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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.
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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 simply would not
have formed. Although the neutron was discovered 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 β decay
n → pþ e− þ ν̄e, described by the matrix element
M¼ ðGF=

ffiffiffi
2

p ÞVudgV ½p̄γμn− λp̄γ5γμn�½ēγμð1− γ5Þν�. The
theoretical estimate for the neutron lifetime is τn ¼
4908.7ð1.9Þ s=½jVudj2ð1þ 3λ2Þ� [4–7]. The Particle Data
Group (PDG) world average for the axial-vector to vector
coupling ratio is λ ¼ −1.2723� 0.0023 [8]. Adopting the
PDG average jVudj ¼ 0.97417� 0.00021 gives τn between
875.3 s and 891.2 s within 3σ.
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

container for a time comparable to the neutron lifetime. The
remaining neutrons that did not decay are counted and fit to
a decaying exponential, expð−t=τnÞ. The average from the
five bottle experiments included in the PDG [8] world
average is τbottlen ¼ 879.6� 0.6 s [9–13]. Recent measure-
ments using trapping techniques [14,15] yield a neutron
lifetime within 2.0σ of this average.
In the beam method, both the number of neutrons N in a

beam and the protons resulting from β decays are counted,
and the lifetime is obtained from the decay rate, dN=dt ¼
−N=τn. This yields a considerably longer neutron lifetime;
the average from the two beam experiments included in the
PDG average [16,17] is τbeamn ¼ 888.0� 2.0 s.

The discrepancy between the two results is 4.0σ. This
suggests that either one of the measurement methods suffers
from an uncontrolled systematic error, or there is a theo-
retical reason why the two methods give different results.
In this Letter,we focus on the latter possibility.We assume

that the discrepancy between the neutron lifetime measure-
ments 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 neu-

tron decay is observed by detecting decay protons, the
lifetime they measure is related to the actual neutron
lifetime by

τbeamn ¼ τn
Brðn → pþ anythingÞ : ð1Þ

In the SM, the branching fraction (Br), dominated by β
decay, is 100%, and the two lifetimes are the same. The
neutron decay rate obtained from bottle experiments is
Γn≃7.5×10−28GeV. The discrepancyΔτn ≃ 8.4 s between
the values measured in bottle and beam experiments
corresponds toΔΓexp

n ¼Γbottle
n −Γbeam

n ≃7.1×10−30GeV [18].
We propose that this difference be explained by the

existence of a dark decay channel for the neutron, which
makes Brðn → pþ anythingÞ ≈ 99%. There are two quali-
tatively different scenarios for the new dark decay channel,
depending on whether the final state consists entirely of
dark particles or contains visible ones:

ðaÞ n → invisibleþ visible; ðbÞ n → invisible:

Here, the label “invisible” includes dark sector particles, as
well as neutrinos. Such decays are described by an effective
operator O ¼ Xn, where n is the neutron and X is a spin
1=2 operator, possibly composite, e.g., X ¼ χ1χ2…χk,
with the χ’s being fermions and bosons combining into
spin 1=2. From an experimental point of view, channel
(a) offers a detection possibility, whereas channel (b) relies
on higher-order radiative processes. We provide examples
of both below.
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The operator O generally gives rise to proton decay via
p → n� þ eþ þ νe, followed by the decay of n� through the
channel (a) or (b), and has to be suppressed [20]. Proton
decay can be eliminated from the theory if the sumofmasses
of particles in the minimal final state f of neutron decay, say
Mf, is larger than mp −me. On the other hand, for the
neutron to decay,Mf must be smaller than the neutronmass;
therefore, it is required that mp−me<Mf<mn.
In general, the decay channels (a) and (b) could trigger

nuclear transitions from ðZ; AÞ to ðZ; A − 1Þ. If such a
transition is accompanied by a prompt emission of a state f0
with the sum of masses of particles making up f0 equal to
Mf0 , it can be eliminated from the theory by imposing
Mf0 > ΔM ¼ MðZ; AÞ −MðZ; A − 1Þ. Of course, Mf0

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

937.900 MeV < minfMf0 g ≤ Mf < 939.565 MeV: ð2Þ
The condition in Eq. (2) circumvents all nuclear decay
limits listed in PDG [8], including the most severe
ones [21–23].
Consider f to be a two-particle final state containing a

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

mχ < mp þme ¼ 938.783 MeV: ð3Þ
Provided there are no other decay channels for χ, Eq. (3)
ensures that χ is stable, thus making it a DM candidate. On
the other hand, if χ → pþ e− þ ν̄e is allowed, although
this prevents χ from being the DM, its lifetime is still long
enough to explain the neutron decay anomaly. In both
scenarios, ϕ can be a DM particle as well.
Without the interaction χn, only the sum of final state

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

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

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

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

0.782 MeV < Eγ < 1.664 MeV: ð4Þ
We are not aware of any experimental constraints on such
monochromatic photons. The search described in [26–28]
measured photons from radiative β decays in a neutron
beam; however, photons were recorded only if they
appeared in coincidence with a proton and an electron,
which is not the case in our proposal.
To describe the decay n → χγ in a quantitative way, we

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

Leff
1 ¼ n̄

�
i=∂ −mn þ

gne
2mn

σμνFμν

�
n

þ χ̄ði=∂ −mχÞχ þ εðn̄χ þ χ̄nÞ; ð5Þ
where gn ≃ −3.826 is the neutron g factor, and ε is the
mixing parameter with dimension of mass. The term
corresponding to n→χγ is obtained by transforming
Eq. (5) to the mass eigenstate basis and, for ε≪mn−mχ,
yields

Leff
n→χγ ¼

gne
2mn

ε

ðmn −mχÞ
χ̄σμνFμνn: ð6Þ

Therefore, the neutron dark decay rate is

ΔΓn→χγ ¼
g2ne2

8π

�
1 −

m2
χ

m2
n

�
3 mnε

2

ðmn −mχÞ2

≈ ΔΓexp
n

�
1þ x
2

�
3
�

1 − x
1.8 × 10−3

��
ε½GeV�

9.3 × 10−14

�
2

;

ð7Þ
where x ¼ mχ=mn. The rate is maximized when mχ

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

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

applies, and the final state monochromatic photon can have
an energy in a wider range
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0 < Eγ < 1.664 MeV; ð8Þ
entirely escaping detection as Eγ → 0.
Neutron → two dark particles.—Denoting the final state

dark fermion and scalar by χ and ϕ, respectively, and an
intermediate dark fermion by χ̃, consider a scenario with
both a two- and three-particle interaction, χ̃n, χnϕ. The
requirement in Eq. (2) takes the form

937.900 MeV < mχ þmϕ < 939.565 MeV; ð9Þ
and both χ, ϕ are stable if jmχ −mϕj < 938.783 MeV.
Also, mχ̃ > 937.900 MeV.
If mχ̃ > mn, the only neutron dark decay channels are

n → χϕ and n → χ̃� → pþ e− þ ν̄e, with branching
fractions governed by the strength of the χnϕ interaction.
Even if this coupling is zero, the lifetime of χ̃ is long
enough for the anomaly to be explained. In the case
937.9 MeV < mχ̃ < mn, the particle χ̃ can be produced
on-shell and there are three neutron dark decay channels:
n → χ̃γ, n → χϕ, and n → χ̃� → pþ e− þ ν̄e (when
mχ̃ > 938.783 MeV), with branching fractions depending
on the strength of the χnϕ coupling. The rate for the decay
n → χ̃� → pþ e− þ ν̄e is negligible compared to that for
n → χ̃γ. In the limit of a vanishing χnϕ coupling, this case
reduces to n → χ̃γ.
An example of such a theory is

Leff
2 ¼ Leff

1 ðχ → χ̃Þ þ ðλϕ ¯̃χχϕþ H:c:Þ
þ χ̄ði=∂ −mχÞχ þ ∂μϕ

�∂μϕ −m2
ϕjϕj2: ð10Þ

The term corresponding to n → χϕ is

Leff
n→χϕ ¼ λϕε

mn −mχ̃
χ̄nϕ�: ð11Þ

This yields the neutron dark decay rate

ΔΓn→χϕ ¼ jλϕj2
16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðx; yÞ

p mnε
2

ðmn −mχ̃Þ2
; ð12Þ

where fðx; yÞ ¼ ½ð1 − xÞ2 − y2�½ð1þ xÞ2 − y2�3, with x ¼
mχ=mn and y ¼ mϕ=mn. A particle physics realization of
this scenario is provided by model 2 below.
For mχ̃ > mn, the missing energy signature has a

branching fraction ≈ 1%. There will also be a very sup-
pressed radiative process involving a photon in the final
state with a branching fraction 3.5 × 10−10 or smaller.
As discussed earlier, in the case 937.9 MeV < mχ̃ < mn,

both the visible and invisible neutron dark decay channels
are present. The ratio of their branching fractions is

ΔΓn→χ̃γ

ΔΓn→χϕ
¼ 2g2ne2

jλϕj2
ð1 − x̃2Þ3ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðx; yÞp ; ð13Þ

where x̃¼mχ̃=mn, while their sum accounts for the neutron
decay anomaly, i.e., ðΔΓn→χ̃γ þ ΔΓn→χϕÞ=Γn ≈ 1%. The

branching fraction for the process involving a photon in the
final state ranges from ∼ 0 to 1%, depending on the masses
and couplings. A suppressed decay channel involving eþe−
is also present.
Neutron → dark matter þ eþe−.—This case is

realized when the four-particle effective interaction involv-
ing the neutron, DM, and an eþe− pair is present and
Brðn → χeþe−Þ ≈ 1%. A theory described by Lagrangian
(10) with ϕ coupled to an eþe− pair is an example.
Particle physics models.—We now present two micro-

scopic renormalizable models that are representative of the
cases n → χγ and n → χϕ.
Model 1.—The minimal model for the neutron dark

decay requires only two particles beyond the SM: a scalar
Φ ¼ ð3; 1Þ−1=3 (color triplet, weak singlet, hypercharge
−1=3) and a Dirac fermion χ (SM singlet, which can be the
DM). This model is a realization of the case n → χγ. The
neutron dark decay proceeds through the process shown in
Fig. 1. The Lagrangian of the model is

L1¼ðλqϵijkucLidRjΦkþλχΦ�iχ̄dRiþλlQc
RilLΦ�i

þλQϵ
ijkQc

RiQLjΦkþH:c:Þ−M2
ΦjΦj2−mχ χ̄χ; ð14Þ

where ucL is the complex conjugate of uR. We assign baryon
numbers Bχ ¼ 1, BΦ ¼ −2=3 and, to forbid proton decay
[29–31], assume baryon number conservation, i.e., set
λl ¼ 0 [32]. For simplicity, we choose λQ ¼ 0. The rate
for n → χγ is given by Eq. (7) with ε ¼ β λqλχ=M2

Φ and β
defined by h0jϵijkðucLidRjÞdρRkjni¼β½ð1þγ5Þ=2�ρσuσ. Here,
u is the neutron spinor, σ is the spinor index, and the
parenthesis denote spinor contraction. Lattice QCD
calculations give β ¼ 0.0144ð3Þð21Þ GeV3 [34], where
the errors are statistical and systematic, respectively.
Assuming mχ ¼ 937.9 MeV to maximize the rate, the
parameter choice explaining the anomaly is

jλqλχ j=M2
Φ ≈ 6.7 × 10−6 TeV−2: ð15Þ

In addition to the monochromatic photon with energy
Eγ < 1.664 MeV and the eþe− signal, one may search
directly also for Φ. It can be singly produced through
pp → Φ or pair produced via gluon fusion gg → ΦΦ. This
results in a dijet or four-jet signal from Φ → dcuc, as well

FIG. 1. Dark decay of the neutron in model 1.
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as a monojet plus missing energy signal from Φ → dχ.
Given Eq. (15), Φ is not excluded by recent LHC analyses
[35–40] provided MΦ ≳ 1 TeV [41].
If χ is a DM particle, without an efficient annihilation

channel, one has to invoke nonthermal DM production to
explain its current abundance. This can be realized via a late
decay of a new heavy scalar, as shown in [42] for a similar
model. Current DM direct detection experiments provide
no constraints [43].
The parameter choice in Eq. (15) is excluded if χ is a

Majorana particle, as in the model proposed in [44], by the
neutron-antineutron oscillation and dinucleon decay con-
straints [24,25]. Neutron decays considered in [45] are too
suppressed to account for the neutron decay anomaly.
Model 2.—A representative model for the case n → χϕ

involves four new particles: the scalar Φ ¼ ð3; 1Þ−1=3, two
Dirac fermions χ̃, χ, and a complex scalar ϕ, the last three
being SM singlets. The neutron dark decay in this model is
shown in Fig. 2. The Lagrangian is

L2¼L1ðχ→ χ̃Þþðλϕ ¯̃χχϕþH:c:Þ−m2
ϕjϕj2−mχ χ̄χ: ð16Þ

Assigning Bχ̃ ¼ Bϕ ¼ 1 and Bχ ¼ 0, the baryon number is
conserved. We have also imposed an additional Uð1Þ
symmetry under which χ and ϕ have opposite charges.
For mχ > mϕ, the annihilation channel χχ̄ → ϕϕ̄ via
a t-channel χ̃ exchange is open. The observed DM
relic density, assuming mχ ¼ 937.9 MeV and mϕ ≈ 0, is
obtained for λϕ ≃ 0.037. Alternatively, the DM can be
nonthermally produced.
The rate for n → χϕ is described by Eq. (12) with

ε ¼ β λqλχ=M2
Φ. For mχ̃ ¼ mχ, the anomaly is explained

with ðjλqλχ j=M2
ΦÞðjλϕj=0.04Þ ≈ 4.9 × 10−7 TeV−2. For

λϕ ≈ 0.04, this is consistent with LHC searches, provided
again that MΦ ≳ 1 TeV. Direct DM detection searches
present no constraints. For similar reasons as before, χ and
χ̃ 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 eþe− pair
is also possible. The same LHC signatures are expected as
in model 1.

Conclusions.—The puzzling discrepancy between the
neutron lifetime measurements has persisted for over
twenty years. We could not find any theoretical model
for this anomaly in the literature. In this Letter, we bring the
neutron enigma into attention by showing that it can be
explained by a neutron dark decay channel with an
unobservable particle in the final state. Our proposal is
phenomenological in its nature, and the simple particle
physics models provided serve only as an illustration of
selected scenarios.
Despite most of the energy from the neutron dark decay

escaping into the dark sector, our proposal is experimen-
tally verifiable. The most striking signature is monochro-
matic photons with energies less than 1.664 MeV.
Furthermore, if the dark particle is the dark matter, the
energy of the photon is bounded by 0.782 MeV from
below. The simplest model predicts the neutron decay into
dark matter and a photon with a branching fraction of
approximately 1%. Another signature consists of electron-
positron pairs with total energy less than 1.665 MeV. It
would be interesting to perform a detailed analysis of the
experimental reach for such signals.
Evidence for neutron dark decay can also be searched for

in nuclear processes. There are several unstable isotopes
with a neutron binding energy SðnÞ < 1.665 MeV and a
sufficiently long lifetime to probe the dark decay channel
when the dark particle massmχ<mn−SðnÞ [46]. Consider,
for example, 11Li, for which SðnÞ ¼ 0.396 MeV. 11Li β
decays with a lifetime 8.75 ms. However, in the presence
of a dark particle χ, the decay chain 11Li→ 10Liþχ→
9Liþnþχ becomes available. 9Li’s long lifetime, 178.3 ms,
can be used to discriminate against background from 11Li β
decay. A possible background comes from 9Li production in
β-delayed deuteron emission from 11Li [47,48].
From a theoretical particle physics perspective, our

analysis opens the door to rich model building opportu-
nities well beyond the two simple examples we provided,
including multiparticle dark sectors. Perhaps the dark
matter mass being close to the nucleon mass can explain
the matter-antimatter asymmetry of the Universe via a
similar mechanism as in asymmetric dark matter models.
One may also include dark matter self-interactions without
spoiling the general features of our proposal, used to
address for example the core-cusp problem [49].
Finally, the neutron lifetime has profound conse-

quences for nuclear physics and astrophysics; e.g., it
affects the primordial helium production during nucleo-
synthesis [50] and impacts the neutrino effective number
determined from the cosmic microwave background [51].
If the neutron dark decay channel we propose is the true
explanation for the difference in the results of bottle and
beam experiments, then the correct value for the neutron
lifetime is τn ≃ 880 s.

This research was supported in part by the DOE Grant
No. DE-SC0009919.

FIG. 2. Dark decay of the neutron in model 2.
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Note added.—Inspired by the proposal in this Letter, several
experimental and theoretical efforts have already been
undertaken. In [52], the scenarion → χγ has been challenged
experimentally for 0.782 MeV < Eγ < 1.664 MeV. The
case Eγ < 0.782 MeV remains unexplored. In [53–55],
the implications for neutron stars have been considered.
For dark matter with self-interactions, the neutron dark
decays in a neutron star can be sufficiently blocked for
the observed neutron star masses to be allowed. In [56], it has
been argued that the unexpectedly high production of 10Be in
the decay of 11Be [57] can be explained by the neutron dark
decay proposed in this Letter.
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