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0     : charge under all fundamental forces
1/2 : spin 
1      : baryon number

a new particle “ ”χhypothesis: 

its character:

Introduction

2

2/19



It’s called a neutron.
N. E. U. T. R. O. N,

neutron.

James Chadwick

0     : charge under all fundamental forces
1/2 : spin 
1      : baryon number

a new particle “ ”χ

its character:

hypothesis: 

Introduction
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also   Λ0, Σ0, Δ0, . . .



neutron “dark” neutron

χn

939.5654 MeV/c2

mχmn

?
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(hidden)



neutron “dark” neutron

χn

939.5654 MeV/c2

mχmn
( m̄χ

m̄n ϵnχ
ϵnχ (

?

Hamiltonian

nothing forbids it:
compulsory!ϵnχ
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quantum mixing=>



Consequences
magnetic “transition“ dipole momentoscillations
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Consequences

quantum mixing already seen in Nature:

magnetic “transition“ dipole moment

ρ x Z
photon - rho meson photon - Z boson neutrino flavours

oscillations

7

7/19



the dark matter of the universe
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(1)
Why care?
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Why care?

1% branching to 
 + anything in bottlen → χ
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(2)

discrepancy:

Fornal, Grinstein (2018)

1% probability of 
 in beamn → χ

Berezhiani (2018)

image: Quanta Magazine

explain puzzle with 

the neutron lifetime puzzle
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the “XENON1T excess” from last summer
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(3)

[Phys. Rev. Lett. 125, 231803 (2020)] : McKeen, Pospelov, Raj

Why care?

image: APS

arXiv: 2006.09721
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from a mirror sector
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From where?

Kobzarev, Okun, Pomeranchuk 1966

elementary composite

image: Fornal & Grinstein
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Where to find?
ultra-cold neutron
facilities(0)

UCN @ TRIUMF
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Where to find?
ultra-cold neutron
facilities(0)

timeline of the universe 13/19
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Where to find?
synthesis of nuclei:
earliest epoch of 
Big Bang cosmology

(1)

timeline of the universe 14/19
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Where to find?
relic radiation(2)

e or  could “rewrite” 
reionization history by 
dumping EM energy in
Dark Ages

γ

timeline of the universe 15/19

χ → peν χ → nγVia ,
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Where to find?
ancient neutron stars(3)

n n → n χ}

new heating mechanism: 
nucleon “Auger effect”

p n → p χ
Fermi sea

explosive liberation of energy!
=>

timeline of the universe 16/19



longer 
life

  
open 
n → χ γ

Constraints
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BBN data:

CMB limit:

 direct search: 1802.01595 [nucl-ex]n → χγ

H  : Borexino recast 
by McKeen, Pospelov (2003.02270)

→ χνγ

9Be  2 4He +  : → χ

< 3 x 109 yr

Limited by:

in metal-poor stars

NS: J2144-3933

2012.09865 McKeen, Pospelov, Raj  
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100 keV “neutron lifetime puzzle” window
for UCN experimentalists to target!
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Highlights
Cosmology (BBN + CMB) stringently limits dark neutron explanation of 
neutron lifetime puzzle.
    small 100 keV-ish window left for UCN experiments to target!

very slow dark neutron production => explosive heating of neutron stars.

Heavier-than-neutron dark neutrons (see back-up slides): cosmology sole probe.

Thank you! Questions?
19

constrains 19 orders of mass splitting more than UCN searches
motivation for future astronomy: direct probe of neutron’s 
                                                                    quantum properties
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Back-up slides
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 + anythingn → χ
n n → n χ

Future lab:
optimized for
~2000 K

21

p n → p χ

neutron Fermi energy
~ 100 MeV

nucleon Fermi sea

}
new heating mechanism: 
nucleon “Auger effect”

Fermi sea

Neutron stars = Pauli batteries
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Conversions to dark neutrons in NS

energy release rate Pauli blocking conditionnumber density*

neutron chemical potential*

* determined from high-density equation of state + NS mass & radius,  
   in practice used Brussels-Montreal BSk24 with 
 

MNS = 1.5 M⊙, RNS = 12.6 km

symmetry factor

scattering neutron 
Fermi sea

spectator nucleon
Fermi sea

3 sources of energy:

E1
E2

E3
Amusement

proton spectators 
(~ 10% of NS nucleons)
supply more heat!

less Pauli-blocked,
greater cross section



Constraints:  all the dark matterχ
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2012.09865 McKeen, Pospelov, Raj  



Constraints:  percent-level dark matterχ
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distortions of CMB
 blackbody spectrum

2012.09865 McKeen, Pospelov, Raj  



Constraints: NS heating
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B ' = 0
0705.23362009.11046

1712.05761
0905.4208
0809.4902 future telescopes
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neutron star heating: |mn− mn′�| ≲ $(10 MeV) UCN searches: |mn− mn′�| < 10−18 MeV

PSR J2144-3933:
coldest NS

Cas A

future telescopes

MNS =1.5M⊙,
RNS = 12.6 km

PSR B0950+08,
PSR J0108-1431,

PSR J0437-4715,
PSR J2124-3358.

Goldman et al.
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NS energy per baryon Zeeman from Earth’s B field

ceilings: neutron conversions stop within NS lifetime
NB. neutron lifetime anomaly explained by ϵnn′� ∼ 10−8 eV (Berezhiani 2018)

2105.09951 McKeen, Pospelov, Raj  

[hypothetical mirror B field]


