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Plan
1. Introduction. Neutron stars as a unique probe of dark sectors. Neutron 

stars as a calorimeter. Neutron stars as a [broken] weight scale. 
2. A new twist of NSàBH story. Asymmetric capture of symmetric DM

3. Neutron portal: a window into interesting phenomenology. Select 
cosmological bounds. Neutron star bounds on dark/mirror neutrons 
and neutron portal. 

4. Dark matter with baryon number violation and chain reaction in 
neutron stars. 

5. Freeze-in dark matter in neutron stars. Constraints on neutrino-
mediated models. 

6. Conclusions.
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out 
plus all possible light states explicitly

Dark Sectors

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(W.coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) × 
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM = Standard Model

DS – Dark Sector
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§ Born in initially very violent (T ~ 30-50 MeV), and very long (t ~ 10 
sec) explosions. Source n  fluxes!

§ Due to high density provide a very efficient gravitational potential 
“trap”. (Escape kinetic energy ~ 50% of rest energy)

§ Provide a sensitive mass-radius relations and a cooling rate that can 
be disrupted by BSM. Can be turned into a BH my DM. 

§ Contain very high-density environment, and due to Pauli principle 
and nuclear medium properties having ENS nucleons > mN vacuum.

§ After the neutrino cooling stage shuts down, old NS cool down to 
very small T, from Stefan-Boltzmann surface photon emission. The 
age and the temperature of coldest NS is observationally  t ~ 1015 
sec; T < 3.5 eV.   Late time calorimeter. 

§ Plethora of EM radiation at different stages of NS life. 

Salient properties of NS relevant for BSM searches 
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§ Capture of external stable particles (e.g. DM) can turn NS into a BH
Neutron Stars as a [broken] weight scale

DM
NS

BH
Extensive literature on particle-antiparticle 
asymmetric DM turning NS into a BH. Particle-
antiparticle asymmetry is required to forbid the 
annihilation, enabling the DM build-up.  
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Neutron Star as a “calorimeter”/active target
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• Long-lived particles that can be produced inside a young NS, survive inside 
neutron star for ~1016 seconds, and generate heat by decay/annihilation, an old 
neutron star can be used as a type of calorimetric detector. 

• Some particles inside NS can do something strange: e.g. n à anti-n, nà mirror n; 
DM + n à DM + 1 GeV of energy. NS can be considered as an “active target” 
and a calorimeter. 

• Notice that current sensitivity is not enough to “sense” the capture and annihilation of DM. 
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§ Capture of external stable particles (e.g. DM) can turn NS into a BH 
without any need for preexisting DM c-anti-c asymmetry.

Asymmetric WIMP capture

DM
NS

BH

• Any neutron star is particle-antiparticle 
asymmetric, i.e. made of baryons and 
leptons

• It is very easy to have a DM-nucleon  
scattering cross section that has a 
different size for c – n and anti-c – n.

• Therefore, even with no DM particle-
anti-particle asymmetry, there is a 
possibility for c-anti-c asymmetric 
accumulation enabling NSàBH 
collapse. 

• To appear, X. Liu, Z. Liu, MP, S. 
Reddy. 

sc-nucleon≠santi-c-nucleon

anti-DM
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Illustration in QED
• Consider scattering of an electron and of a positron on a nucleus, in the 1st and 2nd 

order of perturbation theory/ 

• First order amplitudes are opposite, giving identical LO cross section, while the 
second order are the same. Therefore, the interference of the 1st and 2nd order gives 
unequal cross sections between particles and antiparticles. 

-e       +e 

-e        -e                 +e      +e 

A(1)
electron = - A(1)

positron 

A(2)
electron = A(2)

positron 

electron positron

𝐴𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 = ! "#"$%&'( )! *'+,%&'(
! "#"$%&'( -! *'+,%&'(

= A(1)electron A(2)electron / (A(1)electron )2
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1. Violation of DM charge conjugation Cc :   Cc .

2. Violation of the product of combined parity and Cc : Cc Pcombined

 (this condition takes care of the vanishing of the asymmetry 
under spin average of n and c.)

§ Example:

§ Another example: 

Criteria for asymmetric DM capture
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§ Preliminary sensitivity plot 

§ Inside colored regions NS is turned into a BH. 
§ We built some models that realize sizeable asymmetries.
§ New sensitivity for a new [wider class of models]. 
§ Outside of reach of other probes!

Sensitivity to asymmetry and  cross section
4

unpolarized spins of both dark matter and neutron tar-
gets, without restriction to purely spin-independent in-
teractions.

The captured dark matter particles thermalize within
the neutron star core quickly within tthermal [20], form-
ing a gravitationally bound halo. Once the total mass of
captured DM exceeds a critical threshold Mcrit, this halo
undergoes catastrophic collapse to form a black hole. If
the accretion rate of this black hole exceeds its Hawking
evaporation rate, the black hole will inevitably grow and
consume the neutron star fastly over tgrow. We leave a
detailed discussion of these timescales to the Supplemen-
tary Materials.

For the collapse to occur, several conditions must be
satisfied: the dark matter must trigger a self-gravitating
instability, overcome its own thermal pressure, and reach
the Chandrasekhar limit. As discussed in detail in the
Supplementary Materials, the Chandrasekhar limit sets
the critical mass Mcrit for the dark matter parameter
space of interest:

Mcrit →
M3

pl

m2
ω

→ 1.6↑ 10→16M↑

(
108 GeV

mω

)2

, (9)

where Mpl is the Planck mass, and M↑ is the solar mass.

IV.Constraints for symmetric dark matter

Thousands of pulsars have been observed in the solar
neighborhood [59]. The LVK Collaboration has further
observed a mass range of neutron stars spanning from
1.4M↑ to 2.5M↑ [60, 61]. Meanwhile, old neutron stars
with ages tage → 1010 yr are abundant in our Galaxy; for
instance, J1719-1438 is located 336 pc away with an esti-
mated age of 11.4 Gyr, and J1737-0811 is located 206 pc
away and is 8.34 Gyr old [59].

Based on these observations, we adopt a typical neu-
tron star mass M↓ = 1.5M↑, radius R↓ = 12 km, and
age tage = 1010 yr for our analysis. The survival of such
neutron stars imposes the condition:

Mcrit

mω dNω/dt
+ tth + tgrow ↓ tage, (10)

where the first term represents the accretion time and
dominates over the other two timescales within the solar
adjacent within our interested DM parametera space.

The excluded parameter regions are shown as colored
regions in Fig. 2 for various asymmetry factors A. As
expected, the exclusion region shrinks as A decreases,
since a larger fraction of captured DM is annihilated by
anti-DM. Moreover, one can recover existing constraints
on asymmetric DM scenarios [57] by setting A = 1 in
our framework, and take twice the DM density.

The excluded region features both a sharp lower mass
and upper mass boundary. For lighter dark matter,

FIG. 2: The excluded paramter space of symmetric DM
mass and spin-averaged DM-neutron cross-section for
di!erent asymmetry factors A is shown in colored re-
gion. The black (red) solid lines represent the existing
constraints from direct detection experiments for spin-
independent (spin-dependent) interactions [8, 9], with
the corresponding dashed lines the neutrino floor for
xenon detectors [62, 63]. The projected NS cooling con-
straints assuming 100% energy transfer from DM to NSs
are shown as the dashed blue line [29], assuming obser-
vation of a NS with surface temperature of 1750K, which
is ↭ 10→5 times dimmer than the coolest NS we have
observed [30]. Zhen: There should be an upper limit on
the cross section, no? YL: From the NS-pheno side, I
don’t think there is any upper limit. Are you referring
to some model requirements like unitary bound? Zhen:
Why do we list the SD cross section? Because we have
some operator pairs that are SD only? YL: Our mecha-
nism can similarly constraint both SD and SI cross sec-
tion, since we do not have coherent scattering amplifi-
cation here. And we do have SD scattering examples
here. Zhen: Is there a rough guidance line for freeze-in
dark matter here? YL: (1) For freeze-in scenario, there is
no prediction for DM production cross-section, since the
relic abundance depends on the whole thermal history,
especially thermal history and particle contents of early
universe, which are unknown. (2) However we can have
a upper limit on the production and annihilation rate of
DM by demanding them never reached thermal equilib-
rium, but this constraint is extremely weak [64]. (3) Even
if we can have some information regarding to the correct
relic abundance, such information would be reflected on
the DM production/decay/annihilation rate, not neces-
sarily corresponded to the elastic scattering cross-section
here.

the associated Chandrasekhar mass is larger, requiring a
greater amount of captured DM to induce gravitational
collapse. As the asymmetry factor A decreases, the lower
mass boundary consequently shifts toward higher DM
masses. In contrast, the upper mass boundary arises

Here the cross sections 
are too high, and both 
DM and anti-DM get 
captured. 



The neutron portal 

§ Due to a composite nature of nucleons, this is a higher-
dimensional operator
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Neutron BSM fermion

u

d

d
u’

d’

d’

BSM “dark” fermion c

“mirror neutron”

𝑂!"#$%

Λ&
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complete above EW 
scale



Strong constraints at mc<< mn

• When mc << mn, strong constraints from proton (nucleon) decay 
apply. 

• If mc << mn it is not obvious if a model is constrained at all.  
• When the mass splitting becomes smaller than O(1.8 MeV), Dm = 

mn - mc < 1.8 MeV, the nuclei are stable but neutrons are not. 
Expect modifications to the physics of free neutrons. 

• When the mass splitting is sub-eV, i.e. c is a mirror neutron, 
quantum oscillations are expected. 

• Investigate the parameter space, identify most interesting physics!12

nucleon      neutron  BSM fermion c 

Pion, photon
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Simplest low-energy model
• A tantalizing simple model consists of one dark fermion c.

• Example Dm = 10 keV, d=10-16eV, q =d /Dm=10-20 ß hard to exclude

• If we want to “influence” neutron lifetime,  but have no other 
dramatic consequences, mc has to be in a narrow ~ 1.8 MeV range.

• Roughly 1% Br is interesting for the neutron lifetime controversy

• Astrophysics provide strong constraints on this possibility (McKeen, 
Nelson, Reddy, Zhou; Baym et al, Motta et al, 2018). Mass-radius relation 
imply some mechanism that generates extra pressure in the dark 
sector à self interaction etc (e.g. Cline, Cornell 2018)

2

200 keV. In particular, the search for the charge-violating
decay mode, e ! � +missing energy [5], can be directly
recast as a constraint on the hydrogen lifetime in model
(1) of roughly ⌧H & 1028 yr. One should note that within
this toy model the limits are very strong because H decay
here must be accompanied by the emission of a photon.
In other models, the leading H ! X mode can be fully
invisible, with the subdominant radiative H ! X� mode
involving a photon suppressed by ↵ and an additional
phase space factor.

We will also focus on a more motivated scenario than
this simple toy model, in which the neutron mixes with
a neutral dark fermion, �. Like the proton’s coupling
to the electron, since the neutron is a composite state
carrying B = 1, n-� mixing also occurs at dimension-6
through the operator qqq�, hence we can justifiably view
the mixing as a small parameter. If � is a Dirac fermion,
one can assign it B = 1. Curiously, if m� is in the range
mp �me < m� < mp +me (note the range for � above),
� and the proton are stable for the same reason: the con-
servation of B [6]. Since � is neutral and stable, it can
be considered as a viable dark matter candidate [7]. The
similarity of the � and nmass could result from an under-
lying mirror symmetry [8] or be argued for by anthropic
reasoning related to the need for dark matter [6]. Fur-
thermore, if m� < mn, then a new neutron decay mode
opens up, n ! ��, which has been suggested as the so-
lution to the discrepancy between measurements of the
neutron lifetime using the “bottle” and “beam” meth-
ods [9], also known as the “neutron lifetime anomaly.”
However, n ! �� decays have been directly searched
for and not seen at the level required to explain the dis-
crepancy for 937.8 MeV < m� < 938.8 MeV [10]. We
note that this solution to the lifetime anomaly may be in
tension with measured neutron � decay angular correla-
tions [11]. There are also strong limits from the existence
of heavy neutron stars [12]. Extensions of the model leave
open the possibility of maintaining the dark particle so-
lution to the neutron lifetime anomaly (see, e.g., [13]).

In addition to n decay, hydrogen decay to � can occur
in this model [14] in precisely the mass range where � is
stable (and thus a potential dark matter candidate), with
a radiative branching including a photon of O(↵/4⇡). In
this letter, we will show that data from Borexino can be
used to set a stronger limit on the model than the direct
search for n ! �� over a large range of parameter space
where H is destabilized via H! ⌫�.

Hydrogen decay.—We now discuss hydrogen decay in
the scenario where the neutron mixes with a new state
as well as in a general e↵ective field theory treatment.

The Lagrangian describing the mixing of the neutron
with a Dirac fermion � carrying B = 1 is

L = n̄ (i 6@ �mn)n+ �̄ (i 6@ �m�)�� � (n̄�+ �̄n) , (3)

plus terms responsible for weak and electromagnetic in-
teractions of neutrons. The mixing strength � is empir-

ically required to be small, � ⌧ mn, m�. This mass
matrix of Eq. (3) is diagonalized by taking n ! n� ✓�,
� ! � + ✓n with the mixing angle given by ✓ = �/�m

with �m ⌘ mn �m�.
In this model, to ensure the stability of the proton,

m� > mp�me = 937.76 MeV. Kinematically forbidding
the decay 9Be ! �

8Be increases the lower bound on m�

by 140 keV to 937.900 MeV [6] while forbidding the decay
to two ↵ particles requires m� > 937.993 MeV [15]. If
m� < mp+me = 938.78 MeV, the dark baryon � is itself
stable and thus a potential dark matter candidate [6, 9].

For m� < mn, this model leads to a new decay channel
for the neutron, n ! ��, with branching ratio

Brn!�� ' 0.02

✓
✓

10�9

◆2 ✓ �m

MeV

◆3

, (4)

which, as mentioned above, was proposed as an explana-
tion of the neutron lifetime anomaly [9]. For dark baryon
masses between 937.8 and 938.8 MeV, the direct search
for n ! �� [10] limits its branching ratio to O(0.1%).
If m� < mp + me = 938.78 MeV, as pointed out in

Ref. [14], atomic hydrogen can decay through electron
capture, e

�
p ! ⌫�. The hydrogen decay rate in the

presence of n-� mixing is
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(5)

where gA ' 1.27 is the nuclear axial vector coupling and
here Q = M �m� ⌧ m�,M . For ✓ . 10�4 and Q ⇠ me,
the hydrogen lifetime is longer than the age of the Uni-
verse and results in a final state that does not interact
strongly with normal matter and thus is seemingly di�-
cult to probe.
In addition to the fully invisible final state, there

is a subdominant radiative decay mode, H ! ⌫��,
shown in Fig. 1, which produces a photon with energy
! < Q ⇠ O(100 keV) which can be observed. The radia-
tive branching fraction in this model as a function of the
photon energy is

d

d!
BrH!⌫�� =

↵

⇡

!

m2
e

✓
1�

!

Q

◆2

+O

✓
me
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me

✓
1�

!

Q
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.

(6)

This is peaked at ! = Q/3. The total radiative branching
fraction is

BrH!⌫�� '
↵

12⇡

Q
2

m2
e

' 2⇥ 10�4

✓
Q

me

◆2

. (7)

Other models with sub-GeV states carrying B and
lepton number, L, can lead to the decay of hydrogen.
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thermore, if m� < mn, then a new neutron decay mode
opens up, n ! ��, which has been suggested as the so-
lution to the discrepancy between measurements of the
neutron lifetime using the “bottle” and “beam” meth-
ods [9], also known as the “neutron lifetime anomaly.”
However, n ! �� decays have been directly searched
for and not seen at the level required to explain the dis-
crepancy for 937.8 MeV < m� < 938.8 MeV [10]. We
note that this solution to the lifetime anomaly may be in
tension with measured neutron � decay angular correla-
tions [11]. There are also strong limits from the existence
of heavy neutron stars [12]. Extensions of the model leave
open the possibility of maintaining the dark particle so-
lution to the neutron lifetime anomaly (see, e.g., [13]).

In addition to n decay, hydrogen decay to � can occur
in this model [14] in precisely the mass range where � is
stable (and thus a potential dark matter candidate), with
a radiative branching including a photon of O(↵/4⇡). In
this letter, we will show that data from Borexino can be
used to set a stronger limit on the model than the direct
search for n ! �� over a large range of parameter space
where H is destabilized via H! ⌫�.

Hydrogen decay.—We now discuss hydrogen decay in
the scenario where the neutron mixes with a new state
as well as in a general e↵ective field theory treatment.

The Lagrangian describing the mixing of the neutron
with a Dirac fermion � carrying B = 1 is

L = n̄ (i 6@ �mn)n+ �̄ (i 6@ �m�)�� � (n̄�+ �̄n) , (3)

plus terms responsible for weak and electromagnetic in-
teractions of neutrons. The mixing strength � is empir-

ically required to be small, � ⌧ mn, m�. This mass
matrix of Eq. (3) is diagonalized by taking n ! n� ✓�,
� ! � + ✓n with the mixing angle given by ✓ = �/�m

with �m ⌘ mn �m�.
In this model, to ensure the stability of the proton,

m� > mp�me = 937.76 MeV. Kinematically forbidding
the decay 9Be ! �

8Be increases the lower bound on m�

by 140 keV to 937.900 MeV [6] while forbidding the decay
to two ↵ particles requires m� > 937.993 MeV [15]. If
m� < mp+me = 938.78 MeV, the dark baryon � is itself
stable and thus a potential dark matter candidate [6, 9].

For m� < mn, this model leads to a new decay channel
for the neutron, n ! ��, with branching ratio

Brn!�� ' 0.02

✓
✓

10�9

◆2 ✓ �m

MeV

◆3

, (4)

which, as mentioned above, was proposed as an explana-
tion of the neutron lifetime anomaly [9]. For dark baryon
masses between 937.8 and 938.8 MeV, the direct search
for n ! �� [10] limits its branching ratio to O(0.1%).
If m� < mp + me = 938.78 MeV, as pointed out in

Ref. [14], atomic hydrogen can decay through electron
capture, e

�
p ! ⌫�. The hydrogen decay rate in the

presence of n-� mixing is

�H!⌫� =
1

⌧H
' | (0)|2

G
2

F
|Vud|

2
✓
2

2⇡

�
1 + 3g2

A

�
Q

2

=
1

1027 s

✓
✓

10�9

◆2 ✓
Q

me

◆2

,

(5)

where gA ' 1.27 is the nuclear axial vector coupling and
here Q = M �m� ⌧ m�,M . For ✓ . 10�4 and Q ⇠ me,
the hydrogen lifetime is longer than the age of the Uni-
verse and results in a final state that does not interact
strongly with normal matter and thus is seemingly di�-
cult to probe.
In addition to the fully invisible final state, there

is a subdominant radiative decay mode, H ! ⌫��,
shown in Fig. 1, which produces a photon with energy
! < Q ⇠ O(100 keV) which can be observed. The radia-
tive branching fraction in this model as a function of the
photon energy is

d

d!
BrH!⌫�� =

↵

⇡

!

m2
e

✓
1�

!

Q

◆2

+O

✓
me

mp

◆

'
5⇥ 10�6

keV

!

me

✓
1�

!

Q

◆2

.

(6)

This is peaked at ! = Q/3. The total radiative branching
fraction is

BrH!⌫�� '
↵

12⇡

Q
2

m2
e

' 2⇥ 10�4

✓
Q

me

◆2

. (7)

Other models with sub-GeV states carrying B and
lepton number, L, can lead to the decay of hydrogen.
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Possibility to alter the neutron lifetime

Grinstein, Fornal 2018; Berezhiani 2018 + earlier papers

Speculates whether there is an extra decay channels for neutrons

Beam experiments register protons in the final state. Will miss an 
“exotic” decay mode. This is why bottle experiments see shorter 
lifetime (!)

Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamı́n Grinstein
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA

(Dated: May 10, 2018)

There is a long-standing discrepancy between the neutron lifetime measured in beam and bottle experiments.
We propose to explain this anomaly by a dark decay channel for the neutron, involving one or more dark
sector particles in the final state. If any of these particles are stable, they can be the dark matter. We construct
representative particle physics models consistent with all experimental constraints.

INTRODUCTION

The neutron is one of the fundamental building blocks of
matter. Along with the proton and electron it makes up most
of the visible universe. Without it, complex atomic nuclei sim-
ply would not have formed. Although the neutron was discov-
ered over eighty years ago [1] and has been studied intensively
thereafter, its precise lifetime is still an open question [2, 3].
The dominant neutron decay mode is � decay

n ! p+ e�+ ⌫̄e ,

described by the matrix element

M = 1p
2
GFVud gV [ p̄ �µn� � p̄ �5�µn ] [ ē �µ(1� �5)⌫ ] .

The theoretical estimate for the neutron lifetime is [4–7]

⌧n =
4908.7(1.9) s

|Vud|
2(1 + 3�2)

.

The Particle Data Group (PDG) world average for the axial-
vector to vector coupling ratio is � = �1.2723 ± 0.0023 [8].
Adopting the PDG average |Vud| = 0.97417± 0.00021 gives
⌧n between 875.3 s and 891.2 s within 3�.

There are two qualitatively different types of direct neutron
lifetime measurements: bottle and beam experiments.

In the first method, ultracold neutrons are stored in a con-
tainer for a time comparable to the neutron lifetime. The re-
maining neutrons that did not decay are counted and fit to a
decaying exponential, exp(�t/⌧n). The average from the five
bottle experiments included in the PDG [8] world average is
[9–13]

⌧bottlen = 879.6± 0.6 s .

Recent measurements using trapping techniques [14, 15] yield
a neutron lifetime within 2.0� of this average.

In the beam method, both the number of neutrons N in a
beam and the protons resulting from � decays are counted,
and the lifetime is obtained from the decay rate, dN/dt =
�N/⌧n. This yields a considerably longer neutron lifetime;
the average from the two beam experiments included in the
PDG average [16, 17] is

⌧beamn = 888.0± 2.0 s .

The discrepancy between the two results is 4.0�. This sug-
gests that either one of the measurement methods suffers from
an uncontrolled systematic error, or there is a theoretical rea-
son why the two methods give different results.

In this paper we focus on the latter possibility. We as-
sume that the discrepancy between the neutron lifetime mea-
surements arises from an incomplete theoretical description
of neutron decay and we investigate how the Standard Model
(SM) can be extended to account for the anomaly.

NEUTRON DARK DECAY

Since in beam experiments neutron decay is observed by
detecting decay protons, the lifetime they measure is related
to the actual neutron lifetime by

⌧beamn =
⌧n

Br(n ! p+ anything)
. (1)

In the SM the branching fraction (Br), dominated by � decay,
is 100% and the two lifetimes are the same. The neutron decay
rate obtained from bottle experiments is

�n ' 7.5⇥ 10�28 GeV.

The discrepancy �⌧n ' 8.4 s between the values measured in
bottle and beam experiments corresponds to [18]

��exp
n = �bottle

n � �beam
n ' 7.1⇥ 10�30 GeV .

We propose that this difference be explained by the exis-
tence of a dark decay channel for the neutron, which makes

Br(n ! p+ anything) ⇡ 99% .

There are two qualitatively different scenarios for the new
dark decay channel, depending on whether the final state con-
sists entirely of dark particles or contains visible ones:

(a) n ! invisible + visible ,

(b) n ! invisible .

Here the label “invisible” includes dark sector particles, as
well as neutrinos. Such decays are described by an effective
operator O = Xn, where n is the neutron and X is a spin
1/2 operator, possibly composite, e.g. X = �1�2...�k, with
the �’s being fermions and bosons combining into spin 1/2.
From an experimental point of view, channel (a) offers a de-
tection possibility, whereas channel (b) relies on higher order
radiative processes. We provide examples of both below.
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Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamı́n Grinstein
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA
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There is a long-standing discrepancy between the neutron lifetime measured in beam and bottle experiments.
We propose to explain this anomaly by a dark decay channel for the neutron, involving one or more dark
sector particles in the final state. If any of these particles are stable, they can be the dark matter. We construct
representative particle physics models consistent with all experimental constraints.

INTRODUCTION

The neutron is one of the fundamental building blocks of
matter. Along with the proton and electron it makes up most
of the visible universe. Without it, complex atomic nuclei sim-
ply would not have formed. Although the neutron was discov-
ered over eighty years ago [1] and has been studied intensively
thereafter, its precise lifetime is still an open question [2, 3].
The dominant neutron decay mode is � decay

n ! p+ e�+ ⌫̄e ,

described by the matrix element

M = 1p
2
GFVud gV [ p̄ �µn� � p̄ �5�µn ] [ ē �µ(1� �5)⌫ ] .

The theoretical estimate for the neutron lifetime is [4–7]

⌧n =
4908.7(1.9) s

|Vud|
2(1 + 3�2)

.

The Particle Data Group (PDG) world average for the axial-
vector to vector coupling ratio is � = �1.2723 ± 0.0023 [8].
Adopting the PDG average |Vud| = 0.97417± 0.00021 gives
⌧n between 875.3 s and 891.2 s within 3�.

There are two qualitatively different types of direct neutron
lifetime measurements: bottle and beam experiments.

In the first method, ultracold neutrons are stored in a con-
tainer for a time comparable to the neutron lifetime. The re-
maining neutrons that did not decay are counted and fit to a
decaying exponential, exp(�t/⌧n). The average from the five
bottle experiments included in the PDG [8] world average is
[9–13]

⌧bottlen = 879.6± 0.6 s .

Recent measurements using trapping techniques [14, 15] yield
a neutron lifetime within 2.0� of this average.

In the beam method, both the number of neutrons N in a
beam and the protons resulting from � decays are counted,
and the lifetime is obtained from the decay rate, dN/dt =
�N/⌧n. This yields a considerably longer neutron lifetime;
the average from the two beam experiments included in the
PDG average [16, 17] is

⌧beamn = 888.0± 2.0 s .

The discrepancy between the two results is 4.0�. This sug-
gests that either one of the measurement methods suffers from
an uncontrolled systematic error, or there is a theoretical rea-
son why the two methods give different results.

In this paper we focus on the latter possibility. We as-
sume that the discrepancy between the neutron lifetime mea-
surements arises from an incomplete theoretical description
of neutron decay and we investigate how the Standard Model
(SM) can be extended to account for the anomaly.

NEUTRON DARK DECAY

Since in beam experiments neutron decay is observed by
detecting decay protons, the lifetime they measure is related
to the actual neutron lifetime by

⌧beamn =
⌧n

Br(n ! p+ anything)
. (1)

In the SM the branching fraction (Br), dominated by � decay,
is 100% and the two lifetimes are the same. The neutron decay
rate obtained from bottle experiments is

�n ' 7.5⇥ 10�28 GeV.

The discrepancy �⌧n ' 8.4 s between the values measured in
bottle and beam experiments corresponds to [18]

��exp
n = �bottle

n � �beam
n ' 7.1⇥ 10�30 GeV .

We propose that this difference be explained by the exis-
tence of a dark decay channel for the neutron, which makes

Br(n ! p+ anything) ⇡ 99% .

There are two qualitatively different scenarios for the new
dark decay channel, depending on whether the final state con-
sists entirely of dark particles or contains visible ones:

(a) n ! invisible + visible ,

(b) n ! invisible .

Here the label “invisible” includes dark sector particles, as
well as neutrinos. Such decays are described by an effective
operator O = Xn, where n is the neutron and X is a spin
1/2 operator, possibly composite, e.g. X = �1�2...�k, with
the �’s being fermions and bosons combining into spin 1/2.
From an experimental point of view, channel (a) offers a de-
tection possibility, whereas channel (b) relies on higher order
radiative processes. We provide examples of both below.
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Energy generation mechanism in NS

Electron capture in atoms + Auger effect

n

e

Nucleus

Ekin = DE

nà n’  transfer in neutron stars

Neutron Fermi Energy

Filling up of holes 
generates energy = 
heating mechanism 
for neutron starsMirror/dark n
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Energy generation mechanism in NS
This interesting mechanism of heat generation was pointed out in 
Goldman, Mohapatra, Nussinov, 19011.07077, PRD; 
Berezhiani et al. 22012.15233; McKeen, MP, Raj, 2012.09865, 
2105.09951

n

e

Nucleus

Ekin = DE

nà n’  transfer in neutron stars

Neutron Fermi Energy

Filling up of holes 
generates energy = 
heating mechanism 
for neutron starsMirror n
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Mirror neutrons and old neutron stars
Taking a simply Hamiltonian as before,

we evaluate nàn’ conversion. (DE comes from matter effects in NS). Taking into 
account nn->nn’ and np ->n’p processes, while using 

as input, we derive numerically the heating rate that scales as 

In the oldest NS, when surface emission from photons dominates, additional heating 
mechanism generates minimum temperature

  Tmin
4 4p R2  > O(1) number ✕ Gn’ * EF. 



18

Mirror neutrons and old neutron stars

From McKeen, MP, Raj, 2105.09951

• The coldest pulsar, J2144-3933, T < 40,000K  implies the bound for the 
off-diagonal matrix element enn’ = d < 10-17 eV.

• Above 10-9 eV there are no limits from NS heating – happens too fast. 

• Very competitive with lab limits. Can further improve if colder TNS 
found
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Constraints on mirror neutrons
3

neutron star heating
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FIG. 2. Limits on the neutron-dark neutron transition amplitude ✏nn0 as a function of the absolute mass splitting |�m|. The
solid (dashed) curves correspond to �m > 0 (�m < 0), and labels marked with a star correspond to limits derived in this
work. Left. We show the 10 events/year sensitivity of the near-future IsoDAR experiment at YemiLAB as a black band. The
top curve corresponds to the pessimistic scenario (capture on C only) while the bottom curve corresponds to the optimistic
one (capture on H or 0.1% Gd). The recent limits posed by the STEREO experiment are shown as cyan regions, which can
be improved by IsoDAR by one to two orders of magnitude. These probes are complemented at small mass splittings by
constraints from the non-observation of disappearance of ultracold neutrons (UCN) from their traps. In magenta we show our
reinterpretation of a search at PSI [48] and in yellow our limit derived from the neutron lifetime measurement at UCN⌧ [33].
Also shown are recently derived limits from overheating of neutron stars [red region] and a bound by Goldman et al. using
pulsar rotation periods [gray dot-dashed line] (see also [54] for interesting caveats). Right. Limits for the case of the dark
neutron constituting the Galactic dark matter [purple regions]. The upper bound comes from the non-observation of extra
neutrons in the measurement of the solar boron-8 neutrino flux at SNO and in a search for exotic decays of carbon at Borexino.
The lower bound comes from demanding that the lifetime of the dark neutron exceeds the age of the universe. Also shown are
limits from CMB observables on the decay n0 ! pe⌫. The grey region in the background is the combination of limits shown on
the left panel See text for further details.

where Rn is the neutron production rate and the n ! n0

conversion probability is given in Eq. (2). The rate of
detection of regenerated neutrons is then given by

�det

n0!n =
X

i

Ni✓
2

det

�
�el

i
"el + �abs

i
"abs

�
�n0 (6)

where i = {C, H} labels the target nuclide, Ni is the
number of target nuclides in the detector, and ✓det is the
mixing angle inside the detector material. The neutron
cross section and e�ciency of detection are denoted by
� and ", respectively. In brackets we have two terms,
the first corresponding to the conversion of n0

! n in an
elastic scattering process followed by the capture of n,
and the second corresponding to the conversion of n0

! n
in the capture process. The first term often dominates

since �el
� �abs, unless the liquid scintillator (LS) is

doped with Gd, whose capture cross section can be large
enough to compensate for the typical 0.1% concentration.

Throughout this work, we use

�el

H
= 82 b, �el

7Li
= 1.4 b,

�el

9Be
= 7.6 b, �el

12C
= 5.6 b,

(7)

From Hostert, McKeen, MP, Raj, 2023

FTPI-MINN-21-27

Dark sectors in neutron-shining-through-a-wall and nuclear absorption signals

Matheus Hostert,1, 2, 3, ⇤ David McKeen,4, † Maxim Pospelov,1, 2, ‡ and Nirmal Raj5, §

1School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA
2William I. Fine Theoretical Physics Institute, School of Physics and Astronomy,

University of Minnesota, Minneapolis, MN 55455, USA
3Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

4TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
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(Dated: April 26, 2023)

We propose new searches for n0, a dark baryon that can mix with the Standard Model neutron. We
show that IsoDAR, a proposal to place an intense cyclotron near a large-volume neutrino detector
deep underground, can look for n ! n0 ! n transitions with much lower backgrounds than surface
experiments. This opportune neutron-shining-through-a-wall search would be possible without any
modifications to the primary goals of the experiment and would provide the strongest laboratory
constraints on the n-n0 mixing for a wide range of mass splitting. We also consider dark neutrons
as dark matter and show that their nuclear absorption at deep-underground detectors such as
SNO and Borexino places some of the strongest limits in parameter space. Finally, we describe
other n0 signatures, such as neutrons shining through walls at spallation sources, reactors, and the
disappearance of ultracold neutrons.

I. INTRODUCTION

The existence of new baryons in a hidden sector has
been a topic of great theoretical and phenomenological
interest. One particularly interesting possibility is that of
a dark neutron n0, a new fundamental or composite dark
particle that mixes with the Standard Model (SM) neu-
tron. In addition to appearing in mirror sectors or brane
world theories, n0 is interesting on its own due to the
potential impact on a number of observables. In cosmol-
ogy and astrophysics, dark neutrons have been invoked
to explain dark matter [1–4], the baryon asymmetry of
the Universe [1, 5–9], and help realize asymmetric infla-
tion [10, 11]. They were also shown to modify the physics
of cosmic rays, the cosmic microwave background, Big
Bang nucleosynthesis, and neutron stars (NS) [12–16].
In the laboratory, dark neutrons can appear in a va-
riety of exotic particle physics processes [12, 17–23].
Among these are hydrogen decays, linked to an excess
in XENON1T [20, 24] (now superseded by XENONnT
data [25]) and n-n0 transitions that can explain the dis-
crepancy between bottle [26–33] and beam [34–36] mea-
surements of the neutron lifetime. This disagreement has
been the subject of several new physics proposals. One
such class adds new exotic decay channels for the neu-
tron [37–40]; however, these come to the cost of adding
tension with recent data on the axial coupling gA [41, 42].
Other proposals involve exotic n � n0 transitions in the
cold neutron beams [43].

Motivated by the above, this paper explores the phe-
nomenology of the dark neutrons n0 in a general context.

⇤
mhostert@perimeterinstitute.ca

†
mckeen@triumf.ca

‡
pospelov@umn.edu

§
nraj@iisc.ac.in

All that is assumed about n0 is that it is a neutral state
carrying unit baryon number that mixes with the SM
neutron with an arbitrary mixing amplitude ✏nn0 . The
low-energy two-state Hamiltonian of the n-n0 system is

H =

✓
mn +�E ✏nn0

✏nn0 mn + �m

◆
, (1)

where mn is the neutron mass and �E is the energy con-
tributed to the neutron by some matter-induced poten-
tial. The parameter �m ⌘ mn0 �mn is the in-vacuum n-
n0 mass splitting that persists in the limit �E, ✏nn0 ! 0.
Facilities with ultracold neutrons (UCN) [44–48] and cold
neutron beams [49] have looked for n ! n0 transitions be-
tween n and n0, with rates determined by the parameters
in Eq. (1).
We propose exploring a complementary neutron-

shining-through-a-wall signature at an accelerator setup
located underground. Motivated by recent experimen-
tal activity in this area, we consider IsoDAR [50, 51],
a proposal for a high-intensity cyclotron to be placed
near a large volume detector underground, currently be-
ing considered for operation at Yemilab in Korea. The
IsoDAR setup would emerge as the most sensitive labo-
ratory probe of dark neutrons to date, partly due to the
copious number of neutrons produced by the accelera-
tor, but mainly due to its underground location, where
atmospheric backgrounds are minimal. IsoDAR would
provide a marked improvement over the strongest lab-
oratory constraints set by STEREO [52], cold neutron
beams [49], and by UCNs at the nEDM experiment [48],
all of which constitute surface experiments.
In recasting the UCN nEDM, we discuss how to inter-

pret n-n0 oscillation searches in terms of the more gen-
eral model above, providing complementary coverage in
a wider parameter space. We encourage collaborations
to go beyond the assumption of a mirror symmetry lifted
only by the magnetic or mirror magnetic field, and quote
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DE – matter induced potential

enn’ – mixing matrix element

dm – diagonal mass splitting
NS heating provides the most 
robust constraint over vast 
parameter space, independent of 
diagonal mass splitting 

Parameter point I showed earlier is excluded 
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Disclaimer

§ Late-time heating of Neutron Stars is good at setting limits on 
exotic physics, if  TSM+New Physics > Tobserved .

§ At this point coldest NS cannot be used as a “discovery”. One 
would need considerable statistical samples of coldest NS to be 
able to e.g. discover “a floor” to the lowest temperature and claim 
non-standard heating mechanisms. 
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§ Particle Dark Matter could break baryon number. Typical (e.g. 
Xenon etc) experiments limit the elastic scattering on nuclei. 

§ One can use neutrino detectors (Super-K, SNO, etc) to set 
constraints on baryon-number-violating (BNV) scattering of dark 
matter:

§ In neutron stars, where DM can accumulate, the BNV scattering can 
repeat itself, generating chain destruction of baryons:

§ Loops of DM will lead to baryon     
 decays ß needs further studies

DM violating baryon number

FTPI-MINN-24-12, UMN-TH-4320/24, N3AS-24-024

Dark Matter Catalyzed Baryon Destruction

Yohei Ema ID ,1, 2, a Robert McGehee ID ,1, b Maxim Pospelov,1, 2, c and Anupam Ray ID 2, 3, d
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WIMP-type dark matter may have additional interactions that break baryon number, leading
to induced nucleon decays which are subject to direct experimental constraints from proton decay
experiments. In this work, we analyze the possibility of continuous baryon destruction, deriving
strong limits from the dark matter accumulating inside old neutron stars, as such a process leads
to excess heat generation. We construct the simplest particle dark matter model that breaks the
baryon and lepton numbers separately but conserves B � L. Virtual exchange by DM particles in
this model results in di-nucleon decay via nn ! n⌫̄ and np ! ne+ processes.

I. INTRODUCTION

The Standard Model (SM) of particle physics has done
a remarkable job of understanding the subatomic cosmos
as it exists today. Despite its immense success, there are
a number of key concerns, and one such concern is the
observed excess of matter to antimatter which essentially
requires baryon-number-violating (BNV) interactions [1].
Baryogenesis is the dynamical process of generating the
preponderance of matter over antimatter, and several
scenarios for it exist within various extensions of the SM.
On the experimental front, no observations of the BNV
interactions in the laboratory have been achieved, result-
ing in, e.g., tight upper bounds on the lifetime of the
proton and the neutron-antineutron oscillation. Remark-
ably, the SM thermal processes during the electroweak
epoch of the early Universe are believed to greatly en-
hance the BNV processes without contradicting stringent
limits from proton decay [2, 3].

Dark matter (DM) represents another great mystery,
as its identity remains unknown, despite a variety of
experimental and theoretical e↵orts. The closeness of
the DM and baryon energy densities (within a factor of
⇠ 5) has generated some speculation that DM-genesis
and baryogenesis may in fact be related (see e.g. Refs. [4–
9] for a representative set of ideas). Popular scenarios
include assigning some dark particles a baryon number,
so that the process of baryogenesis may be thought of
as the process of secluding the baryon number inside the
SM sector and the anti-baryon number in the DM sector
[6].

In this paper, we would like to take a step back from
concrete scenarios of baryogenesis, and ask a question:
What if DM had BNV interactions?1 This opens an in-
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teresting possibility of O(GeV) energy release in inter-
actions of DM particles with baryons. This is in con-
trast with the elastic scattering of baryons and DM par-
ticles, where the energy release is typically limited to
tens of keV or less. The goal of our paper is to explore
a continuous process of DM-catalyzed destruction of the
baryon number. In the past, several studies addressed the
phenomenological consequences [18–20] of grand unified
theory (GUT) monopole-induced breaking of the baryon
number [21, 22]. While GUT monopole masses are lim-
ited to scales of O(1016 GeV), a generic DM model can
have an arbitrary mass scale. In this paper, we focus
on DM composed of weakly interacting massive particles
(WIMPs), and we endow them with small BNV interac-
tions. Since the WIMP abundance can be many orders
of magnitude larger than that of GUT monopoles, BNV
signatures can be far more pronounced.
For example, the WIMP BNV interactions can play

a significant role in the early Universe at temperatures
above the WIMP mass when its abundance is thermal.
At these temperatures, other BNV interactions are ac-
tive: electroweak sphalerons break B + L while conserv-
ing B � L. It is well understood that if other processes
break B�L, any pre-existing baryon asymmetry may be
completely washed out [23, 24].
While the threat of total baryon number erasure is

known to have caveats [25], we use it to limit the scope
of our paper to (B�L)-preserving BNV interactions. In
this case, the symmetry breaking pattern of DM-baryon
interactions is the same as that of the sphalerons, and
many conventional baryogenesis scenarios based on non-
zero B � L asymmetry (such as leptogenesis [26]) will
work without major complications. Therefore, we will
not consider n̄� n oscillations, nn annihilation to pions,
or other BNV processes that violate B � L.
One of the key consequences of such BNV processes is

nucleon destruction: �+N ! �+ Energy. More specif-
ically, if a DM particle � could destroy nucleons (while
preserving B � L),

�+ n ! �+ ⌫̄ and/or �+ p ! �+ e
+
, (1)

then the signals we might see today would be strik-
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ing. Incoming DM could trigger O(GeV) energy releases
inside large-volume neutrino detectors such as Super-
Kamiokande (SK) [27]. Captured DM particles could also
catalyze a continuous energy release in old, cool neutron
stars (NSs) as schematically shown in Fig. 1. Moreover,
the presence of BNV interactions may have consequences
for processes without on-shell DM particles. Even if kine-
matics forbids tree-level proton decays, the presence of
BNV interactions could allow higher-loop proton decays
through virtual DM particles.

For concreteness, we consider two DM species �1

and �2 with �2 slightly heavier but nearly degenerate
masses (to avoid stringent terrestrial BNV constraints;
see Sec. III B). Because of the BNV interactions, �1 can
destroy nucleons via �1+p/n ! �2+e

+
/⌫̄, and a) result

in a novel heating mechanism in cold NSs and b) release
a detectable amount of energy inside large-volume neu-
trino detectors, such as SK. In order to continue this
process, �2 needs to decay/oscillate back to �1 on a rel-
atively short timescale. Oscillations, for example, can be
realized via �1 � �2 mass mixing. In this way, �2 gets
e↵ectively “recycled”, i.e. e�ciently converts back to �1,
and the nucleon destruction via BNV processes contin-
ues.2 We emphasize that this oscillation is not the only
option; we can instead have a decay of �2 back to �1.
To make our general discussion independent of specific
choices, we work in the oscillation basis, not in the mass
basis, in Sec. II.

In this paper, we explore each of these striking signals
of BNV DM in turn. Sec. II describes the main physics
idea, without specifying the model details. In Sec. II A,
we estimate the approximate bound coming from neu-
tron destruction in SK. In Sec. II B, we calculate the
constraints coming from heating NSs due to the DM-
catalyzed neutron destruction. There we also summarize
the basics of DM capture in NSs.

Next, we detail a simple toy model of DM in Section III
as a concrete realization of our idea. The toy model al-
lows us a concrete comparison of the constraints derived
in Sec. II with terrestrial constraints on BNV processes
where DM particles appear virtually in the loop. In
particular, we see that the introduction of two compo-
nents, �1 and �2, allows us to avoid stringent terrestrial
BNV constraints while preserving interesting signals in-
side NSs.

Finally, we conclude with some discussions of other
possible unusual DM interactions in Sec. IV.

2
For this recycling to occur, it is crucial to have an actual BNV

interaction. This is in contrast to the model in, e.g., Ref. [28],

where one can assign a baryon charge to the dark sector so that

the total baryon number is conserved.

FIG. 1. Schematic diagram for DM-catalyzed baryon destruc-
tion inside a NS.

II. ESTIMATE OF SUPER-KAMIOKANDE
CONSTRAINT AND NEUTRON STAR HEATING

A. Constraint from Super-Kamiokande

The promising signals of DM-induced BNV interac-
tions inside large-volume neutrino detectors such as SK
have long been recognized [29, 30]. While these same in-
teractions could occur in large dark matter experiments,
they are always above threshold in the much-larger neu-
trino detectors, which are thus more constraining. In our
model, the following processes can occur inside the SK
fiducial volume:

�1 + p ! �2 + e
+
, (2)

�1 + p ! �2 + e
+ + (1- to -6)⇡. (3)

Any process that annihilates a proton may also lead to
the emission of pions.3 We concentrate on the pion-less
process for simplicity, noting that the cross sections for
Eq. (3) could be comparable to Eq. (2). Without yet
specifying any DM model, we denote the cross section
times the relative velocity for such process as v�BNV.
Then the rate of these positron-producing events in SK
is

RSK =
⇢�

m�
⇥ v�BNV ⇥N

SK
p , (4)

where ⇢� = 0.4 GeV/cm3 is the local DM energy den-
sity, NSK

p = (5/9) ⇥ (22.5 kT/mn) is the total number
of protons inside the fiducial volume of SK [27], and mn

is the mass of the nucleon. If neutrons are considered

3
The process in Eq. (3) is limited to six pions simply due to kine-

matics.

NS star
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physics. We would like to emphasize that the model be-
low is not unique, but is rather one in a wide family of
possibilities, chosen here for its relative simplicity. There
are three key ingredients: (1) BNV interactions between
nucleons and DM, (2) elastic interactions between nucle-
ons and DM to capture DM e�ciently in NSs,5 and (3)
a mass mixing between �1 and �2 to recycle �1’s in NSs.
These ingredients are provided by corresponding terms
in our toy model’s Lagrangian:

L = L1 + L2 + L3, (9)

where at the e↵ective field theory level we have

L1 = GBNV�̄2�µ�1 ⇥

⇣
e+�

µ
p+ ⌫̄�

µ
n

⌘
+ (h.c.), (10)

L2 = G� (�̄1�µ�1 + �̄2�µ�2) (p̄�
µ
p+ n̄�

µ
n) , (11)

L3 = �
�m�

2
�̄2�1 + (h.c.). (12)

For simplicity, we assume isospin singlet couplings be-
tween DM and nucleons and a universal coupling of �1

and �2 to the nucleons in L2. The interactions in L1

by themselves do not break baryon number (or, more
precisely, B + L) as we can assign baryon charges to �1

and �2 that di↵er by unity. This is broken by the mass
mixing term in L3, indicating that any BNV processes
that do not involve �i’s in the initial or final states are
suppressed by the small mass mixing �m�/m�. Indeed,
the main motivation for introducing two components, �1

and �2, is to avoid stringent constraints from di-nucleon
decay to a nucleon plus a lepton, as we see below. In the
following, we take the masses of �1 and �2 equal, m�,
except for the small mass mixing arising from L3. We fo-
cus on the case m� & mn to prohibit the nucleon decay
N ! �̄1 + �2 + e

+
/⌫̄.

We stress again that oscillations are not the only pos-
sibility to convert �2 back to �1. A light scalar field S

could permit the decay �2 ! �1 +S. The neutron could
then also decay at one-loop via n ! S+ ⌫̄. We have ver-
ified that these neutron decays could be su�ciently slow
and the �2 decays su�ciently fast, but we will not pursue
further discussion of models based on the �2 ! �1 decay.

A. Reaction rates

We now list the reaction rates expressed in terms of
the model parameters. The BNV cross section induced
by DM, �1n ! �2⌫̄, is given by

�BNVv/c =
G

2
BNVm

2
n

32⇡

(2m� +mn)2(2m2
� + 4m�mn + 3m2

n)

(m� +mn)4
,

(13)

5
We assume that the DM is asymmetric in the current universe

to avoid annihilations induced by L2 in NSs.

in the non-relativistic limit of the initial particles. In the
limit m� � mn, it reduces to

�BNVv/c =
G

2
BNVm

2
n

4⇡
. (14)

The elastic scattering cross section required for the cap-
ture, in the non-relativistic limit, is given by

��n =
G

2
�

⇡

m
2
�m

2
n

(m� +mn)2
. (15)

Numerically we have

GBNV ' 2⇥ 10�11 GeV�2
⇥

✓
�BNVv/c

10�50 cm2

◆1/2

, (16)

G� ' 3⇥ 10�9 GeV�2
⇥

⇣
��n

10�45 cm2

⌘1/2
, (17)

for m� � mn, from which one can easily translate the
constraints on v�BNV to those on GBNV in Fig. 3 for
given G� and m�. As we discussed, we introduced the
mass mixing�m� to convert �2’s back to �1’s to catalyze
baryon destruction inside NSs. For this conversion to be
e�cient, we require the mass mixing time scale to be
shorter than the BNV time scale inside NSs:

�m� & 0.3 fm�3
⇥ �BNVv/c, (18)

or

�m�

m�
& 6⇥ 10�28

✓
100GeV

m�

◆✓
�BNVv/c

10�50 cm2

◆
. (19)

As we will see in the next sub-section, this condition is
easily satisfied while evading terrestrial constraints on the
BNV interactions.
Comparing the typical sensitivity one can derive from

NS heating (Fig. 3) with the predictions of Eq. (14), one
may conclude that BNV coupling constants as low as
GBNV / 10�10

⇥ GF can be probed. While this looks
impressive, we note that this level of sensitivity does not
automatically mean that very high energy scales (e.g.
five orders of magnitude above the weak scale) are being
probed. This is because the BNV operator involving the
proton field, Eq. (10), is necessarily composite, involving
three quark fields. In fact, the suppression from compos-
iteness is quite significant, and a likely UV completion of
Eq.(10) would have to involve a combination of heavy col-
ored particles as well as lighter neutral sub-electroweak
scale fields [10].

B. Di-nucleon decay 2N ! N + e+/⌫̄

In our model, an important constraint comes from the
di-nucleon decay process 2N ! N + e

+
/⌫̄. The ampli-

tude is suppressed by one mass mixing parameter �m.

Loop-induced baron number is suppressed

BNV parameter
6

To compute this process, we go to the mass basis. The
mass matrix is

Lmass = �
�
�̄1 �̄2

�✓ m� �m�/2
�m�/2 m�

◆✓
�1

�2

◆
. (20)

Redefining the fields as
✓
�1

�2

◆
=

1
p
2

✓
1 1
�1 1

◆✓
��
�+

◆
, (21)

diagonalizes the mass matrix:

Lmass = �m��̄��� �m+�̄+�+, (22)

where m± = m� ± �m�/2. In this mass basis, our toy
model’s Lagrangian in Eq. (9) becomes6

L = Lmass +G� (�̄��µ�� + �̄+�µ�+) (p̄�
µ
p+ n̄�

µ
n)

+
GBNV

2

X

i,j=±
�ij�̄i�µ�j

⇣
e+�

µ
p+ ⌫̄�

µ
n

⌘
+ (h.c.),

(23)

where ��� = ��+ = �1 and �+� = �++ = 1. In this
basis, both the �+ and �� eigenstates violate the baryon
number. This does not mean, however, that �m = m+�

m� can be taken to zero, while still preserving repeated
BNV scattering. Due to the appearance of a coherent
|�+i� |��i state in the final state of the BNV scattering,
the sequence terminates, and one needs a �m-induced
decoherence, preferably satisfying condition (19), for a
repetition of the BNV scattering. In other words, in this
basis, the loss of coherence enhances the e�ciency of the
BNV process, unlimited by the captured DM number.

Addressing �B = 2 processes, we notice that the can-
cellation happens between the i = j and i 6= j terms,
resulting in �m

2
� suppression, while for �B = 1 pro-

cesses, the i = j terms cancel with each other, resulting
in �m� suppression.

Since we take �m� to be small, we focus on the �B =
1 process 2N ! N + e

+
/⌫̄. The relevant amplitude is

diagrammatically given by

iM =

n, p1 n, p3

n, p2 ⌫̄, p4

���� +

n, p1 n, p3

n, p2 ⌫̄, p4

�+�+ , (24)

where we focus on nn ! n⌫̄. In the small mass mixing
limit and m

2
n ⌧ m

2
�, we obtain

iM ' CNNNl ⇥ [ūn(p3)�↵un(p1)] [ū⌫̄(p4)�
↵
un(p2)] ,

(25)

6
One may instead start from this Lagrangian. In this basis, there

is no oscillation between �±, but it does not a↵ect our story since

both �± can destroy baryons, as is clear from the second line in

Eq. (23).

CNNNl =
im

2
n

24⇡2

�m�

m�
GBNVG�. (26)

where we note that there is a cancellation between the
first and second diagrams. Since we deal with a non-
renormalizable theory, on top of the loop contribution
computed above, we have the freedom to include higher-
dimensional operators by hand that induce nn ! n⌫̄. In
this sense, the numerical coe�cient in the above should
be understood as only indicative. From this amplitude,
we obtain the cross section

v�(nn ! n⌫̄) =
32

215⇡5

✓
�m�

m�

◆2

G
2
BNVG

2
�m

6
n. (27)

Converting the cross section to the nucleon decay rate
inside a nucleus in principle requires the knowledge of the
nucleon wave-function. Instead, we may perform a simple
estimate of the rate by multiplying the cross section by
the nuclear density [46]

�(nn ! n⌫̄) ⇠ 0.12 fm�3
⇥ v�(nn ! n⌫̄), (28)

to obtain

⌧(nn ! n⌫̄) ⇠ 1016 yrs⇥

✓
m�

�m�

◆2

⇥

✓
10�50 cm2

�BNVv/c

◆✓
10�45 cm2

��n

◆
. (29)

Without the two species �1 and �2 (or �±), the rate
contains a UV log divergence instead of the suppressing
factors of �m�/m� and is severely constrained.
In this di-nucleon decay process, a neutron is converted

to a neutrino and thus it leaves a hole in the nuclear shell.
Refilling the shell in nuclei such as 12C or 16O will result
in detectable signals for leading neutrino observatories.
Moreover, the outgoing neutron gets ⇠ mn/4 kinetic en-
ergy and is ejected from the nucleus. This may leave an
additional signal by, e.g., the Gd capture inside SK, or
via p+n ! D+� reaction in various hydrocarbon-based
neutrino detectors. To the best of our knowledge, there
is no experimental search looking for this specific decay
mode.
Thus, we just use the invisible decay searches in

Refs [47–51] assuming that the ejected neutron does
not leave visible signals. By requiring that ⌧(nn !

n⌫̄) > 1.4 ⇥ 1030 yrs [50], we obtain an upper bound on
�m�/m�:

�m�

m�
. 10�7

✓
10�50 cm2

�BNVv/c

◆1/2 ✓
10�45 cm2

��n

◆1/2

. (30)

Comparing this to Eq. (19), the terrestrial BNV pro-
cesses can easily be avoided while having su�ciently fast
�2 ! �1 conversion, or equivalently fast decoherence
of the final state �±. While strong mass degeneracy
�m�/m� ⌧ 1 may look like an additional fine-tuning,
the universality of interaction L2 will not contribute to

6

To compute this process, we go to the mass basis. The
mass matrix is

Lmass = �
�
�̄1 �̄2

�✓ m� �m�/2
�m�/2 m�

◆✓
�1

�2

◆
. (20)

Redefining the fields as
✓
�1

�2

◆
=

1
p
2

✓
1 1
�1 1

◆✓
��
�+

◆
, (21)

diagonalizes the mass matrix:

Lmass = �m��̄��� �m+�̄+�+, (22)

where m± = m� ± �m�/2. In this mass basis, our toy
model’s Lagrangian in Eq. (9) becomes6

L = Lmass +G� (�̄��µ�� + �̄+�µ�+) (p̄�
µ
p+ n̄�

µ
n)

+
GBNV

2

X

i,j=±
�ij�̄i�µ�j

⇣
e+�

µ
p+ ⌫̄�

µ
n

⌘
+ (h.c.),

(23)

where ��� = ��+ = �1 and �+� = �++ = 1. In this
basis, both the �+ and �� eigenstates violate the baryon
number. This does not mean, however, that �m = m+�

m� can be taken to zero, while still preserving repeated
BNV scattering. Due to the appearance of a coherent
|�+i� |��i state in the final state of the BNV scattering,
the sequence terminates, and one needs a �m-induced
decoherence, preferably satisfying condition (19), for a
repetition of the BNV scattering. In other words, in this
basis, the loss of coherence enhances the e�ciency of the
BNV process, unlimited by the captured DM number.

Addressing �B = 2 processes, we notice that the can-
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first and second diagrams. Since we deal with a non-
renormalizable theory, on top of the loop contribution
computed above, we have the freedom to include higher-
dimensional operators by hand that induce nn ! n⌫̄. In
this sense, the numerical coe�cient in the above should
be understood as only indicative. From this amplitude,
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Converting the cross section to the nucleon decay rate
inside a nucleus in principle requires the knowledge of the
nucleon wave-function. Instead, we may perform a simple
estimate of the rate by multiplying the cross section by
the nuclear density [46]
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Without the two species �1 and �2 (or �±), the rate
contains a UV log divergence instead of the suppressing
factors of �m�/m� and is severely constrained.
In this di-nucleon decay process, a neutron is converted

to a neutrino and thus it leaves a hole in the nuclear shell.
Refilling the shell in nuclei such as 12C or 16O will result
in detectable signals for leading neutrino observatories.
Moreover, the outgoing neutron gets ⇠ mn/4 kinetic en-
ergy and is ejected from the nucleus. This may leave an
additional signal by, e.g., the Gd capture inside SK, or
via p+n ! D+� reaction in various hydrocarbon-based
neutrino detectors. To the best of our knowledge, there
is no experimental search looking for this specific decay
mode.
Thus, we just use the invisible decay searches in

Refs [47–51] assuming that the ejected neutron does
not leave visible signals. By requiring that ⌧(nn !

n⌫̄) > 1.4 ⇥ 1030 yrs [50], we obtain an upper bound on
�m�/m�:

�m�
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. 10�7
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��n

◆1/2

. (30)

Comparing this to Eq. (19), the terrestrial BNV pro-
cesses can easily be avoided while having su�ciently fast
�2 ! �1 conversion, or equivalently fast decoherence
of the final state �±. While strong mass degeneracy
�m�/m� ⌧ 1 may look like an additional fine-tuning,
the universality of interaction L2 will not contribute to
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ing. Incoming DM could trigger O(GeV) energy releases
inside large-volume neutrino detectors such as Super-
Kamiokande (SK) [27]. Captured DM particles could also
catalyze a continuous energy release in old, cool neutron
stars (NSs) as schematically shown in Fig. 1. Moreover,
the presence of BNV interactions may have consequences
for processes without on-shell DM particles. Even if kine-
matics forbids tree-level proton decays, the presence of
BNV interactions could allow higher-loop proton decays
through virtual DM particles.

For concreteness, we consider two DM species �1

and �2 with �2 slightly heavier but nearly degenerate
masses (to avoid stringent terrestrial BNV constraints;
see Sec. III B). Because of the BNV interactions, �1 can
destroy nucleons via �1+p/n ! �2+e

+
/⌫̄, and a) result

in a novel heating mechanism in cold NSs and b) release
a detectable amount of energy inside large-volume neu-
trino detectors, such as SK. In order to continue this
process, �2 needs to decay/oscillate back to �1 on a rel-
atively short timescale. Oscillations, for example, can be
realized via �1 � �2 mass mixing. In this way, �2 gets
e↵ectively “recycled”, i.e. e�ciently converts back to �1,
and the nucleon destruction via BNV processes contin-
ues.2 We emphasize that this oscillation is not the only
option; we can instead have a decay of �2 back to �1.
To make our general discussion independent of specific
choices, we work in the oscillation basis, not in the mass
basis, in Sec. II.

In this paper, we explore each of these striking signals
of BNV DM in turn. Sec. II describes the main physics
idea, without specifying the model details. In Sec. II A,
we estimate the approximate bound coming from neu-
tron destruction in SK. In Sec. II B, we calculate the
constraints coming from heating NSs due to the DM-
catalyzed neutron destruction. There we also summarize
the basics of DM capture in NSs.

Next, we detail a simple toy model of DM in Section III
as a concrete realization of our idea. The toy model al-
lows us a concrete comparison of the constraints derived
in Sec. II with terrestrial constraints on BNV processes
where DM particles appear virtually in the loop. In
particular, we see that the introduction of two compo-
nents, �1 and �2, allows us to avoid stringent terrestrial
BNV constraints while preserving interesting signals in-
side NSs.

Finally, we conclude with some discussions of other
possible unusual DM interactions in Sec. IV.
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FIG. 1. Schematic diagram for DM-catalyzed baryon destruc-
tion inside a NS.

II. ESTIMATE OF SUPER-KAMIOKANDE
CONSTRAINT AND NEUTRON STAR HEATING

A. Constraint from Super-Kamiokande

The promising signals of DM-induced BNV interac-
tions inside large-volume neutrino detectors such as SK
have long been recognized [29, 30]. While these same in-
teractions could occur in large dark matter experiments,
they are always above threshold in the much-larger neu-
trino detectors, which are thus more constraining. In our
model, the following processes can occur inside the SK
fiducial volume:

�1 + p ! �2 + e
+
, (2)

�1 + p ! �2 + e
+ + (1- to -6)⇡. (3)

Any process that annihilates a proton may also lead to
the emission of pions.3 We concentrate on the pion-less
process for simplicity, noting that the cross sections for
Eq. (3) could be comparable to Eq. (2). Without yet
specifying any DM model, we denote the cross section
times the relative velocity for such process as v�BNV.
Then the rate of these positron-producing events in SK
is

RSK =
⇢�

m�
⇥ v�BNV ⇥N

SK
p , (4)

where ⇢� = 0.4 GeV/cm3 is the local DM energy den-
sity, NSK

p = (5/9) ⇥ (22.5 kT/mn) is the total number
of protons inside the fiducial volume of SK [27], and mn

is the mass of the nucleon. If neutrons are considered

3
The process in Eq. (3) is limited to six pions simply due to kine-

matics.

Capture of c generates a BNV cycle in the star

Loop-induced processes 
are under control.
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Heating rate in stars:
Catalytic destruction of baryons in NS

3

as initial targets, either the antineutrino is emitted as in
Eq. (1) or the charge is compensated by the additional
pion release, �1 + n ! �2 + e

+ + ⇡
�. The former is less

interesting in the context of a SK signal, while the latter
has a somewhat reduced phase space. However, it has a
more symmetric energy deposition, leading to less back-
ground, and will be constrained by the most sensitive
nucleon-decay searches.

The proton’s conversion to a positron [Eq. (2)] is very
similar to the electron-like event due to the charged cur-
rent interaction of atmospheric neutrinos (⌫e + ⌫̄e). The
latter is a well-established signal, with a rate of ⇠ 2
events/day [31], and less than O(1) event per day if a
proper energy window around mp is selected. For the
most conservative estimate, one may simply compare the
rate in Eq. (4) to 2 events/day. Of course, an additional
⇡
0 (�1+p ! �2+⇡

0+e
+) would result in more symmet-

ric events with three electron-like rings reconstructing
mp and significantly fewer background events. Assuming
the background is ⇠ 25⇥ lower for events with the ⇡

0,
we can set a very tight limit by demanding fewer than
30 events/year (as shown in Fig. 3).4 However, we see
below that, even with this rather aggressive treatment of
the SK bound, the NS heating (discussed in the next sub-
section) provides a much greater sensitivity to the BNV
interactions. Therefore, we primarily focus on probing
BNV interactions via NS heating.

B. Constraint from Neutron Star Heating

The flux of galactic halo DM particles through astro-
physical bodies such as stars can result in DM accumula-
tion due to occasional interactions with the stellar mate-
rial [32–35]. In the optically thin regime (for small DM-
nucleon scattering cross sections), compact stars such as
NSs are the ideal targets for DM searches as they can cap-
ture significant amounts of DM particles despite small
cross sections. This is simply because, in this regime,
capture primarily occurs via single collisions, and the
largest column density of nucleons can be encountered in
a NS, resulting in a very e�cient capture process, even
for a relatively small scattering cross section. Quantita-
tively, a solar-mass NS (residing in the Solar neighbor-
hood) with a typical radius of 10 km can capture DM
particles ⇠ 7 ⇥ 104 times more e�ciently than the Sun
for the same DM-nucleon interactions.

If DM has BNV interactions, the captured DM parti-
cles inside a NS can destroy the neutrons to yield neu-
trinos, liberating heat, and resulting in a novel heating
mechanism of cold NSs. More specifically, we are inter-

4
This is aggressive since by requiring an additional ⇡0

in the final

state, we expect that the cross section gets suppressed compared

to the original �BNV of the process (2); see, e.g., the analysis of

Ref. [28].

DM annihilation

Cooling rate of the
coldest observed NS
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FIG. 2. The heating rates from the annihilation of accumu-
lated DM inside a NS and DM-catalyzed baryon destruction
with �vBNV/c = 10�50 cm2 and 10�55 cm2. Since the to-
tal amount of DM captured inside a NS is minuscule com-
pared to the total mass of the neutrons, the heating rate from
DM annihilation is significantly smaller. We use the typical
NS parameters (see text for details) to estimate the heating
rates and the DM-nucleon scattering cross section is taken as
�th = 2.3⇥ 10�45 cm2 to achieve the maximal accumulation.
We note that M⇤/t⇤ = 1.7⇥1050 eV/s for PSR J2144-3933 so
that a larger �BNVv/c would even cause an O(1) destruction
of the NS within its lifetime.

ested in the following process:

�1 + n ! �2 + ⌫̄ and �2 ! �1. (5)

We assume that the mass di↵erence between �1 and �2

is negligible compared to mn so that the neutrino has
energy ⇠ mn. Since NSs are opaque to neutrinos of
GeV-scale energy, the liberated energy is consumed by
the NSs and heats them up. Since we expect that the
main consequence of BNV interactions is catalyzed heat
production in NSs, the coldest NS observed to date, PSR
J2144-3933 [36], potentially has the most constraining
power. For this particular NS, we assume its radius
(R?) = 11 km, mass (M?) = 1.4M�, surface tempera-
ture (T?) = 2.85 eV (T? is reported to be  2.85 eV ; we
take the largest value to be conservative), and lifetime
(t?) ⇡ 300 Myr [36, 37].

To estimate the heat generation, we first calculate the
number of DM particles captured over the lifetime of the
NS. GeV-PeV DM particles get trapped inside the NS
after a single collision [38, 39]. Therefore, if the DM par-
ticles do not annihilate among themselves, the number of
DM particles captured in the NS is [38]

N�1 = ✏cap

r
6

⇡

⇢�

m�
⇡R

2
? v̄

v
2
esc

v̄2

 
1�

1� e
�A2

A2

!
t? , (6)

Heating rates from BNV can be much larger 
than from the DM self-annihilation

4

where ✏cap = Min [1,��n/�th] is the capture e�ciency
which depends on the DM-nucleon scattering cross sec-
tions (��n). �th = ⇡R

2
?/Nn = 2.3 ⇥ 10�45 cm2 denotes

the threshold cross section up to which the single-collision
approximation is valid. Form�  106 GeV, the threshold
cross section also implies that all of the transiting DM
particles get trapped, and the geometric capture limit
is reached. We assume that the average velocity of the
DM particles in the Galactic halo is (v̄) = 220 km/s,
and the ambient DM density in the vicinity of the NS
is (⇢�) = 0.4 GeV/cm3. The escape velocity at the NS
surface is taken as vesc = 1.8⇥105 km/s, and the dimen-
sionless factor involving A

2 = 6m�mnv
2
esc/v̄

2(m��mn)2

accounts for ine�cient momentum transfers in the DM-
nucleon scattering. For DMmasses below⇠ 106 GeV, the
dimensionless factor involving A

2 evaluates to unity, and
as a result, the number of captured DM particles scales
inversely with the DM mass. However, for m� � 106

GeV, the kinematic suppression becomes important, and
the factor evaluates to A

2
/2, leading to N�1 / 1/m2

�.
We neglect possible general-relativistic corrections of the
capture rate, which can enhance the capture rate by at
most a factor of 2 [40].
The heating rate from neutron destruction is

dEheat

dt
= N�1 ⇥ v�BNV ⇥ nnmn , (7)

where nn is the neutron number density inside the NS.
While a more careful analysis would account for the non-
uniform density of neutrons within NSs, we assume that
a uniform neutron density in Eq. (7) is su�ciently accu-
rate to capture the physics for this initial study. Notice
that this novel heating mechanism inside NSs is drasti-
cally di↵erent from the heating via captured DM anni-
hilation [35, 40, 41] or kinetic energy transfer [42, 43].
In those cases, the energy injection is limited by the to-
tal energy density of the DM accumulated inside the NS,
which is significantly smaller. For m� = 100 GeV and
��n = �th, the heating rate via DM annihilation (kinetic
energy transfer) is ⇠ 3.2 ⇥ 1034 (⇠ 0.9 ⇥ 1034) eV/s.
For DM-catalyzed nucleon destruction, the heating rate
scales linearly with the BNV interaction strength and is
⇠ 2.6⇥ 1047 eV/s for �BNVv/c = 10�50 cm2; see Fig. 2.
This relatively large heating rate simply arises from the
fact that in the BNV scenario the energy is provided by
the mass of the neutrons, and neutrons are much more
abundant than the captured DM particles. Typically,
a NS can accumulate a maximum of O(10�16)M� mass
throughout its lifetime which is significantly smaller than
the total mass of the neutrons.
Old NSs can be treated as black bodies that cool

according to the classical Stefan-Boltzmann law [44].
Therefore, their cooling rate may be approximated by

dEloss

dt
= 4⇡R2

?�SBT
4
?

= 6.4⇥ 1038
eV

s

✓
R?

11 km

◆2 ✓
T?

2.85 eV

◆4

, (8)

FIG. 3. Constraints on DM BNV interactions from the non-
observation of anomalous heating of the cold NS PSR J2144-
2933 (yellow shaded regions) for di↵erent DM-nucleon scatter-
ing cross sections. Since the accumulation rate scales linearly
with the DM-nucleon scattering cross sections, constraints on
BNV interactions become stronger with larger ��n, and max-
imal sensitivity can be achieved for ��n = �th (the geometric
accumulation rate). The dashed yellow curve corresponds to
��n saturating the current direct-detection bound [45]. Con-
straints from Super-Kamiokande (see text for more details)
are also shown by the blue shaded region.

where �SB is the Stefan-Boltzmann constant. Here, we
stress that, even with the coldest observed NS, the heat-
ing rate via DM annihilation (or via kinetic energy trans-
fer) is not su�cient to induce any observable e↵ect,
whereas, in the case of DM-catalyzed baryon destruction,
the heating rate causes observable temperature increases
in cold NSs (see Fig. 2). Therefore, the non-observation
of any anomalous heating of cold NSs provides a novel
way of probing DM BNV interactions. We obtain the
constraint on BNV interactions shown in Fig. 3 by sim-
ply demanding that dEheat/dt  dEloss/dt.

III. A SIMPLE TOY MODEL

While one could frame the discussion in terms of the
overall DM-nucleon BNV cross sections, in this section,
we would like to take this topic further, and construct
a simple model that realizes DM BNV physics. The
model will give us some idea of whether the experimen-
tal/observational sensitivity derived in the previous sec-
tion is actually realistic in terms of model parameters.
Moreover, a concrete model allows comparison between
on-shell DM scattering with BNV processes where DM
particles appear virtually in the loop processes.
We now describe a concrete realization of the above

Constraints from SK on DM-induced BNV

Constraints on neutron star heating 
from BNV dark matter (for two 
representative values of cross 
section)
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Neutron Star as a “astrophysical beam dump”

Proto-NS Old NS
Fe
core F ,-
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If there are long-lived particles that can be produced inside a young 
NS, survive inside neutron star for ~1016 seconds, and generate heat 
by decay/annihilation, an old neutron star can be used as a type of 
calorimetric detector. 



25

Freeze-in and freeze-out dark matter
Two popular scenarios for particle dark matter. At some early cosmological epoch, 
T >> DM mass, the abundance of these particles relative to a species of SM (e.g. 
photons) was
§ Abundant: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. 

Stability of particles on the scale tUniverse is required. Freeze-out calculation gives 
the required annihilation cross section for DM -> SM of order ~ 1 pbn, which 
points towards weak scale. These are WIMPs. (asymmetric WIMPs are a 
variation.) Residual annihilation continues post-freeze out (CMB or astro 
constraints apply, mDM> 10 GeV)

§ Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never 
in thermal equilibrium. Populated by thermal leakage of SM fields with sub-
Hubble rate (freeze-in) or by decays of parent WIMPs. 

If particles are stable, there is no residual cosmological annihilation (rates are 
small), but there is residual annihilation in neutron stars. MP and S. Roychowdhury. 

↳
xx)H

M
"Fout log Tum logt
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Freeze-in dark matter in NS
§ Strong constraints on MeV scale KK towers; Hannestad, Raffelt, 2004.
§ Weak-scale (i.e. heavy) freeze-in dark matter is not constrained – 

never produced and hardly captured. 
§ O(1- 100 MeV) freeze in DM can be produced in SN explosion, 

and the reverse annihilation is delayed – can be a source of NS 
heating. Importantly, time scale for annihilation is much longer

§ *** O(100 MeV) bosonic DM (produced in-situ) can also turn 
neutron star into a BH. 

Trapped

Escaped-
SM DM

DM SM

/5twtexpl ~ 8 see

Tr50New
TnsSel

Mass relation: mY > mX , mX ' 3m�, gX,Y / O(10�3), " ⌧⌧ 1.

�prod ⇠ nSM ⇥ h�SM!��̄vi � �ann ⇠ nDM ⇥ h���̄!SMvi (80)
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Model example

the explosion stage. We necessarily have

N� = 4⇡

Z r0

0

r2dr ⇥ n�(r) =
4

3⇡

Z r0

0

r2dr

✓
m2Rs

2R3
(r20 � r2)

◆3/2

(73)

=
1

24⇥ 23/2

✓
Rs

R

◆3/2 ⇣r0
R

⌘6

R3m3

Let’s first assume ⌧ann � tstar. Then, N� is preserved from the initial
explosion, and

N� ⇠ nSM ⇥ 4⇡

3
R3 ⇥ (texpl/⌧emit) (74)

Equating these two things, we get an e↵ective volume compared to the star
volume, (r0/R)6 ⌘ V 2

0 /V
2,

V0

V
=

⇣nSM

m3

⌘1/2

(texpl/⌧emit)
1/2 ⇥ 8(21/2⇡)1/2 (75)

The first coe�cient here can be order 1, the second coe�cient we believe
is 10�2 if indeed ⌧emit is on the order of 105 seconds, and the last numerical
factor is somewhat large ' 17. It seems that the parametric smallness coming
from (texpl/⌧emit)1/2 will be somewhat compensated by the numerical factor
here.

7. Simplest models with the suppressed annihilation.

I would like to construct simplest models with suppressed annihilation. Let
us look at the following construction: a mediator particle (e.g. scalar or
vector) that leads to the production on shell, but the reverse process requires
the o↵-shell process.

Consider a model with gauged Lµ � L⌧ , connected with the entire dark
sector. Here is the breakdown of the Lagrangian:

L = LLµ�L⌧ + Ldark + Lportal, (76)

LLµ�L⌧ = L̄(µ)�↵(i@↵ + gXX↵)L(µ) + L̄(⌧)�↵(i@↵ � gXX↵)L(⌧) (77)

Ldark = �̄(�↵(i@↵ + gY Y↵)�m�)� (78)

Lportal = "
1

2
Xµ⌫Yµ⌫ (79)

Mass relation: mY > mX , mX ' 3m�, gX,Y / O(10�3), " ⌧⌧ 1.

15

Self-thermalization leads to partial evaporation of DM, and cooling of DM fluid. 
Annihilation to neutrinos inject energy to neutron star. 

Mass relation: mY > mX , mX ' 3m�, gX,Y / O(10�3), " ⌧⌧ 1.

�prod ⇠ nSM ⇥ h�SM!��̄vi � �ann ⇠ nDM ⇥ h���̄!SMvi (80)

Production : ⌫⌫̄ ! Y (on� shell); Y ! ��̄; � / (gX")
2

Self � thermalization : ��̄ ! ��̄

Annihilation : ��̄ ! Y (o↵ � shell) ! ⌫⌫̄; � / (gX")
2 ⇥ g2Y

•
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Constraints on the parameter space 
Let us choose: mY = 30 MeV; mc = 10 MeV. 
§ Early Universe: Freeze-in abundance
matches the DM abundance                                                                  if  aXe2=10-26

§ Since texpl/tHubble ~104, abundance of SN freeze-in DM is larger than in the early 
Universe at the same temperature. nDM ~10-4 TSN

3 .
§ Annihilation back to neutrinos (G ~aY×aXe2), and the heating of neutron star is 

delayed to parametrically ~ 109 sec × (aY)-1. 

DM freeze-in line

Excluded by NS heating

aXe2

aY

10-26

10-610-9

Annihilation is 
too slow

Annihilation  
occurs too early

L = GT (ω̄εµωω)(n̄εµωn) +GA(ω̄ϑµϑ5ω)(n̄ϑµϑ5n)

Hεn = (GA +GT )(ϖεnϖεε)ϱ
(3)(rn → rε); Hε̄n = (GA →GT )(ϖεnϖεε̄)ϱ

(3)(rn → rε̄)

nε+ε̄

s
↑ ςXφ

2 ↓ 30MeV

mY

↓ 7.4↓ 1018

!ω̄+ ω = !DM ↔ nε+ε̄

s
↑ 4.3↓ 10→8 ↓ 10MeV

mε

ςXφ
2 ↑ 10→13
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Preliminary

The coupling constants 
and mass range probed 
by heating of old NS 
corresponds to DM-SM 
scattering cross section ~ 
10-53 cm2.
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Conclusions
1. Neutron stars provide a unique calorimetric way of probing new 

physics. DM-induced NSàBH process is important even for 
symmetric DM, with asymmetric DM-nucleon cross section. 

1. nàn’ conversion offers an interesting heating mechanism for old NS. 
Taking at face value the constraint of TNS < 40000 K for the oldest 
pulsar results in a very restrictive bound for d < 10-17 eV for mirror 
neutron models.

2. For some models, NS can limit baryon-number-violating interactions 
of DM better than any other probes, such as neutrino detectors.

3. NS provide unique probes of stable freeze-in DM in the mass range 
MeV - 100MeV. Initial SN production of DM leads to gravitationally 
trapped population. The late time annihilation is limited by the 
temperature of the coldest neutron stars. 


