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• What lurks in the heart of a neutron star? Can they contain dark matter? 
• What effects would “dark” neutron decays have? What can we learn about such DM ? 
• How can neutron star observations constrain QCD-like hidden sectors? 
• What new physics can we learn from gravitational wave detections (in NS mergers)? 
• What new constraints emerge on axions from the study of neutron star mergers?

• What is the maximum NS mass?
• To what extent do NS possess strangeness? Can we generate heavy NS with hyperons? 
• Is there a transition to deconfined quark matter? 
• Can we observe evidence of QCD phase transition, under what conditions? 
• How do GW observations constrain the EoS? 
• Can we observe prompt black hole formation?

QCD & New Physics in Extreme Astrophysical Environments: 
Neutron Stars & their Mergers
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Dark Matter Capture in Stars
→ an alternative approach to Dark Matter Direct Detection experiments

Due to their extreme density, neutron      
stars capture dark matter very efficiently.

Capture probability saturates at order 
unity when the cross section satisfies the 
geometric limit

𝜎𝑡ℎ ∼ 𝜋𝑅2
𝑚𝑛

𝑀∗
∼ 10−45cm2
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Neutron Stars → Black holes?

Can neutron stars accumulate so much dark matter they would collapse to black holes? 

Yes, provided that:
• No annihilation (e.g. asymmetric dark matter, with DM-antiDM asymmetry))
• DM is bosonic (and condenses to a small self gravitating BEC), or 
• DM is fermionic with attractive self-interactions, and
• No repulsive-self interactions that prevent collapse (even very very tiny self-interaction is 

enough) NFB, Petraki & Melatos, PRD 2013

                                                                      
→ Black hole formation is possible for non-annihilating dark matter, while unlikely for 
typical WIMP-like dark matter

Kouvaris; Kouvaris & Tinyakov; McDermott, Yu & Zurek; Bramante, Fukushima & Kumar;  NFB, Petraki & Melatos; 
Bertone, Nelson & Reddy; and others.
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Neutron star heating 

• Capture of dark matter (plus subsequent energy loss)

  → DM kinetic energy heats neutron star ~ 1700K (Baryakhtar et al)

• Annihilation of thermalized dark matter

  → DM rest mass energy heats neutron star ~ additional 700K

Coolest known neutron star (PSR J2144-3933) has a temperature of ~ 4.2 x 104 K. 

Old isolated neutron stars should cool to: 1000 K after ~ 10 Myr
              100 K after ~ 1 Gyr
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NS Heating Sensitivity:

Spin-independent DM-nucleon scattering Spin-dependent DM-nucleon scattering

Anzuini, NFB, Busoni, Motta, Robles, Thomas and Virgato, JCAP 11, 056 (2021)
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Neutron star mergers → gravitational waves Nelson, Reddy & Zhou, 
JCAP 07, 012 (2019)

• Light DM + light mediators (MeV scale)
• Either femionic DM (degeneragy pressure) or bosonic with repulsive self-interactions

➢ DM component extents to large radii → NS dark matter halo

• Increases the NS tidal deformability, Λ.
➢ LIGO observation of NS-NS merger, GW170817, constrains Λ < 800 
➢ strong bounds, even for small DM component ~10−4𝑀⊙ 
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Dark matter particles must have 

strong repulsive interaction: like 

omega in NN force
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Alternative due to Strumia (JHEP 2022)

with mχ very close to mn /3

No repulsive interaction needed.

Moment of inertia decreases after decay: 

hence star spins up and gets hotter!

Husain and Thomas,



At lower energies…

 

— to induce visible-dark baryon mixing 
𝒪abc = uadbdc χ

3

Dark Decay Models
Minimal ingredients, considered broadly 

[Alonso-Alvarez et al., 2022]

Oabc ¼ uadbdcχ; ð1Þ

where, schematically, u (d) is an up- (down-)type quark of
flavor labeled by the subindex, and χ is a fermionic dark
sector state (but not necessarily the dark matter particle
itself). The existence of such operators implies that the
dark sector particle χ interacts with hadrons, which can give
rise to several interesting effects beyond the Standard
Model (SM).
Neutron lifetime anomaly and mesogenesis. In recent

years, several proposals have triggered interest in dark
baryonic sectors interacting with the SM via operators in
Eq. (1). First, it has been pointed out that a dark decay of
the neutron can resolve the long-standing neutron lifetime
anomaly [25] (see also [26] for related works). Second, a
new set of low-scale baryogenesis models has been recently
put forward [27–34], in which a crucial ingredient are
decays of hadrons into dark sector baryons triggered by
operators in Eq. (1). These low-scale baryogenesis scenar-
ios are collectively referred to as mesogenesis. One may
argue that, given that the dark decay of the neutron requires
one specific variation of the operators in Eq. (1) involving
only first-generation quarks, while mesogenesis models
need different ones involving heavy flavors, both para-
digms are in principle unconnected. However, in the
absence of any concrete symmetry argument, all flavor
combinations of the operators in Eq. (1) are expected to be
present simultaneously. This leads to interesting connec-
tions between the aforementioned scenarios and phenom-
enological predictions regarding apparent baryon number
violating signatures in hadron decays [35–38].
Contrary to other dark matter candidates, GeV-scale

dark baryons remain largely unconstrained. For example,
studies of the neutron lifetime anomaly have broadly
showcased that the neutron may have a branching ratio to
dark sector states as large as 1% [25], whereas studies
of the B-mesogenesis paradigm [32] highlighted that B
mesons can have a branching ratio as large as 0.5% to
GeV-scale dark sector baryons (in stark contrast to other
modes, such as Bs → μþμ−, see, e.g., [39], for which
sensitivities at the level 10−9 have been reached). These
theoretical developments have triggered dedicated
searches for new neutron decay channels such as n →
χγ [40], n → χeþe− [41] and nuclear dark decays [42,43],
as well as searches for the decays of nonstandard b-
flavored hadrons at experiments like BABAR, Belle and
Belle-II [44], and LHCb [45,46].
Strangeness and dark baryon sectors. The discussion

above highlights the incipient developments in the study of
baryonic dark sectors interacting with first (u, d) and third
(b) generation quarks. Couplings to the second generation
have received much less attention [36–38], in part due to
the lack of direct phenomenological applications. However,
from a theoretical perspective one would expect that
baryonic dark sectors interact with all SM quark flavors.

As illustrated in Fig. 1, in this work we attempt to fill this
gap by considering the possible presence of GeV-scale
dark baryons in hyperon decays. This is a very timely
endeavour, since a large number of hyperons is currently
being produced and analyzed at BESIII [47,48], in eþe−

collisions with energy at the invariant mass of the J=ψ
resonance, and at LHCb [49]. In fact, the BESIII collabo-
ration has very recently reported a search for totally invisible
decays of Λ hyperons yielding BRðΛ → invisibleÞ < 7.4 ×
10−5 at 90% [50]. Moreover, there are plans to build a Super
Charm-Tau Factory which would considerably increase the
hyperon data sets with richer physical information provided
by polarized eþe− beams [51,52].
In this paper, we investigate all relevant aspects of

hyperon decays into GeV-scale dark sector particles. In
particular, we:

(i) Characterize all experimentally relevant decay
modes using the framework of chiral effective field
theory to reliably predict the relevant hadronic form
factors.

(ii) Derive astrophysical bounds on these new decay
channels from the duration of the neutrino signal
from supernova SN 1987A.

(iii) Obtain indirect bounds from LHC searches and
neutral meson oscillations on the colored bosons
needed to mediate the exotic hyperon decays.

In light of the combined bounds from the LHC and SN
1987A, we discuss the required sensitivities that the
searches at BES III and LHCb need to achieve in order
to test uncharted regions of parameter space. In addition,
we discuss the relevance of our results for mesogenesis and
the neutron lifetime anomaly.
Structure of this paper. Our work and results are divided

into the following sections:
Section II: Models and Effective Operators. We start by

compiling an exhaustive list of operators that can trigger the
decay of SM hadrons into dark sector baryons and their
possible UV completions.

Neutron decay anomaly

B-Mesogenesis

= u d d χ

= u d b χ
= u d s χ

Dark Decays of Hadrons

mDS ≲ mn
mDS ≲ mΛ
mDS ≲ mB

Neutron decay anomaly

B-Mesogenesis

= u d d χ

= u d b χ
= u d s χ

mDSmm ≲ mnm
mDSmm ≲ mΛm
mDSmm ≲ mBm

Dark Decays of Hadrons

FIG. 1. Phenomenology of various flavor variations of the dark
baryon χ—SM interactions. Couplings to first generation quarks
lead to a dark decay solution to the neutron lifetime anomaly,
while interactions with third generation quarks enable B-meso-
genesis. Interactions with second generation quarks lead to the
apparent baryon-number-violating signatures in hyperon decays
studied in this work. The maximum mass allowed for dark sector
particles (mDS) produced in the respective hadron decay is also
indicated.

GONZALO ALONSO-ÁLVAREZ et al. PHYS. REV. D 105, 115005 (2022)
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The operator O generally gives rise to proton decay via
p → n! þ eþ þ νe, followed by the decay of n! through the
channel (a) or (b), and has to be suppressed [20]. Proton
decay can be eliminated from the theory if the sumofmasses
of particles in the minimal final state f of neutron decay, say
Mf, is larger than mp −me. On the other hand, for the
neutron to decay,Mf must be smaller than the neutronmass;
therefore, it is required that mp−me<Mf<mn.
In general, the decay channels (a) and (b) could trigger

nuclear transitions from ðZ; AÞ to ðZ; A − 1Þ. If such a
transition is accompanied by a prompt emission of a state f0

with the sum of masses of particles making up f0 equal to
Mf0 , it can be eliminated from the theory by imposing
Mf0 > ΔM ¼ MðZ; AÞ −MðZ; A − 1Þ. Of course, Mf0

need not be the same as Mf, since the final state f0 in
nuclear decay may not be available in neutron decay.
For example, Mf0 < Mf when the state f0 consists of a
single particle, which is not an allowed final state of the
neutron decay. If f0 ¼ f, then f0 must contain at least
two particles. The requirement becomes, therefore,
ΔM < minfMf0g ≤ Mf < mn. The most stringent of such
nuclear decay constraints comes from the requirement of
9Be stability, for which ΔM ¼ 937.900 MeV; thus,

937.900 MeV < minfMf0 g ≤ Mf < 939.565 MeV: ð2Þ

The condition in Eq. (2) circumvents all nuclear decay
limits listed in PDG [8], including the most severe
ones [21–23].
Consider f to be a two-particle final state containing a

dark sector spin 1=2 particle χ. Assuming the presence
of the interaction χn, the condition in Eq. (2) implies that
the other particle in f has to be a photon or a dark sector
particle ϕ with mass mϕ < 1.665 MeV (we take it to be
spinless). The decay χ → pþ e− þ ν̄e is forbidden if

mχ < mp þme ¼ 938.783 MeV: ð3Þ

Provided there are no other decay channels for χ, Eq. (3)
ensures that χ is stable, thus making it a DM candidate. On
the other hand, if χ → pþ e− þ ν̄e is allowed, although
this prevents χ from being the DM, its lifetime is still long
enough to explain the neutron decay anomaly. In both
scenarios, ϕ can be a DM particle as well.
Without the interaction χn, only the sum of final state

masses is constrained by Eq. (2). Both χ and ϕ can be DM
candidates, provided jmχ −mϕj < mp þme. One can also
have a scalar DM particle ϕwith massmϕ < 938.783 MeV
and χ being a Dirac right-handed neutrino. Trivial model-
building variations are implicit. The scenarios with a
Majorana fermion χ or a real scalar ϕ are additionally
constrained by neutron-antineutron oscillation and dinu-
cleon decay searches [24,25].
Model-independent analysis.—Based on the discussed

experimental constraints, the available channels for the
neutron dark decay are n → χγ, n → χϕ, n → χeþe−, as

well as those involving additional dark particle(s) and/or
photon(s).
Neutron → dark matter þ photon.—This decay is

realized in the case of a two-particle interaction involving
the fermion DM χ and a three-particle interaction including
χ and a photon, i.e., χn; χnγ. Equations (2) and (3) imply
that the DM mass is 937.900 MeV < mχ < 938.783 MeV
and the final state photon energy

0.782 MeV < Eγ < 1.664 MeV: ð4Þ

We are not aware of any experimental constraints on such
monochromatic photons. The search described in [26–28]
measured photons from radiative β decays in a neutron
beam; however, photons were recorded only if they
appeared in coincidence with a proton and an electron,
which is not the case in our proposal.
To describe the decay n → χγ in a quantitative way, we

consider theories with an interaction χn and an interaction
χnγ mediated by mixing between the neutron and χ. An
example of such a theory is given by the effective Lagrangian

Leff
1 ¼ n̄

!
i=∂ −mn þ

gne
2mn

σμνFμν

"
n

þ χ̄ði=∂ −mχÞχ þ εðn̄χ þ χ̄nÞ; ð5Þ

where gn ≃ −3.826 is the neutron g factor, and ε is the
mixing parameter with dimension of mass. The term
corresponding to n→χγ is obtained by transforming
Eq. (5) to the mass eigenstate basis and, for ε≪mn−mχ,
yields

Leff
n→χγ ¼

gne
2mn

ε
ðmn −mχÞ

χ̄σμνFμνn: ð6Þ

Therefore, the neutron dark decay rate is

ΔΓn→χγ ¼
g2ne2

8π

!
1 −

m2
χ

m2
n

"
3 mnε2

ðmn −mχÞ2

≈ ΔΓexp
n

!
1þ x
2

"
3
!

1 − x
1.8 × 10−3

"!
ε½GeV'

9.3 × 10−14

"
2

;

ð7Þ

where x ¼ mχ=mn. The rate is maximized when mχ
saturates the lower bound mχ ¼ 937.9 MeV. A particle
physics realization of this case is provided by model
1 below.
The testable prediction of this class of models is a

monochromatic photonwith an energy in the range specified
by Eq. (4) and a branching fraction ΔΓn→χγ=Γn ≈ 1%.
A signature involving an eþe− pair with total energy
Eeþe− < 1.665 MeV is also expected, but with a suppressed
branching fraction of at most 1.1 × 10−6.
If χ is not a DM particle, the bound in Eq. (3) no longer

applies, and the final state monochromatic photon can have
an energy in a wider range

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

191801-2

mediates n → χγ (or Λ → χγ)

CLAS, BESIII, 
SN1987A

[Fornal & Grinstein, 2018]

and more

[Elor, Escudero, Nelson, 2019; 
Elor & McGehee, 2021;…]
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Energy Loss Observables
Can be particularly sensitive to new physics,

such as dark matter capture, BSM decays 

Pulsar spin down measurements…

Observables include…

Temperature measurements of the 

cooling history of a neutron star (or a white dwarf)…

These effects constrain the BSM possibilties…

G. Bussoni, talk in F

Measurements of pulsar binary

orbital period decay rates 

(Recall Hulse-Taylor binary pulsar, GR test!)…
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Exclusion Limits (at 2σ)

N.B. dark sector choices

NS limits:

[J. Berryman, SG, M. Zakeri, PRD 109, 023021 (2024)]



is not settled
The Theory of Neutron Stars


j is it
ÉE

g

M d

Eit

E E

Nuclei + e−

n, p, e−, μ−

X
X

X

X

X

X

X

[Berryman, SG, & Zakeri, 2022; 
after Baym & Pethick, 1975]

Much ongoing discussion, also at QCHSC 24!
QCD @ T = 0; ρc ≃ (1 − few) ρ0

Observed ns’s 

already constrain 

dark matter, dark

sector models! 


Description?

EoS? 

Role of Hyperons? 


Further constraints from

studies of energy loss! 
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Radial Distribution of Hyperons In Heavy NS

CMF: Papazoglou et al. (1999)

DD2Y-T : Typel et al. (2010)
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Follow up on Annala et al., 

Nature Physics (2020) model 

independent EoS based on

speed of sound interpolation

between low and high density

- claim low value implies quark matter



5https://www.ligo.caltech.edu/news/ligo20240405

 Neutron star  
or black hole?

NS/BH transition

speaks to


EoS, 

rotation, …

Improvements

in 


sensitivity

opens new

windows on

new physics
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Direct Detection of Black Hole Formation

[Arnab Dhani, Radice, 
Schuette-Engel, SG+, PRD 109 
044071 (2024)]

LVK

Detectability of 

QCD phase transitions also possible 


[Aviral Prakash …, PRD 109 103008 (2024)]



What do neutron star mergers offer that neutron stars don’t?

1) Probe interior of QCD phase
diagram

???

Quark-gluon	plasma

CSC
quark
matter

nuclear
matter

neutron	star

Hadron	gas

Vacuum

T neutron	star
mergers

μB

2) Dramatic variation of
thermodynamic properties

Temperature

3) Unique multimessenger
observables
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How can BSM physics show up in NS mergers? (1/3)
1) BSM particles that are trapped/accumulated in the merger remnant
a) Oscillation modes
b) Transport properties

2) BSM particles that escape the merger remnant

GW spectrum without DM
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GW spectrum with DM
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Dark matter fluid changes properties of GW
spectrum from NS merger



How can BSM physics show up in NS mergers? (2/3)
1) BSM particles that are trapped/accumulated in the merger remnant
a) Oscillation modes
b) Transport properties

2) BSM particles that escape the merger remnant

Thermal conductivity (& shear viscosity)
Energy	transfer	via	particles
with	intermediate	MFPs

zz
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Trapped BSM particles could enhance thermal
conductivity or shear viscosity.

Effects: Slow down differential rotation, and ???

Bulk viscosity
Neutron lifetime anomaly: To reconcile, maybe
neutron decays into dark sector (e.g. n → χϕ)
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Novel neutron
decay yields
high bulk
viscosity at
high T .

Energy dissipation from
compression and resultant
reequilibration.



How can BSM physics show up in NS mergers? (3/3)
1) BSM particles that are trapped/accumulated in the merger remnant
a) Oscillation modes
b) Transport properties

2) BSM particles that escape the merger remnant
Cooling from axion emission
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Remnant cools, but no change in GW signal.
Cooling could effect ν emission and thus, kilonova

Decay of emitted axions

Emitted axions can decay to photons, generating an
additional EM signal in NS mergers.

Fermi-LAT constrains axions from GW170817.
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• What lurks in the heart of a neutron star? Can they contain dark matter? 
• What effects would “dark” neutron decays have? What can we learn about such DM ? 
• How can neutron star observations constrain QCD-like hidden sectors? 
• What new physics can we learn from gravitational wave detections (in NS mergers)? 
• What new constraints emerge on axions from the study of neutron star mergers?

• What is the NS mass maximum mass?
• To what extent do NS possess strangeness? Can we generate heavy NS with hyperons? 
• Is there a transition to deconfined quark matter? 
• Can we observe evidence of QCD phase transition, under what conditions? 
• How do GW observations constrain the EoS? 
• Can we observe prompt black hole formation?

QCD & New Physics in Extreme Astrophysical Environments: 
Neutron Stars & their Mergers
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