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Given the lack of empirical evidence of weakly interacting dark mat-
ter, it is reasonable to look to other candidates such as a confining dark
sector with a similar number of particles as the Standard Model. Twin
Higgs mirror matter is one such a model that is a twin of the Standard
Model with particle masses 3—6 times heavier than the Standard Model
that solves the hierarchy problem. This generically predicts mirror neu-
tron stars, degenerate objects made entirely of mirror nuclear matter. We
find their structure using a realistic equation of state from the crust (nu-
clei) to core (relativistic mean-field model) and scale the particle masses
using lattice QCD results. We find that mirror neutron stars have unique
signatures that are detectable via gravitational waves and binary pulsars,
that provides an intriguing possibility for probing dark matter.
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1. Introduction

Dark matter constitutes one of the great mysteries of present-day physics.
While its existence seems to be firmly established by astronomical observa-
tions and cosmologic data, dark matter continues to elude direct detection in
particle-physics experiments. As traditional dark-matter candidates fail to
be detected and constraints from collider experiments become increasingly
stringent, it is crucial that other possibilities for dark matter be considered
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that could produce entirely different experimental signatures. One such pos-
sibility is that dark matter could be complex in nature, that is, composed
of more than a single-particle species, potentially interacting via their own
force mediators. This idea of dark complexity is not unnatural given the
abundance of dark matter and the complex “particle zoo” of standard-model
interactions. Moreover, complex dark matter candidates can also present
solutions for pressing issues in the Standard Model (SM) of particle physics.
This is the case of mirror matter, comprised of exotic particles related to
standard-model ones via a discrete symmetry and predicted by the Twin
Higgs mechanism, proposed as a solution to the Hierarchy Problem of par-
ticle physics [1].

A generic and yet fascinating prediction of mirror matter, and of dark
complexity in general, is the possibility of degenerate stars made entirely
of dark matter [2]. While these stars would have very faint or nonexistent
visible signatures, collisions between sufficiently compact, massive objects
might be discovered via the gravitational-wave radiation. In particular, mir-
ror sectors featuring modified versions of QCD should lead to very dense
dark objects akin to neutron stars, but made of mirror baryons. The discov-
ery of a mirror neutron star would revolutionize our understanding of dark
matter, potentially revealing its very nature.

Predictions for mirror neutron stars demand that knowledge from nuclear
and neutron-star physics be extrapolated to the mirror sector. The minimal
Mirror Twin Higgs model predicts a copy of QCD with pion masses 24
times larger than in the SM, lying in a range that has been extensively
explored in past Lattice QCD calculations [3-9]. This coincidence creates
an exciting opportunity to employ knowledge from nuclear physics to study
mirror neutron stars, with guidance from first-principles calculations [2].

2. Standard-model neutron stars

Dark-matter stars have been previously considered in the literature.
However, for the first time 2], we build a complete description of standard-
model neutron stars, capable of reproducing the latest observational con-
straints, before extrapolating this model to the mirror sector.

The stellar crust is modeled as a lattice of nuclei embedded in an electron
gas, according to the Baym—Pethick—Sutherland model [10]. The dominant
nuclear species for each value of the pressure is determined by finding the
most energetically favored combination of atomic number Z and mass num-
ber A. The total energy per unit volume is the combination of contributions
from the electron gas, the lattice interaction energy and the nuclear mass,
with the nuclear binding energy by(Z, A) given by a semi-empirical for-
mula. As the density increases, heavier and more neutron-rich nuclei are
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found, which would not be stable outside an extremely dense environment.
At the so-called neutron drip line, a neutron liquid starts forming around
the nuclei and the model ceases to be valid.

In the stellar core, we adopt a relativistic mean-field model. Above
nuclear saturation density, our model for neutron-star matter consists of
nucleons interacting via a scalar o, a vector w* and a vector—isovector p*
mesons, plus interaction terms between mesons themselves [2|. The cou-
plings of this model are tuned by imposing that properties of nuclear matter
at saturation be reproduced, and constraints from neutron-star observations
be satisfied [11, 12]|. Local charge neutrality and chemical equilibrium under
weak interactions are enforced by complementing the model with a gas of
degenerate electrons and muons.

Between the neutron drip line and nuclear saturation density, we bypass
complications such as the description of pasta phases by employing an inter-
polating function. The equations of state for the stellar crust and core are
smoothly joined, so that the equation of state is continuous and the pressure
and energy density increase monotonically with density [2].

In the following, we show how this model for SM neutron-stars can be
extended to describe mirror neutron-star matter.

3. Mirror Twin Higgs matter

An interesting realization of mirror matter is provided by the Twin Higgs
mechanism, proposed as a solution to the Hierarchy Problem regarding the
mass of the Higgs boson [1]. That is, as an explanation for why the Higgs
mass is so small compared to the Plack scale, when it should receive very
large quantum corrections from the ultraviolet. The Twin Higgs addresses
this issue by invoking a hidden sector related to the SM by a discrete sym-
metry, which protects the Higgs mass from these large contributions.

In the minimal Mirror Twin Higgs model, hidden-sector particles and
interactions are exact copies of the SM, but the mirror Higgs vacuum expec-
tation value f is larger than its SM counterpart v. As a result, all the new
fundamental particles in the Mirror Twin Higgs model turn out to be heav-
ier than their SM versions by the same factor f/v. For the model to evade
current collider constraints and yet provide a satisfactory solution to the Hi-
erarchy Problem, the ratio between the Higgs and Mirror Higgs expectation
values must lie in the range of f/v ~ 3-10 [13].

Thus, the minimal Mirror Twin Higgs provides us with a complete and
well-constrained model, from which predictions on mirror neutron stars can
be made.
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4. Mirror neutron stars

Results for mirror neutron stars demand that the parameters in our
model are rescaled to account for the heavier current quark masses in the
mirror sector. Due to the dynamical scale and chiral symmetry breaking of
QCD, translating the change in current quark masses to changes in hadronic
masses and couplings is not straightforward. However, the scaling of the
mirror QCD scale AQQCD with f/v has been previously obtained from a fit
to renormalization-group calculations [13]. They also allow us to calculate
the scaling of the mirror pion mass m/.
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Parameters of the model for the stellar core can be extracted from lattice
QCD calculations at heavier pion masses and chiral perturbation theory
data [3-9]. When data is available, the scaling of each parameter with
(mgr//leD)2 is fit to a quadratic function
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Relations from low-energy nuclear physics are also employed to relate pa-
rameters to one another.

For the stellar crust, nuclear binding energies need to be adjusted ac-

cording to the mirror QCD scale. We rescale them proportionally to AQQCD.

Lepton masses, of course, scale in direct proportion to the mirror Higgs
vacuum expectation value my o f/v.

5. Results

Our result for the mass—radius relation of standard-model neutron stars
is shown as the thick black curve in Fig. 1, where they are compared to
observational constraints. Parameters of our model were adjusted to repro-
duce constraints from gravitational-wave event GW170817 and the NICER
observation of pulsar J0030+0451 [11, 12|, but the agreement with NICER
data for pulsar J0740+6620 is obtained as a prediction [14, 15].

Our predictions for the mass—radius relation of mirror neutron stars are
shown, for different values of f/v, as the colored curves in Fig. 1. The phe-
nomenologically relevant range f/v = 3—7 corresponds to the blue (dashed),
brown (dash-dotted), and yellow (dotted) curves. The thin bands around
these curves represent uncertainties from fits to the lattice data. Stellar
masses and radii can be shown to scale with mjgl'g, where m/y is the mirror
baryon mass [2].
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Fig. 1. (Color online) Mass—radius relations for standard-model (thick black curve)
and mirror neutron stars (colored curves), compared to observational constraints
[11, 12, 14, 15].
6. Conclusions

The mirror neutron stars predicted by the minimal Mirror Twin Higgs
model inhabit a unique portion of the mass-radius diagram and are heavy
enough to be discovered via binary merger events by advanced LIGO [2].
Together with their masses, the modest tidal deformabilities resulting from
their small size would be enough to distinguish them from neutron stars,
strange quark stars, and black holes, by gravitational-wave imprints alone
[2]. Combined with the absence of electromagnetic signatures in mirror
neutron-star collisions, these features amount to a promising discovery po-
tential.
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