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Plan

1. Introduction. Broad look at dark sectors. 
2. Neutron portal: a window into interesting phenomenology.
3. What happens when proton is stable and Hydrogen atom is not.
4. Select cosmological bounds.
5. Neutron star bounds on mirror neutrons.
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 = light BSM states

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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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµi Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµi Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
JµA  ¶µ a /f      axionic portal
……….

Classes of portal interactions



A simple model of dark sector

§ Investigation of dark sector parameter space is an active field 
of research at the moment 5

�

⇥

� �

e

⇤

Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].
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Plot from recent Physics 
Beyond Colliders review



§ Due to a composite nature of nucleons, this is a higher-
dimensional operator
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Neutron BSM fermion
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A similar model for a baryon portal? 



A similar model for a baryon portal? 

§ Due to a composite nature of nucleons, this is a higher-
dimensional operator
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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! 8

proton        neutron BSM fermion

pion
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Motivation for studying neutron portal

• Economical new physics, with implications for high- and low-energy 
physics experiments

• ”Shared” baryon number provides interesting possibilities for 
baryogenesis. 

• A new fermion c maybe stable, in which case it is an appealing DM 
candidate, and a mass close to mn maybe also behind rDM ~ rbaryon

• New effects in cosmology where neutrons are crucial: neutron stars, 
Big Bang Nucleosynthesis. 

• Novel effects in neutron physics: new neutron decay channels, 
oscillations into dark states, oscillations back (regeneration)
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Motivation for studying neutron portal
• Dark photons (e.g.) are well studied
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).

2 Patras 2013
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omitting O(1) factors, one can give a parametric estimate
for the electromagnetic energy release per baryon

Ep.b. ⇤
mV �prodH

�1
T=mV

nb,T=mV

⇤ 0.1�e�MPl

⇤b
⇤ �e� ⇥1036 eV,

(4)
where we took the production rate per volume �prod to
be given by the product of the typical number density of
particles in the primordial plasma and the V decay rate,
⌃�1
V n�,T=mV . The production rate is active within one
Hubble time, H�1

T=mV
, which leads to the appearance of

the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
⇤�1
b = 1.6 ⇥ 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of �e� . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB anisotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an e⇥ective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.
In this paper, we intend to improve the calculations of

the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalescence of e± and µ±, ll̄ ⌅ V , shown in figure 2.

The Boltzmann equation for the total number density
of V takes the form

ṅV + 3HnV =
⇧

i=l,l̄,V

⌃ �
d3pi

(2⇧)32Ei

⇥
NlNl̄ (5)

(2⇧)4⇥(4)(pl + pl̄ � pV )
⌅

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
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FIG. 1. An overview of the constraints on the plane of vector
mass versus mixing, showing the regions excluded by due to
their impact on BBN and CMB anisotropies. These excluded
regions are shown in more detail in later sections.

The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(�El(l̄)/T )]

�1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ ⌅ e(El+El̄)/T .
Although parametrically not justified, numerically the
FD⌅MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].

The matrix element
⇤

|Mll̄|2 is summed over both
initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant

Neutron-dark 
fermion 
mixing angle.

Mass of dark 
fermion

?
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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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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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Neutron portal and its UV completions

Grinstein, Fornal 2018, PRL
4

FIG. 1. Dark decay of the neutron in model 1.

PARTICLE PHYSICS MODELS

We now present two microscopic renormalizable models
that are representative of the cases n ! �� and n ! ��.

Model 1

The minimal model for the neutron dark decay requires
only two particles beyond the SM: a scalar � = (3, 1)�1/3

(color triplet, weak singlet, hypercharge �1/3), and a Dirac
fermion � (SM singlet, which can be the DM). This model is a
realization of the case n ! ��. The neutron dark decay pro-
ceeds through the process shown in Fig. 1. The Lagrangian of
the model is

L1 =
�
�q ✏

ijk uc
Li dRj�k + ���

⇤i�̄ dRi + �l Qc
Ri lL�

⇤i

+�Q ✏ijk Qc
RiQLj�k + h.c.

�
�M2

�|�|
2
�m� �̄ � , (14)

where uc
L is the complex conjugate of uR. We assign baryon

numbers B� = 1, B� = �2/3 and, to forbid proton decay
[28–30], assume baryon number conservation, i.e. set �l = 0
[31]. For simplicity, we choose �Q = 0. The rate for n!��
is given by Eq. (7) with

" =
� �q��

M2
�

and � defined by

h0|✏ijk
�
uc
LidRj

�
d⇢Rk|ni = �

� 1+�5

2

�⇢
�
u� .

Here u is the neutron spinor, � is the spinor index and the
parenthesis denote spinor contraction. Lattice QCD calcu-
lations give � = 0.0144(3)(21) GeV3 [32], where the er-
rors are statistical and systematic, respectively. Assuming
m� = 937.9 MeV to maximize the rate, the parameter choice
explaining the anomaly is

|�q��|

M2
�

⇡ 6.7⇥ 10�6 TeV�2 . (15)

In addition to the monochromatic photon with energy E� <
1.664 MeV and the e+e� signal, one may search directly also
for �. It can be singly produced through p p ! � or pair
produced via gluon fusion g g ! ��. This results in a dijet
or four-jet signal from � ! dcuc, as well as a monojet plus
missing energy signal from � ! d�. Given Eq. (15), � is not
excluded by recent LHC analyses [33–38] provided M� &
1 TeV [39].

FIG. 2. Dark decay of the neutron in model 2.

If � is a DM particle, without an efficient annihilation chan-
nel one has to invoke non-thermal DM production to explain
its current abundance. This can be realized via a late decay of
a new heavy scalar, as shown in [40] for a similar model. Cur-
rent DM direct detection experiments provide no constraints
[41].

The parameter choice in Eq. (15) is excluded if � is a
Majorana particle, as in the model proposed in [42], by
the neutron-antineutron oscillation and dinucleon decay con-
straints [23, 24]. Neutron decays considered in [43] are too
suppressed to account for the neutron decay anomaly.

Model 2

A representative model for the case n ! �� involves four
new particles: the scalar � = (3, 1)�1/3, two Dirac fermions
�̃, �, and a complex scalar �, the last three being SM singlets.
The neutron dark decay in this model is shown in Fig. 2. The
Lagrangian is

L2 = L1(� ! �̃) + (��
¯̃���+ h.c.)�m2

�|�|
2
�m� �̄ � .

(16)

Assigning B�̃ = B� = 1 and B� = 0, baryon number is con-
served. We have also imposed an additional U(1) symmetry
under which � and � have opposite charges. For m� > m�

the annihilation channel � �̄ ! � �̄ via a t-channel �̃ ex-
change is open. The observed DM relic density, assuming
m� = 937.9 MeV and m� ⇡ 0, is obtained for �� ' 0.037.
Alternatively, the DM can be non-thermally produced.

The rate for n ! �� is described by Eq. (12) with " =
� �q��/M2

�. For m�̃=m�, the anomaly is explained with

|�q��|

M2
�

|��|

0.04
⇡ 4.9⇥ 10�7 TeV�2.

For �� ⇡ 0.04 this is consistent with LHC searches, pro-
vided again that M� & 1 TeV. Direct DM detection searches
present no constraints. For similar reasons as before, � and �̃
cannot be Majorana particles.

As discussed above, in this model the branching fractions
for the visible (including a photon) and invisible final states
can be comparable, and their relative size is described by
Eq. (13). A final state containing an e+e� pair is also pos-
sible. The same LHC signatures are expected as in model 1.

• In this example, the scale of the UV completion (i.e. the mass of F 
scalar) can be made in the 10’s of TeV’s, and far outside the current 
collider reach.

• Neutron lifetime issues can be addressed [maybe]

• It makes total sense to study exotic channels for neutron decay.

• Very quickly, new gamma and electron-positron decay channels
were investigated! (Tang et al, 2018, 1802.01595)
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Simplest low-energy model
• A tantalizing simple model consists of one dark fermion c.

• Two-parameter model: mass-mixing angle {Dm, q =d /Dm} 

• 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

�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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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
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Other models with sub-GeV states carrying B and
lepton number, L, can lead to the decay of hydrogen.
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Proton and nuclei maybe stable by H-atom 
can decay

• If mc < mp+me, there is a possibility for H à c + n decay. 
• It looks like a “completely dark” decay. 
• Radiative hydrogen decay is discoverable, however, via the energy 

release associated with ~ 100’s keV photon. 

3

p
✓

�

⌫e�
�

H

FIG. 1. Radiative hydrogen decay in the neutron mixing
model. A similar diagram can be drawn in the toy model
and EFT we consider where we replace ⌫ and � with � or `
and b, respectively.

Such models have often been considered in the context
of asymmetric dark matter (see, e.g. [16]). As mentioned
above, in the toy model of Eq. (1), if m� < M then
H ! �� proceeds emitting a monochromatic photon of
energy ! = Q = M �m�.

We also consider a simple setup involving two exotic,
light neutral fermions, ` and b, carrying L = 1 and B = 1,
respectively. These can interact with the electron and
proton through a dimension-6 operator. For simplicity,
we consider the scalar-scalar operator,

L`b =
1

⇤2
(b̄ p)(¯̀e). (8)

Of course, depending on the UV completion, other
Lorentz structures are possible. Also depending on the
UV completions are the strengths of the operators that
could induce related processes such as neutron decay. For
instance, given the scalar in Eq. (1), one might expect
⌫̄
c
n� to exist, while (b̄ n)(¯̀⌫) could exist in the EFT.

These operators are necessarily generated in the presence
of (1) and (8) at loop level, but because of the model
dependence of their strengths, we do not discuss them
further.

As in the neutron-mixing model, the stability of 9Be
(and the proton) is ensured if m` +mb > 937.993 MeV.
If m` +mb = M �Q < M , H ! `b occurs through (8).
We assume that �, `, and b are either stable on the scale
of the Borexino experiment or that they decay into dark
sector states so that they do not leave any other visible
signature. If mb or m` is zero, then the rate for this
decay is parametrically the same as in Eq. (5). When m`

and mb are comparable, the rate scales di↵erently with
Q. Taking m` = mb for definiteness, the decay rate is

�H!`b ' | (0)|2
p

M3Q

4
p
2⇡⇤4

=
�
3⇥ 1027 s
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me
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◆4

.

(9)

For m` = 0 the radiative branching ratio is the same
as in the neutron-mixing case in (6) while for mb = 0 it

is simply half that. Given the similarity of the m`,b = 0
rates to the neutron-mixing case, we will not consider
these points in parameter space further, noting that lim-
its can simply be translated from the neutron-mixing
case.
For equal masses, m` = mb, the photon spectrum in

radiative H decay is slightly harder than in neutron mix-
ing, peaked at ! = 2Q/3,

dBrH!`b�

d!
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m2
e

r
1�

!

Q
. (10)

We now move on to discuss the experimental signature
of these scenarios from radiative hydrogen decay.
Decays at Borexino.—The Borexino solar neutrino

experiment contains a large amount of radio-pure or-
ganic scintillator, and thus hydrogen atoms, in a low-
background environment. Its extreme radio-purity allows
the threshold for the detection of electromagnetic energy
depositions to be reduced down to ⇠ 200 keV set by the
14C background. It is therefore the most promising ex-
periment to search for the radiative decay of hydrogen.
The fiducial volume of Borexino is O(100 t) of pseudoc-
umene which is about 10% hydrogen by weight. This
means that, in the neutron-mixing model, the total ra-
diative hydrogen decay rate at Borexino is about

4⇥ 104
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me

◆4 ✓
fmol

0.5

◆
, (11)

where the last factor,

fmol ⌘

����
 mol(0)

 (0)

����
2

, (12)

represents the reduction in the probability of finding the
electron at the location of the proton in the molecular
state from that in atomic hydrogen. We somewhat con-
servatively normalize this to 0.5; note that the value of
fmol in simple hydrocarbons, e.g., methane [17], can be
slightly larger than this.
In the scalar toy model, since the radiative mode is the

leading decay mode and the photon is emitted monochro-
matically, it is more physically meaningful to parame-
terize the number of radiative decays simply by the H
lifetime than by �. The number of events expected at
Borexino is then

3⇥ 103

100 t day

✓
1032 s

⌧H

◆
. (13)

For the e↵ective operator of (8) with m` = mb, the
total photon production rate is roughly
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100 t day
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me
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◆
. (14)

Given that the total rate of electromagnetic energy
deposition seen at Borexino above 225 keV is about

Radiative decays of H can be probed down to ~ 50 keV energy release 
through Borexino data on “e decays”, and by Borexino test facility results 
from the 1990s
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Investigation of limits on H lifetime

§ McKeen and MP, this year

§ Large hydrocarbon-containing detectors are being used for the 
solar neutrino studies: Borexino, SNO+, etc. Lots of H. 

§ Radiative decays of H can be probed down to ~ 50 keV energy 
release through Borexino data on “e decays”, and by Borexino test 
facility results from the 1990s
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FIG. 1. Radiative hydrogen decay in the neutron mixing
model. A similar diagram can be drawn in the toy model
and EFT we consider where we replace ⌫ and � with � or `
and b, respectively.
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instance, given the scalar in Eq. (1), one might expect
⌫̄
c
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These operators are necessarily generated in the presence
of (1) and (8) at loop level, but because of the model
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For m` = 0 the radiative branching ratio is the same
as in the neutron-mixing case in (6) while for mb = 0 it

is simply half that. Given the similarity of the m`,b = 0
rates to the neutron-mixing case, we will not consider
these points in parameter space further, noting that lim-
its can simply be translated from the neutron-mixing
case.
For equal masses, m` = mb, the photon spectrum in

radiative H decay is slightly harder than in neutron mix-
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We now move on to discuss the experimental signature
of these scenarios from radiative hydrogen decay.
Decays at Borexino.—The Borexino solar neutrino

experiment contains a large amount of radio-pure or-
ganic scintillator, and thus hydrogen atoms, in a low-
background environment. Its extreme radio-purity allows
the threshold for the detection of electromagnetic energy
depositions to be reduced down to ⇠ 200 keV set by the
14C background. It is therefore the most promising ex-
periment to search for the radiative decay of hydrogen.
The fiducial volume of Borexino is O(100 t) of pseudoc-
umene which is about 10% hydrogen by weight. This
means that, in the neutron-mixing model, the total ra-
diative hydrogen decay rate at Borexino is about
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where the last factor,
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represents the reduction in the probability of finding the
electron at the location of the proton in the molecular
state from that in atomic hydrogen. We somewhat con-
servatively normalize this to 0.5; note that the value of
fmol in simple hydrocarbons, e.g., methane [17], can be
slightly larger than this.
In the scalar toy model, since the radiative mode is the

leading decay mode and the photon is emitted monochro-
matically, it is more physically meaningful to parame-
terize the number of radiative decays simply by the H
lifetime than by �. The number of events expected at
Borexino is then
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For the e↵ective operator of (8) with m` = mb, the
total photon production rate is roughly
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Given that the total rate of electromagnetic energy
deposition seen at Borexino above 225 keV is about
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Investigation of limits on H lifetime

§ Radiative branching in the mixing model:

§ Photon spectrum

§ Total radiative branching

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
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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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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
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This is peaked at ! = Q/3. The total radiative branching
fraction is
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Other models with sub-GeV states carrying B and
lepton number, L, can lead to the decay of hydrogen.
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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
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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
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p ! ⌫�. The hydrogen decay rate in the
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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
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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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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
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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
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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
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This is peaked at ! = Q/3. The total radiative branching
fraction is
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Other models with sub-GeV states carrying B and
lepton number, L, can lead to the decay of hydrogen.
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Investigation of limits on H lifetime

§ McKeen and MP, 2003.02270

§ Adding constraints on mass-mixing parameter space. 
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Investigation of limits on H lifetime
§ McKeen and MP, 2003.02270

§ Limits on H lifetime in various models

§ Typical constraints are at ~ 1030 seconds level.
§ This is ~ several orders of magnitude less tight than p decay limits 
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Could H decay to a more interacting species 
than neutrino + c?  

2

is the experimental limit on the proton lifetime and N�
p

is the total number of protons in the Sun. An interesting
caveat that has been discussed in recent literature is that
if the masses of new physics daughter particles lie close
to mp,n, the proton itself may be stable but the hydrogen
atom could decay. Although relatively strong bounds can
be derived on the lifetime of H using the sensitivity to
the final state photon in the radiative capture of e� by
p [7], these bounds are in fact many orders of magnitude
milder than ⌧p limits. To summarize, one has the follow-
ing picture of the maximum attainable fluxes of daughter
particles (assuming O(1) multiplicities):
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All of these decays, and we will concentrate on that
of H, can be considered as portals to a new sector that
may have additional interactions with the sm, and reveal
themselves via scattering or decay. Motivated by recent
xenon1t results, we will focus on sub-10 keV energy de-
position, while in principle H-portal couplings could lead
to up to few 100 MeV energy release. We investigate
the detection of large fluxes of daughter states of H de-
cay occurring in both the Sun and Earth. In particular
we explore the two scenarios summarized in Fig. 1: the
daughter states could either scatter on electrons or de-
cay to a photon final state in the detector. We show that
in both scenarios there exist large regions of parameter
space that result in the right flux and energy deposi-
tion in xenon1t to fit the recent excess well. From a
more conservative standpoint, independent of this par-
ticular excess, sensitive neutrino and direct dark matter
detection experiments can be used to probe properties of
particles emerging from H decays.

Terestrial H decay to metastable state.—We first
consider a model with the neutron portal, in which the
neutron mixes with a dark neutron � (that may be ele-
mentary or composite):

L � � (n̄�+ �̄n) (2)

with mixing angle ✓ = �/ (mn � m�). This model has
received much theoretical and experimental attention in
connection with the neutron lifetime discrepancy [8, 9] as
well as potential connections to dark matter [10, 11]. If
m� < mH ' mp +me, atomic hydrogen decays to �+ ⌫e

with a lifetime [7, 9]
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FIG. 1. The two scenarios considered in this work that could
explain the xenon1t electron recoil excess. In the first, H
atoms decay on Earth (primarily in the oceans) to produce a
dark baryon that propagates through the Earth and decays
in a detector to another fermion and a photon. In the second,
e�p capture in the Sun produces a fast-moving long-lived dark
sector particle that scatters on detector electrons.

where Q = mH�m�. In this model the hydrogen lifetime
through this channel is constrained to be ⌧H & 1029 s
by a search for n ! �� [12] and a recast of Borexino
data [13] to constrain H ! �⌫� [7], displayed in the top
panel of Fig. 2. There is also a lower limit on the � mass
of m� > 938.0 MeV from the stability of 9Be [10, 14].
Given this bound, the speed of �’s produced in H decay is
v�/c ' Q/m� < 0.8⇥10�3. This is lower than the Sun’s
surface escape velocity of 0.002c, which can be overcome
only by the energetic tail of the Boltzmann distribution.
Therefore for detecting � on Earth, we must consider
terrestrial sources of hydrogen. One simple possibility to
detect �’s after production involves a slight extension of
the model: we add a neutral fermion  , and a transition
magnetic dipole moment between � and  ,1

L �
1

⇤d
 ̄�µ⌫Fµ⌫� . (4)

If m� � m ⌘ �m > 0, � decays to  and a photon of
energy ! = �m with the decay length

v�⌧� = 6 ⇥ 108 cm

✓
3 keV

�m

◆3

⇥

✓
⇤d

105 GeV

◆2 ✓ Q

100 keV

◆ (5)

when produced in H decay. For v�⌧� not too small com-
pared to the radius of Earth, R� = 6.4 ⇥ 108 cm, the

1 Indeed we expect that the dark neutron has additional interac-
tions because of constraints from neutron stars [15] as well as
inheriting a magnetic moment from the neutron.

2

is the experimental limit on the proton lifetime and N�
p

is the total number of protons in the Sun. An interesting
caveat that has been discussed in recent literature is that
if the masses of new physics daughter particles lie close
to mp,n, the proton itself may be stable but the hydrogen
atom could decay. Although relatively strong bounds can
be derived on the lifetime of H using the sensitivity to
the final state photon in the radiative capture of e� by
p [7], these bounds are in fact many orders of magnitude
milder than ⌧p limits. To summarize, one has the follow-
ing picture of the maximum attainable fluxes of daughter
particles (assuming O(1) multiplicities):

�global+MW
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⌧DM

◆✓
1GeV

mDM

◆
,

��
proton decay

⇠ 10�8 cm�2s�1

✓
1030 yr

⌧p

◆
,

��
H decay

⇠ 103 cm�2s�1

✓
1028 s

⌧H

◆
,

��
H decay

⇠ 1 cm�2s�1

✓
1028 s

⌧H

◆
.

(1)

All of these decays, and we will concentrate on that
of H, can be considered as portals to a new sector that
may have additional interactions with the sm, and reveal
themselves via scattering or decay. Motivated by recent
xenon1t results, we will focus on sub-10 keV energy de-
position, while in principle H-portal couplings could lead
to up to few 100 MeV energy release. We investigate
the detection of large fluxes of daughter states of H de-
cay occurring in both the Sun and Earth. In particular
we explore the two scenarios summarized in Fig. 1: the
daughter states could either scatter on electrons or de-
cay to a photon final state in the detector. We show that
in both scenarios there exist large regions of parameter
space that result in the right flux and energy deposi-
tion in xenon1t to fit the recent excess well. From a
more conservative standpoint, independent of this par-
ticular excess, sensitive neutrino and direct dark matter
detection experiments can be used to probe properties of
particles emerging from H decays.

Terestrial H decay to metastable state.—We first
consider a model with the neutron portal, in which the
neutron mixes with a dark neutron � (that may be ele-
mentary or composite):

L � � (n̄�+ �̄n) (2)

with mixing angle ✓ = �/ (mn � m�). This model has
received much theoretical and experimental attention in
connection with the neutron lifetime discrepancy [8, 9] as
well as potential connections to dark matter [10, 11]. If
m� < mH ' mp +me, atomic hydrogen decays to �+ ⌫e

with a lifetime [7, 9]

⌧H = 1029 s

✓
10�10

✓

◆2 ✓
me

Q

◆2

, (3)
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FIG. 1. The two scenarios considered in this work that could
explain the xenon1t electron recoil excess. In the first, H
atoms decay on Earth (primarily in the oceans) to produce a
dark baryon that propagates through the Earth and decays
in a detector to another fermion and a photon. In the second,
e�p capture in the Sun produces a fast-moving long-lived dark
sector particle that scatters on detector electrons.

where Q = mH�m�. In this model the hydrogen lifetime
through this channel is constrained to be ⌧H & 1029 s
by a search for n ! �� [12] and a recast of Borexino
data [13] to constrain H ! �⌫� [7], displayed in the top
panel of Fig. 2. There is also a lower limit on the � mass
of m� > 938.0 MeV from the stability of 9Be [10, 14].
Given this bound, the speed of �’s produced in H decay is
v�/c ' Q/m� < 0.8⇥10�3. This is lower than the Sun’s
surface escape velocity of 0.002c, which can be overcome
only by the energetic tail of the Boltzmann distribution.
Therefore for detecting � on Earth, we must consider
terrestrial sources of hydrogen. One simple possibility to
detect �’s after production involves a slight extension of
the model: we add a neutral fermion  , and a transition
magnetic dipole moment between � and  ,1

L �
1

⇤d
 ̄�µ⌫Fµ⌫� . (4)

If m� � m ⌘ �m > 0, � decays to  and a photon of
energy ! = �m with the decay length

v�⌧� = 6 ⇥ 108 cm

✓
3 keV

�m

◆3

⇥

✓
⇤d

105 GeV

◆2 ✓ Q

100 keV

◆ (5)

when produced in H decay. For v�⌧� not too small com-
pared to the radius of Earth, R� = 6.4 ⇥ 108 cm, the

1 Indeed we expect that the dark neutron has additional interac-
tions because of constraints from neutron stars [15] as well as
inheriting a magnetic moment from the neutron.

We (McKeen, MP, Raj) 
have considered two 
speculative scenarios vs 
Xenon1T electron excess,
that could conceivably 
come from this exotic 
source
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Cosmological bounds
(McKeen, Raj, MP, 2012.09865)
(back to the minimal model)
§ Early Universe can lead to new bounds. 
§ Equilibration n ß à c at early times is inevitable. 
§ Subsequent decay dumps energy via n à c+g or c à n+g. (CMB 

and BBN implications) 
§ Extra neutrons can be supplied at late times (e.g. ~104 seconds) 

affecting BBN outcomes.
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BBN chronology

• Late stages of BBN occur in “neutron starvation” regime. Any 
new addition of n will be reflected in elevated D/H. 

• “Dark neutrons” can be converted to normal neutrons via 
c+gàn. This will work well for smaller mass splittings!
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Cosmological bounds
Assuming c abundance = DM abundance

• Small sliver of parameter space still exists for neutron lifetime!

• CMB limits on the left come from cà p + e + n decays at late times.  
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Cosmological bounds
Same for small abundance, 1% from the baryon abundance.

• NS constraints at small angle follow from nàc conversion and do not rely on 
chi being dark matter 
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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 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. 



27

Mirror neutrons and old neutron stars

From McKeen, MP, Raj, 2105.09951

• The coldest pulsar, J2144-3933, T < 3000K  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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Conclusions
1. Neutron portal is an example of “economical new physics” at low 

energy. (However, unlike dark photon or neutrino portal, this is a 
higher-dimensional operator.) Needs to be explored!

2. We set a number of new limits on the “minimal model” in that 
context: through radiative H-decays and  cosmology. New constraints 
“almost entirely” exclude model of n à c g correcting neutron 
lifetime.

3. If H can decay to c, typically we get tH > 1030 seconds. 

4. nàn’ conversion offers an interesting heating mechanism for old NS.
Taking at face value the constraint of TNS < 4000 K for the oldest 
pulsar results in a very restrictive bound for d < 10-17 eV. 


