
Nirmal Raj
TRIUMF

PHENO 2021
Parallel talk 
05/26/2021

based on 2105.09951  
(submitted to PRL) 

& 2012.09865 
(accepted at PRD) 

with 

             Probing the Neutron Portal
with Neutron Star Internal Heating

David McKeen  
& Maxim Pospelov



Why dark neutrons*?

explain puzzle with 

1% branching to 
 + anything in bottlen → χ

*BSM states that mix with neutrons
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(1) discrepancy:

Fornal, Grinstein (2018)

1% probability of 
 in beamn → χ

Berezhiani (2018)



could explain recent XENON1T excess
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(2)

2006.15140 [PRL 125, 231803 (2020)] : McKeen, Pospelov, Raj

Why dark neutrons*?
*BSM states that mix with neutrons



role in baryon asymmetry could constitute the dark matter 
of the universe
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(3) (4)
Why dark neutrons*?

*BSM states that mix with neutrons



part of mirror sector:
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(5)

Why dark neutrons*?
*BSM states that mix with neutrons

see also Jack Setford’s 
talk from Monday

can address:

+ Why is  ?
(Twin Higgs realization)

+ dark matter. 

+ baryogenesis.

vH ≪ MPlanck

vH

v′�

very early idea of “dark sector”,

Kobzarev, Okun, Pomeranchuk 1966



Neutron stars
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1056 protons, electrons, muons

1057neutrons 
+

(  equilibrium products)β



Neutron stars = Pauli batteries
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neutron Fermi energy
~ 100 MeV

1056

1057neutrons 

Fermi sea

+
protons, electrons, muons

(  equilibrium products)β



Neutron stars = Pauli batteries
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neutron Fermi energy
~ 100 MeV

 + anythingn → χ

explosive liberation of energy!
1056 protons

n n → n χ }
new heating mechanism: 
nucleon “Auger effect”

p n → p χ

1057neutrons 
=>

Fermi sea

+
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 + anythingn → χ
n n → n χ

Suitable lab:

p n → p χ

neutron Fermi energy
~ 100 MeV}

new heating mechanism: 
nucleon “Auger effect”

Fermi sea

Neutron stars = Pauli batteries
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 + anythingn → χ
n n → n χ

Future lab:
optimized for
~2000 K

10

p n → p χ

neutron Fermi energy
~ 100 MeV

nucleon Fermi sea

}
new heating mechanism: 
nucleon “Auger effect”

Fermi sea

Neutron stars = Pauli batteries

see also next talk
by Aniket Joglekar!
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Constraining neutron conversions

heating rate

cooling rate
(blackbody emission)

≤
energy release rate 

neutron number density

NS
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Conversions to mirror neutrons
medium-dependent splitting

e.g. neutron star nuclear 
self-energies, 10—100 MeV

n
n/p n/p

n′�

energy-dependent
phase shifts
from nuclear potential models
(https://nn-online.org/) 

https://nn-online.org/
https://nn-online.org/
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Conversions to mirror neutrons

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
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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  



“Dark baryon” model

δ/(mn − mχ)

image: Fornal & Grinstein
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@ hadron level : 

neutron magnetic moment

nuclear magneton( )

exotic neutron decay

n lifetime puzzle:



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  



Future directions

Pauli battery contribution to NS heating via dark matter capture.

Thank you! Questions?
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 = 4 processes?Δ(B + L) ±

Do dark and visible fluids in neutron star thermalize rapidly?



Back-up slides
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longer 
life

  
open 
n → χ γ

Constraints
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2012.09865 McKeen, Pospelov, Raj  



Signals: photodissociation post-nucleosynthesis
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2012.09865 McKeen, Pospelov, Raj  



Constraints:  all the dark matterχ

21

2012.09865 McKeen, Pospelov, Raj  



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

2012.09865 McKeen, Pospelov, Raj  



Probes: primordial nucleosynthesis
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2012.09865 McKeen, Pospelov, Raj  



Probes: relic radiation
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When kinematically open:

e or  could “rewrite” reionization 
history by dumping EM energy in
Dark Ages
(i.e. modify optical depth)

γ


