, = 1. For all my, values we assume the radial field vacuum expectation value is (r) = 1 GeV.
Also shown is Raffelt’s analytical criterion on the energy loss rate per unit volume Qx in eq. (5.1)
(dash-double-dotted).

pp — ppac, for all lepton fraction Y, values. In ref. [12] the axion emission rate was
evaluated numerically for arbitrary neutron degeneracies. It was found therein that the
non-degenerate, analytical rate is a very good approximation. More recently, neutrino
processes in post-collapse supernova core was studied in the partially-degenerate regime in
ref. [65]. In this work we consider nn interactions with X, = 1 in the non-degenerate limit.

3.2 Energy loss rate using phase shifts data

One can also use the experimentally measured cross sections for NN elastic scattering to
obtain amplitude estimates for the nuclear bremsstrahlung processes. Many independent
observables are available from the nucleon-nucleon elastic scattering data collected by the
EDDA Experiment at the Cooler Synchrotron (COSY) in Jilich [66, 67], experiments
at the SATURNE II accelerator at Saclay, at the PSI, Ohio University, JINR, TSL in
Uppsala, TUNL etc. (see e.g. refs. [68, 69].) In NN interactions, the values of the total
spin S and total angular momentum J=1L+S are conserved, but that of the orbital
angular momentum L may change because of the tensor force. Therefore for S = 1, partial
wave states {« = |J — 1] and ¢~ = J + 1 can couple to each other. In this case the
scattering S-matrix has a 2 X 2 matrix structure, parametrised by the mixing angle €;. The

~10 -



diagonal elements are given by e %< cos2ey and €29 cos 2ey, respectively, while the off-
diagonal elements are both i e’ (de<+3e>) gin 2¢ J- Phase shifts dyg; and mixing angles €; for
a wide range of laboratory kinetic energies 71,1, are available at the Nijmegen NN-OnLine
website [70]. Full data and a number of fits to data are available on the SAID database [71].
In the energy range below 25 MeV, there are numerous measurements on the total np cross
section, but not on pp due to the large Coulomb effects. Therefore the uncertainties in the
latter are larger.

A nice summary of the general formalism for two-body scattering of spin-1/2 particles
can be found in ref. [72]. The total cross section for pp elastic scattering is simply

2 B
_ VQWP > (2 +1) sin g5y (Fem) » (3.21)
cm J

ONN = 27 2(2'] + 1) |fJ(kcm)|2
J
where f;’s are the partial-wave amplitudes, and Ecm is the momentum in the centre-of-mass
system. It is related to the laboratory kinetic energy as |kem|? = %mp Tap, with m,, the
proton mass.

3.2.1 Global fits of total elastic cross sections

In this work we use the SP07 and LEOS global fits for the total proton-proton and neutron-
proton elastic scattering cross sections oy, and oy, [69, 73], respectively, as shown in
figure 3. The errors quoted therein are quite small, ranging from 0.01 mb for low incident
energies to 0.8 mb at most for high incident energies. The huge cross section at zero-energy
indicates that there is a two-body bound state, or quasi-bound state, as manifested in the
negative scattering lengths a,, ~ —17.1 fm and a,, ~ —23.74 fm (see e.g. ref. [47].) We
also plot the VN elastic scattering cross section calculated using the OPE approximation,
where for simplicity we neglect the pion mass m, in the braces in the amplitude expression

oy fr\ k|4 15
Z|M%IJDVE—>NN|2:4< ) ﬁZH 5T 42” 5
spins Mo (|k’ +m7‘r) (’l’ +m7‘r)
K[ [I[% + 2(k - 1) — 2(|k | + 1) (k - 1)

(k12 +m2) (|I]2 +m2)

_|_

(3.22)

As expected, the OPE approximation is good only for Tj,;, ~ 10-20MeV. For larger
laboratory kinetic energies, it overetimates by a factor of 10 (for Tj,p ~ 100-400 MeV) to
4 (for Tiap, ~ 800-1000 MeV).

Results in ref. [66] show that for low energy scattering, dony /d2 has no strong angular
spins IMpyn|? ~ 64 |-ANN|2m?‘V to infer |Ayn|? as
a function of the center-of-mass energy E?  ~ 4m?V 4+ 2mpynTiap. With this information, we

dependence. Therefore we simply use »

estimate the amplitude squared for the nuclear bremsstrahlung processes NN — N Na«

2 2 2\2
. -2
E MR v Naal” ~ 1024 | Any|? <nggmN> 5 (q12 32) 2 2( 1 )4 m$
spins H (¢® —m3)” +miT% (20 q)
(3.23)
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Figure 3. The SPO07 global fits for the total pp (solid) and np (dashed) elastic scattering cross
sections as a function of the laboratory kinetic energy Ti.p, reported in ref. [73]. Also plotted is the
total pp elastic cross section obtained using the one-pion exchange (OPE) approach (dash-double-
dotted), with the pion mass term m, in the braces neglected.

after summing over 64 direct and exchange diagrams. To evaluate the phase space integral
in the energy loss rate calculation, we take the non-degenerate limit, and proceed as in the
OPE case. The energy loss rate is then

exp (ND) 328 JEXP 2 <ngmN)2 T11/2

= 3 n
NN—NNa«a (27_[_)6 0 N m%{

373 (3.24)
my

Here we define the integral

ISP (T, my, (r)) = /du dvdx dy z* Iy (x, T, mp, (1)) Vye ¥ Vuve ™6 (u — v — )

with y = ]ﬁ|2/mNT. The result obtained by using the SP07 global fit to the o,, data is
plotted in figure 4 and compared to the OPE result. The overestimation by OPE happens to
be milder for NN — NNaa thanin NN — NN, because of the different kinematics of the
exchanged pion in the nuclear bremsstrahlung processes from that in the elastic scattering.

For neutrino emission from the nn — nnvw processes, ref. [59] used on-shell NN
amplitudes measured by experiments and found that the OPE approximation overestimated
the energy loss rate by about a factor of four. In ref. [54] it was found that the next-
to-next-to-next-to-leading order (N3LO) chiral effective field theory calculations differ by
about a factor 2-3 from leading order (LO) results, and the result obtained by using the
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Figure 4. Energy loss rate due to Goldstone boson emission from nuclear bremsstrahlung processes
nn — nnaa divided by the Higgs portal coupling ¢2, for various light Higgs boson mass mj. The
rates are calculated using the one-pion exchange (OPE) approximation (dashed) and the SP07
global fits for the total pp elastic cross section (solid), and assume charge symmetry, i.e. 0,y = Opp.
Here we take the non-degenerate (ND) limit only, and set proto-neutron star core temperature
T = 30MeV and neutron fraction X,, = 1. For all mj, values we assume the radial field vacuum
expectation value is (r) = 1GeV. Also shown is Raffelt’s analytical criterion on the energy loss
rate per unit volume Qx in eq. (5.1) (dash-double-dotted).

experimental phase shifts data is very similar to the N3LO ones. Since the central contact
terms in the chiral effective field theory do not contribute in the nuclear bremsstrahlung
processes, the leading-order term is solely the one-pion exchange potential. For axions, the
OPE approximation is also found to oversimplify the nuclear dynamics and overestimate
the emission rate by a factor of four [59].

3.2.2 Chiral effective field theory predictions

Charge independence breaking (CIB) of the strong NN interactions refers to the differ-
ence between the isospin I = 1 states: the proton-proton (I, = +1), the neutron-proton
(I, = 0), and the neutron-neutron (I, = —1) interactions, after electromagnetic effects are
removed. Charge symmetry breaking (CSB) concerns the difference between the pp and nn
interactions only. CIB is clearly seen in figure 3, while a small amount of CSB is observed
in the measured scattering lengths a,, and ap),, as well as the effective ranges 7, and rp,.
A detailed discussion on charge dependence of nuclear interactions can be found in ref. [51]
(see also ref. [74].) Very recently, ref. [47] provides pp, nn and np phase shifts predicted by
the chiral effective field theory to the N*LO. In all partial waves, the predicted np phase
shifts and mixing angles at this order are shown to agree excellently with the Nijmegen
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Figure 5. Total pp (solid) and nn (dashed) elastic scattering cross sections as a function of the lab
kinetic energy Tiap, from the N*LO chiral effective field theory results for the phase shifts presented
in ref. [47]. Also plotted is the SP07 global fits for the total pp elastic cross section (dotted) reported
in ref. [73].

multi-energy [75] and the SPO7 single-energy analysis [69]. Charge-dependence due to pion-
mass splitting is taken into account in the one-pion exchange terms only, while nucleon-
mass splitting is always included. The total pp and nn elastic cross sections calculated with
eq. (3.21) using the N*LO chiral effective field theory phase shifts from ref. [47] are shown in
figure 5. The pp results agree very well with the SP07 global fit results. For Tj,, < 10 MeV,
Coulomb force in pp collisions is significant. At larger laboratory kinetic energies, chiral
effective field theory calculations predict that the effects of charge symmetry breaking is
< 3% only. In this work we therefore use the experimental data and set oy, = opp.

Low-energy theorems [76-79] state that the first two terms in the series expansion of
the bremsstrahlung amplitude in powers of the energy loss may be exactly calculated by
using the corresponding elastic, i.e. non-radiative, amplitude. In ref. [23] it was argued
that the model-independent approach of relating the nuclear bremsstrahlung amplitudes
to the on-shell NN scattering amplitudes measured by experiments is not applicable to
scalar particles such as the saxion. The reason is that the contributions to the leading order
terms (o< w™!) from the emission of a scalar particle from external nucleon legs cancel each
other, which does not happen for axion and neutrino pairs [59], or KK-gravitons [14]. The
next-to-leading order term (oc w) includes the emission diagrams of the scalar particle
from external legs as well as from internal lines, where the latter is not calculable due to
the unknown interaction vertices, and may be dominant.
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In Weinberg’s Higgs portal model, we also found the cancellation of the leading order
terms between the diagrams for the Goldstone boson pairs being emitted from the external
nucleon legs. The effective Higgs-pion coupling is oc (¢ + 4 m2)/ (¢), so the emission from
internal lines is of order O(w®) as well in the low-energy limit (cf. eq. (3.3)). However, in
Weinberg’s Higgs portal model Goldstone boson production in the PNS core is dominated
by the emission of a real light Higgs boson in nuclear bremsstrahlung processes and its
subsequent decay. Therefore for small light Higgs boson mass my, the low-energy theorems
should still be applicable. This remains to be verified by using the chiral effective field
theory to calculate the emission of the light Higgs boson h from the external nucleon legs
as well as from the internal lines.

4 Goldstone boson propagation in proto-neutron star core

In the weakly-interacting regime, the Goldstone boson mean free path is set by the
elastic scattering rate Ron—an. In the strongly-interacting regime, the absorption
rate RNNaasNN may be comparable. The mean free path in the former case is
Intp = (nNaaN_mN)*l, while in the latter case, the mean free path against absorption
is li‘f’fiorb = (n?\,awNN%NN)*l. For axions, ref. [10] has considered the free-streaming
regime, while ref. [80] the trapping regime.

The amplitude squared for the elastic process a(q1)N(p1) = a(g2)N(p2) is

2 2.2 . 2 . 2
5 IMaxosan? = HR0mE (@ el (1 pa) i (4.)

4
spins My (t o m%)2 7

where t = (g2 — q1)? = (p1 — p2)?. We follow ref. [81] to calculate the reaction rate

2d3p1 ., 1 d3
RoN—aN = NN OaN—saN UM = / (271')3 f(pl) 2w 2E, / (271')3 2o (42)

d3p: 1
X/ Qﬂ% [1— f(p2)] 3 Z IMan—san|? (2m) 264 (p14+q—p2—q2),

spins

where vy is the Moller velocity. Using the polar angle cosf = p1 - ¢1/|p1||¢1| and the
azimuthal angel ¢ which is measured from the (pi, ¢))-plane, the 9-dimensional integral
can be simplified to

1 m% f%g*m? +1 dcosf
RaN—aN = N oNE N / d )y er—1 /
N=eN = (97)3 du my ) afle) (e, u1,cos6)
exrax 27 do’
< [ dali-fe) [ SER, (43)
61'21111'! 0

with the dimensionless variables ¢; = Ej/my, €2 = Es/my, and uy = wi/my. The

functions in the above equation are defined as

A(er,uy,cos) = [P + @1l = \/e% — 14 u? +2u (¢ — 1)1/2 cosf, (4.4)
my
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and
[q1- (01 + @1 — p2)]P +2m% (a1 - (p1 + 1 — p2)]?

F3 = TR , (4.5)
[2¢1 - (p1 + @1 — p2) + m3]” m¥
respectively, and the limits for the des integration are determined to be
max, min 1 + 4+ )\( 9) + 1 (4 6)
€ == lea+u €1, U1, COS . .
2 2 [T b €1 4+ u1 = X(eq,ug,cos )
To evaluate q1 - p2, we need to know the angle
08 0g,p, = cos @' cos Ay — sin 6’ sin Ay cos ¢’ (4.7)

where

cos A1 =

2 _ 2 _
Vel 1/—\i—u100897 COSA2:u1+\/61)\ 10089, (4.8)

with A1 + Ag = 6, and

Ey(Ey +wi) —p1-q1 —m%

o = 4.9
Ip2|p1 + qil (4.9)

cosf =

We evaluate eq. (4.3) numerically using the VEGAS subroutine. For low incident Goldstone
boson energies w; < my, the nuclear recoil effects can be neglected, and so the interaction
rate can also be easily estimated by

RoN_aN =N ing / dcosﬁwl( cos 0)” + 2miy (1 — cos0) . (4.10)

N
167 my; J_ [2w} (1 — cosf) + mi]Z

We found that the results from this method agree with those from the full calculation
within 20% for w; < 100MeV. In figure 6 we plot the Goldstone boson mean free path
Imfp times the Higgs portal coupling g® versus the light Higgs boson mass my,, for various
incident Goldstone boson energies ws.

Goldstone boson pairs are emitted with an average energy of

@ _ 1 QNN-NNoa (4.11)
T T n3% (ONNSNNaaUM)

In figure 7 we choose to plot the ratio of the Goldstone boson average emission energy
to the light Higgs boson mass my. The curve indicates again that for mj; < 500 MeV,
Goldstone boson emission is dominated by the production of a real light Higgs boson h.
We divide the free-streaming and the trapping regime by l,,¢, > Rpns and g, < RpNs,
respectively. The neutron star radius is about 10km [82, 83], depending on the equation
of state (see refs. [84, 85] for recent reviews.) But the proto-neutron star radius is about
10-20km at post-bounce times < 3s, slightly larger than that of neutron stars, as shown
in the simulations of e.g. ref. [2]. Therefore, if the Higgs portal coupling saturates the
collider bound g < 0.011, the Goldstone bosons would be trapped in the PNS core. In this
case they still contribute to the cooling of the PNS core, and one needs to estimate the

opacity of the medium to the Goldstone bosons as in ref. [80] for axions. The amplitudes
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Figure 6. Goldstone boson mean free path l.,g, times the Higgs portal coupling ¢2 in the proto-
neutron star core versus the light Higgs boson mass my. Here we show the dependence on the
incident Goldstone boson energy for the values w; = 10 (dash double-dotted), 50 (dash-dotted),
100 (solid), 250 (dashed), and 500 MeV (dotted), respectively. Also shown is the proto-neutron star
radius Rpns =~ 10-20km (shaded region).

for the Goldstone boson pair absorption rate, Zspins IMNNaa—sN N|2, are the same as for
the nuclear bremsstrahlung energy loss rate. For simplicity, in this work we consider only
the free-streaming regime by demanding

2] (S
g S g mfp(w) = gfs , (412)
Rpns

for each light Higgs boson mass my. We plot the Goldstone boson free-streaming criterion
gss in figure 8, assuming Rpng = 20 km for the proto-neutron star radius. For my < 50 MeV,

it is beyond the projected sensitivity of future collider experiments for SM Higgs invisible
decay (cf. eq. (2.9)).

5 SN 1987A constraints on Weinberg’s Higgs portal model

Ideally one should do numerical simulations as in refs. [15, 24, 25] to study the effects of
the additional cooling agent on the neutrino burst signal. Here we simply invoke Raffelt’s
analytical criterion [26, 27] on the energy loss rate per unit mass due to the emission of an
exotic species X

ex = Qx <10¥erg-g7t.s7t, (5.1)
p
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Figure 7. Goldstone boson average emission energy W = wj + wo in dependence of the light
Higgs boson mass my. Both the energy loss rate Qnn—nnae and the thermally averaged cross
section (0pn—nnaa) ¥m are calculated in the non-degenerate (ND) limit, for proto-neutron star
core temperature T' = 30 MeV, neutron fraction X,, = 1, and the radial field vacuum expectation
value (r) = 1GeV.

as shown in figure 1, figure 2, and figure 4. It is to be applied at typical PNS core
conditions, i.e. at a temperature T = 30 MeV, and baryon mass density p = 3-10* g/cm?.
The SN 1987A constraint on Weinberg’s Higgs portal model is obtained by finding the
model parameters g and (r) for each light Higgs boson mass my such that the energy
loss rate due to Goldstone boson emission QNN sNNaa < @x. In the resonance region of
producing a real light Higgs boson h, where the approximation with Poisson kernel limit
is applicable, we have seen that QNN NNaa X g (r). Therefore we scale the estimates for
this quantity calculated using the one-pion exchange (OPE) approach and the SP07 global
fits for the elastic pp cross section to be below @) x, where the non-degenerate (ND) limit
is taken and charge symmetry, i.e. o,y = opp (cf. figure 4) is assumed. Our main results
are presented in figure 9. In these SN 1987A constraints, the collider bound and the free-
streaming criterion on g (eq. (2.9) and eq. (4.12), respectively), as well as the perturbativity
condition on (r) (eq. (2.10)) are all satisfied. We find that using OPE and the SP07 global
fits results only in a factor of 2.6 difference for 10 MeV < my, < 50MeV, and a factor of
1.4 for my, > 300 MeV. Uncertainty from the effective Higgs-nucleon coupling fy is around
10%. Quantifying and discussing many-body and medium effects, or the impact of nucleon
effective masses [86] in nuclear interactions are beyond the scope of this work.

Nevertheless, figure 9 makes clear that with nuclear uncertainties taken into account,
the SN 1987A constraints still surpass those set by laboratory experiments [33], or by energy
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Figure 8. Upper limits on the Higgs portal coupling g for Goldstone boson free-streaming out of
the proto-neutron star core, eq. (4.12), for various light Higgs boson mass my, (solid). Also shown
is the current collider bound, eq. (2.9) (dashed).

loss argument in other astrophysical objects [37], which we briefly summarise below. As
first pointed out in ref. [87], decays of B mesons to K mesons plus missing energy can be
an efficient probe of GeV or sub-GeV scalar dark matter. In refs. [33, 88] this consideration
has been applied to Weinberg’s Higgs portal model. If the light Higgs boson is lighter than
354 MeV, the decay of K meson to a pion plus missing energy is a more powerful probe.
We follow ref. [33] and use the most stringent constraint on the decay branching ratios,

B(BT — Kt +h) <1077, (5.2)
by the BaBar experiment [89], and
B(KT =7t +h) <1071, (5.3)

by the E787 and E949 experiments [90] at the Brookhaven National Laboratory. The former
imposes a constraint on the ¢ —r mixing angle (eq. (2.4)) of 8 < 0.0016 for m;, < mp—mg,
while the latter 8 < 8.7-107° for m; < myg — my = 354MeV. Recently, the LHCb
Collaboration has published upper limits on the branching fraction B(BT — K*X) x
B(X — ptp~), where X is a hypothetical long-lived scalar particle [91]. The limits at the
95% confidence level vary between 2 - 1071° and 10~7, for the scalar particle mass in the
range 250 MeV < m(X) < 4700 MeV and lifetime in the range 0.1ps < 7(X) < 1000 ps.
However, since in Weinberg’s Higgs portal model we find B(h — ptu~) < 10712 the
LHCDb upper limits are not applicable. Also shown in figure 9 are exclusion curves derived
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Figure 9. SN 1987A upper limits on g (r), the product of the Higgs portal coupling with the vacuum
expectation value of the radial field r, for various light Higgs boson mass my, (solid lines). The
upper solid curve is derived by using the SP07 global fits for the nucleon-nucleon elastic scattering
cross section in the energy loss rate calculation, and the lower one by using the one-pion exchange
(OPE) approximation. Also shown are the upper limits set by laboratory experiments (dash-dotted
lines, from top to bottom), such as the muon anomalous magnetic moment Aa,,, radiative Upsilon
decays Y(ns) — v+ h, B meson invisible decay B* — K™ + h, as well as K meson invisible decay
K* — 7t + h. The dotted and the dashed lines labelled “GRB” are the upper limits we derived
in ref. [37] by invoking the energy loss argument on the initial fireballs of gamma-ray bursts. Two
GRB initial fireball temperatures values Ty, = 18 MeV (lower) and 8 MeV (upper) are assumed, and
the Higgs portal coupling g is taken to saturate the current collider bound (dotted) and at future
collider sensitivities (dashed). The uncertainties in these GRB upper limits resulting from the error
in the GRB energy loss argument, eq. (5.4), are indicated by the filled regions.

using radiative Upsilon decays, B(T(nS) — v+ h) < 3-107%, as well as muon anomalous
magnetic moment, Aa,, = 288 - 10711, Neither of them is useful for constraining g (r).

In our previous work [37] we have derived constraints using gamma-ray bursts (GRB)
observations. Due to resonance effects, Goldstone boson pairs can be rapidly produced by
electron-positron annihilation process in the initial fireballs of the GRBs. On the other
hand, the mean free path of the Goldstone bosons is larger than the size of the GRB initial
fireballs, so they are not coupled to the GRB’s relativistic flow and can lead to significant
energy loss. Our GRB energy loss criterion is

1AR0> &

-2t o 5.4
Lo Bo ~ T'oWy (5.4)

Qlee*%aa At, ~ Qe*e*%aa

where At’ is the time duration in the fireball comoving frame for the GRB initial fireball
to expand from the initial radius Ry to Ry + ARy, and Vj is the initial fireball volume.
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We used generic values for the GRB initial fireballs, such as total energy & = 10°% erg,
temperature Ty = 18 MeV as well as 8 MeV, radius Ry = 105 cm, wind velocity 8o = 1/ V3,
and the Lorentz factor is I'y = 1/4/1 — 3. In fact, the GRB bounds on ¢ (r) have a
slight dependence on the Higgs portal coupling g, which becomes visible when the light
Higgs boson decay braching ratio to a pair of SM fermions, I';_, 7, is no longer negligible
compared to that to a pair of Goldstone bosons, I'j,_,oo. We therefore considered g = 0.011
saturating the current collider bounds, as well as ¢ = 0.0015 which might be probed
by future collider experiments. The region bounded by the two GRB exclusion curves,
including the filled regions around them, represents the parameter space in Weinberg’s
Higgs portal model that can be probed by GRB physics. The GRB bounds are subject to
large uncertainties, and are much weaker than the SN 1987A constraints. However, they
are competitive to current laboratory constraints in the mass range of my /Ty < 10-15.
We conclude here that Weinberg’s Higgs portal model is another example to elucidate that
high-energy astrophysical objects are excellent laboratory for particle physics.

In the extended version of Weinberg’s Higgs portal model, the spin-independent
WIMP-nucleon elastic scattering cross section is (following the definition given in e.g.

ref. [92])
4 1)? g (r) fam 2
U%V T (ﬁ) LL?(N< Xg?fﬁjm% N> ’ (5:5)

Here piyn = Mympn /(M +mp) is the WIMP-nucleon reduced mass. Latest exclusion lim-
its published by the dark matter direct search experiments LUX [34], PANDA-X [93], and
XENONIT [35] are translated into constraints on the parameter combination fy g (r) /m3
for WIMP mass M, ranging from 6 GeV to 1 TeV. In order to make a comparison to the SN
1987A and laboratory constraints, the WIMP coupling is fixed by requiring the relic density
to be Q,h? ~ 0.11, which yields fy ~ 0.02 /M, [44]. The DM constraint was first derived
in ref. [33], and here in figure 10 is shown for some representative values of WIMP mass
M, = 6, 10 and 100 GeV. Note that it does not become more stringent for larger WIMP
masses, because the experimental limits on Ug\, also scales approximately with \/ﬁx for
M, > 100GeV. We conclude that SN 1987A constraints are comparable to bounds from
DM direct search results for M, < 10GeV, while DM bounds for M, 2 100 GeV are the
strongest bounds among all on the extended version of Weinberg’s Higgs portal model.

6 Summary

Weinberg’s Higgs portal model is another example to elucidate that high-energy astro-
physical objects such as the supernovae and gamma-ray bursts are excellent laboratory for
particle physics. In this model, massless Goldstone bosons arising from the spontaneous
breaking of a U(1) symmetry play the role of the dark radiation. The model was also
extended to include a Majorana fermion of mass in the GeV to TeV range as the dark
matter candidate. Both particle species couple to the Standard Model fields solely through
the SM Higgs boson.

Goldstone boson production in the proto-neutron star core is dominated by the emis-
sion of a real light Higgs boson in nuclear bremsstrahlung processes and its subsequent
decay. The SN 1987A constraint on Weinberg’s Higgs portal model is obtained by finding
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Figure 10. Same as figure 9, here including the upper limits set by the dark matter direct search
experiment LUX, for WIMP mass M, = 6, 10 and 100 GeV (dashed lines, from top to bottom).

the parameter regions for the Higgs portal coupling ¢, and the vacuum expectation value
of the light Higgs boson (r), for each light Higgs boson mass my,, such that the energy loss
rate due to Goldstone boson emission satisfy the Raffelt criterion. In order to invoke this
criterion, the Higgs portal coupling ¢ is required to be smaller than the current collider
bound inferred from the SM Higgs invisible decay, so that the Goldstone bosons are not
trapped inside the proto-neutron star core.

To make conservative estimates for the energy loss rate, in this work we take the non-
degenerate (ND) limit. For simplicity we assume the neutron fraction is X,, = 1. We found
that using the one-pion exchange (OPE) approximation and the SP07 global fits for the pp
elastic cross section results only in a factor of 2.6 difference for 10 MeV < my, < 50 MeV,
and a factor of 1.4 for my > 300MeV. The SN 1987A constraints surpass those set by
laboratory experiments or by energy loss arguments in other astrophysical objects, even
with nuclear uncertainties taken into account. Numerical simulations of supernova cooling
with axion or Kaluza-Klein graviton emission included have demonstrated the reliability of
the analytical energy loss estimate by Raffelt. Therefore we do not expect significant change
in our supernova bounds if simulation for Goldstone boson emission is to be performed. In
the extended version of Weinberg’s Higgs portal model, latest exclusion limits published by
the dark matter direct search experiments LUX, PANDA-X, and XENONIT are translated
into constraints on the parameter combination f, g (r) /m3 for WIMP mass M, ranging
from 6 GeV to 1TeV. Fixing the WIMP coupling f, with the measured dark matter relic
density, we found that SN 1987A constraints are comparable to bounds from DM direct
search results for WIMP mass M, < 10 GeV, while DM bounds for M, 2 100 GeV are the
strongest bounds among all.
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