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Big Questions

e What is the equation of state (EOS) of dense matter?

* How do exotic components (hyperons, DM, deconfined quark matter)
affect NS EOS?

* Can new observations constrain DM features?

9/17/2025 NEW TRENDS IN HIGH ENERGY PHYSICS 2025 - MAHBOUBEH SHAHRBAF



Dark Matter Candidates

=axions, and beyond (Mass range: neV-MeV)
*WIMPs (Mass range: GeV-TeV)

=Sexaquark (Mass: ~ 2 GeV)

A hypothetical particle as a dark matter candidate
[Farrar, G. R. 2003, Int. J. Theor. Phys., 42, 1211 ]

(S=uuddss): bosonic, spin-color-flavor singlet, deeply bound
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[Shahrbaf, M. et al., 2022, Phys. Rev. D, 105, 103005]

+*Possible role inside neutron star cores
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Neutron Stars: Natural Laboratories for Dense Matter

Mass ~ 2Mg, R~ 12 Km
n~(4—7)n,~ (4—-7) X

A Neutron Star: Surface and Intenor

Atmosphere = (. _
Envelope o 0.16 fm3
» Crust

== Outer Core Composition of the core:
nner Lore
= Nucleons and leptons
= Hyperons?
= Deltas?
= Hexaquark (d"(2380))?
= Boson (k,m) condensates?
* Deconfined quark matter?
= Dark matter?
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The Most Robust Observational Inputs

*Maximum mass of pulsars

*NICER mass-radius measurements

=Gravitational waves detected by LIGO-VIRGO-KAGRA
mass-radius
Tidal Deformability

=Cooling and thermal evolution
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Model Overview

(JHadronic EOS: DD2Y-T (includes hyperons)
A generalized relativistic density functional (GRDF) approach

Dark matter component: sexaquark (S) included in hadronic sector

« np
me = mg(1 + xg—)
ngo

Parameters: mg € [1885 — 2054|MeV ,xs = 0.03

J Quark matter EOS: nINJL model mapped to constant speed of sound
(CSS) parameterization

Parameters: (Np, Ny, c£) : (0.70, 0.10, 0.44) & (0.70, 0.11, 0.44)

J Smooth crossover phase transition from hadronic matter to deconfined
quark matter: Replacement Interpolation Construction (RIC)

Pr(pp) = ax(pp —pe)* +ay (Hp —pe) + (1+Ap) P

A ,=—0.02
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EOS Construction

Pressure vs. chemical potential and pressure vs. energy density

=Sexaquark softens the EOS
=|'he higher the S mass, the stitter the EOS

= Higher S mass shifts transition density upward
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Sexaquark 1n NS Matter

=DM fraction inside NS ~16%
*Onset density shifts with S mass while deconfinement onset also shifts

=Important for internal composition
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Mass—Radius Relations

S RIC-SIS90
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Tidal Deformability: Ay 4 constraint from GW170817

= Sexaquark softening enables agreement

= Upper limit for the mass of Sexaquark ~2040 MeV
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Bayesian Setup

The basic dataset:

"Precise mass measurement of PSR J0348+0432 in a white dwarf binary
*NICER measurements for mass and radius of PSR J0740+6620 from
*NICER measurements for mass and radius of PSR J0030+0451 from
*NICER measurements for Mass and radius for PSR J0437-4715

»tidal deformability constraint from the GW170817 event

Extended dataset:

*High-mass BW pulsar PSR J0952-0607

*Low-mass ultra compact object HESS J1731-347

*Moderate-mass compact millisecond pulsar PSR J0614-3329

_JPosterior for S mass
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Results

141

Bayes
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Bayesian Results
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Discussion on BA

=disfavors S particle masses higher than 1980

MeV (placing them outside the 95.5%
credibility region)

sstrongly favors mg < 1935 MeV (within the
68.3% credibility region)

*The very compact objects influence the BA
results dominantly




Conclusions

=We modeled hybrid stars with a dense core of deconfined
quark matter, surrounded by layers of bosonic S DM,
hypernuclear matter, and ordinary nuclear matter

"Sexaquark softening complements hyperons + QM

=S DM (1885-2040 MeV) consistent with all current
observable

*The most favored mass based on BA: 1885—-1935 MeV

*Including S DM Improves agreement with NICER + GW
constraints

=Still model-dependent — more tests needed

9/17/2025 NEW TRENDS IN HIGH ENERGY PHYSICS 2025 - MAHBOUBEH SHAHRBAF



Outlook
Astrophysics <— Laboratory Synergy

Neutron stars provide natural laboratories for dense QCD matter.

Our results on hyperonic degrees of freedom connect to:
= HADES (GSI): strange hadron production in heavy-ion collisions.

= NA61/SHINE (CERN): exploration of strangeness and phase transitions.

» Future NICER & GW observations
» Cooling and thermal evolution signals
» Broader DM searches in astrophysics

Together, multi-messenger astrophysics + heavy-ion experiments open new paths
to constrain the EOS and search for exotic states of matter.
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Temperature T [MeV]
3
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