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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

(Dated: January 8, 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 a dark sector particle in
the final state. If this particle is stable, it can be the dark matter. Its mass is close to the neutron mass, suggesting
a connection between dark and baryonic matter. In the most interesting scenario a monochromatic photon with
energy in the range 0.782 MeV – 1.665 MeV and branching fraction 1% is expected in the final state. We
construct representative particle physics models consistent with all experimental constraints.

I. 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]. The
dominant neutron decay mode is β decay,

n→ p+ e−+ ν̄e , (1)

theoretically described by the matrix element

M = [GV p̄ γµn−GA p̄ γ5γµn ] [ ē γµ(1− γ5)ν ] . (2)

Although the vector coupling GV is measured accurately in
superallowed nuclear β decays [3], due to the uncertainty in
calculating the matrix elements of axial vector currents the
coupling GA cannot be precisely extracted from other nuclear
decays, resulting in a lack of an accurate theoretical prediction
for the neutron lifetime.

There are two qualitatively different types of neutron life-
time 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 exponen-
tial, exp(−t/τn). The average from the five bottle experi-
ments included in the Particle Data Group (PDG) [4] world
average [5–9] is

τbottle
n = 879.6± 0.6 s . (3)

In the beam method, both the number of neutronsN in a beam
and the protons resulting from β decays are counted, and the
lifetime is obtained from the decay rate, dN/dt = −N/τn.
This yields a considerably longer neutron lifetime; the average
from the two beam experiments included in the PDG average
[10, 11] is

τbeam
n = 888.0± 2.0 s . (4)

The discrepancy between the two results is 4.0σ. This sug-
gests that either one of the measurement methods suffers from
an uncontrolled systematic error, or the theory itself provides
inaccurate predictions.

In this letter 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.

II. NEUTRON DARK DECAY

Since in the beam experiments neutron decay is observed
by detecting decay protons, the lifetime measured in those ex-
periments is related to the neutron lifetime by

τbeam
n =

τn
Br(n→ p+ anything)

. (5)

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 = 1
τn
' 7.5× 10−28 GeV. (6)

The discrepancy ∆τn ' 8.4 s between the values measured in
bottle and beam experiments corresponds to

∆Γexp
n = Γbottle

n − Γbeam
n ' 7.1× 10−30 GeV. (7)

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 consists entirely of dark particles or
contains visible ones:

n→ invisible + visible , (8)
n→ invisible . (9)

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 = χ1χ2...χk, with
the χ’s being fermions and bosons combining into spin 1/2.
From an experimental point of view, channel (8) offers a de-
tection possibility, whereas channel (9) relies on higher order
radiative processes. In Sec. III we provide examples of both.

Proton decay constraints
The operator O violates baryon number and generically gives
rise to proton decay via

p→ n∗ + e+ + νe , (10)

followed by the decay of n∗ through the channel (8) or (9)
and has to be suppressed [12]. Proton decay can be elimi-
nated from the theory if the sum of masses of particles in the
minimal final state f of the neutron decay process, say Mf , is
larger than mp − me. On the other hand, for the neutron to
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decay, Mf must be smaller than the neutron mass, therefore
the following condition is required:

mp −me < Mf < mn . (11)

Nuclear physics bounds
In general, the decay channels (8) and (9) could trigger nuclear
transitions from (Z,A) to (Z,A − 1). If such a transition
is accompanied by a prompt emission of a state f ′ with the
sum of masses of particles making up f ′ equal to Mf ′ , it can
be eliminated from the theory by imposing Mf ′ > ∆M =
M(Z,A) − M(Z,A − 1). Of course Mf ′ need not be the
same as Mf , since the final state f ′ in nuclear decay may
not be available in neutron decay. For example, Mf ′ < Mf

when the state f ′ consists of a single particle, which is not
an allowed final state of the neutron decay. If f ′ = f then f ′

must contain at least two particles. The requirement becomes,
therefore,

∆M < min
{
Mf ′

}
≤Mf . (12)

The most stringent of such nuclear decay constraints comes
from the requirement of 9Be stability, for which ∆M =
937.900 MeV, thus Eqs. (11) and (12) give

937.900 MeV < min
{
Mf ′

}
≤Mf < 939.565 MeV . (13)

The condition in Eq. (13) circumvents all nuclear decay limits
listed in PDG [4], including the most severe ones [13–15].

Dark matter
Consider f to be a two-particle final state containing a dark
sector spin 1/2 particle χ. Assuming the presence of the in-
teraction χn, the condition in Eq. (13) 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→ p+ e−+ ν̄e is forbidden if

mχ < mp +me = 938.783 MeV . (14)

Provided there are no other decay channels for χ, Eq. (14) en-
sures that χ is stable, thus making it a DM candidate. On the
other hand, if χ→ p+ e−+ ν̄e is allowed, although this pre-
vents 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. (13). Both χ and φ can be DM
candidates, provided their masses are smaller than mp + me.
One can also have a scalar DM particle φ with mass mφ <
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 dinucleon
decay searches [16, 17].

III. MODEL-INDEPENDENT ANALYSIS

Based on the discussed experimental constraints, the avail-
able channels for the neutron dark decay are: (A) n → χγ,
(B) n → χ e+e−, (C) n → χφ, (D) all of the above with
additional dark particle(s) and/or photon(s). We analyze the
possibilities (A) – (C) below.

(A) Neutron→ dark matter + photon

This decay is realized in the case of a two-particle interac-
tion involving the fermion DM χ and a three-particle interac-
tion including χ and a photon, i.e., χn , χn γ. Equations (13)
and (14) imply that the DM mass is

937.900 MeV < mχ < 938.783 MeV (15)

and the final state photon energy

0.782 MeV < Eγ < 1.665 MeV . (16)

There are no experimental constraints on such single photons.
The only related search measures photons from radiative β de-
cays in a neutron beam [18]. However, photons are recorded
only if they appear in coincidence with a proton and an elec-
tron, which is not the case here.

To describe this case in a quantitative way, we consider the-
ories with an explicit baryon number violating interaction χn,
and an interaction χnγ mediated by a mixing between the
neutron and χ. An example of such a theory is given by the
effective Lagrangian

Leff
I = n̄

(
i/∂ −mn + gne

2mn
σµνFµν

)
n

+ χ̄
(
i/∂ −mχ

)
χ+ ε (n̄χ+ χ̄n) , (17)

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. (17) to the mass
eigenstate basis and, for ε� mn −mχ, yields

Leff
n→χγ =

gne

2mn

ε

(mn −mχ)
χ̄ σµνFµν n . (18)

Therefore, the neutron dark decay rate is

∆Γn→χγ =
g2
ne

2

8π

(
1−

m2
χ

m2
n

)3
mn ε

2

(mn −mχ)2

≈ ∆Γexp
n

(
1+x

2

)3( 1−x
1.8×10−3

)(
ε [GeV]

9.3×10−14

)2

, (19)

where x = mχ/mn. The rate is maximized when mχ satu-
rates the lower bound in Eq. (15).

The testable prediction of this class of models is a
monochromatic photon with an energy in the range specified
by Eq. (16) and a branching fraction

∆Γn→χγ
Γn

≈ 1% . (20)

A signature involving an e+e− pair with total energy
Ee+e− < 1.665 MeV is also expected, but with a suppressed
branching fraction of ∼ 10−6.

If χ is not a DM particle, the bound in Eq. (14) no longer
applies and the final state monochromatic photon can have an
energy in a wider range:

0 < Eγ < 1.665 MeV . (21)

A particle physics realization of this case is provided by
model 1 in Sec. IV.
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(B) Neutron→ dark matter + e+e−

We now investigate the case where e+e− is the dominant
signature, as opposed to case (A) where such a process was
suppressed compared to the photon signal. We assume a four-
particle interaction χn ē e. A two-particle interaction χnmay
also be present, but, if that is the case, we assume its effects are
subdominant. The requirement on the DM mass from Eq. (13)
is

937.900 MeV < mχ < 938.543 MeV . (22)

The allowed energy range of the e+e− pair is

2me ≤ Ee+e− < 1.665 MeV . (23)

Denoting the effective term for n→ χ e+e− by

Leff
n→χe+e− = κ χ̄ n ē e , (24)

the neutron dark decay rate is

∆Γn =
κ2m5

n

128π3

∫ (1−x)2

4z2

dξ√
ξ

(
ξ − 4z2

) 3
2
[
(1 + x)2 − ξ

]
×
√

(1− x2 − ξ)2 − 4 ξ x2 , (25)

where x = mχ/mn and z = me/mn. It is maximized
for mχ = 937.9 MeV, in which case it requires 1/

√
κ ≈

670 GeV to explain the anomaly. We will not analyze further
this possibility.

(C) Neutron→ two dark particles

Denoting the final state dark fermion and scalar by χ and
φ, respectively, and an intermediate dark fermion by χ̃, con-
sider a scenario with both a two- and three-particle interaction,
χ̃ n , χ nφ. The requirement in Eq. (13) takes the form

937.900 MeV < mχ +mφ < 939.565 MeV . (26)

For χ to be a DM particle, Eq. (15) additionally applies. The
only condition χ̃ must fulfill is

mχ̃ > 937.900 MeV . (27)

If mχ̃ > mn, the only neutron dark decay channels are
n → χφ and n → χ̃∗ → p + e−+ ν̄e, with branching frac-
tions 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 → χ̃ γ, n → χφ and n → χ̃∗ → p + e−+ ν̄e
(when mχ̃ > 938.783 MeV), with branching fractions de-
pending on the strength of the χnφ coupling. The rate for the
decay n → χ̃∗ → p + e−+ ν̄e is negligible compared to that
for n → χ̃ γ. In the limit of a vanishing χnφ coupling this
case reduces to case (A).

An example of such a theory, in which baryon number vio-
lation originates exclusively from the coupling χ̃ n, is

Leff
III = n̄

(
i/∂ −mn + gne

2mn
σµνFµν

)
n+ ¯̃χ

(
i/∂ −mχ̃

)
χ̃

+ χ̄
(
i/∂ −mχ

)
χ+ i∂µφ

∗∂µφ+m2
φ|φ|2

+ ε (n̄χ̃+ ¯̃χn) + (λφ ¯̃χχφ+ h.c.) . (28)

The term corresponding to n→ χφ is

Leff
n→χφ =

λφ ε

mn −mχ̃
χ̄ n φ∗ . (29)

This yields the neutron dark decay rate

∆Γn→χφ =
|λφ|2

16π

√
f(x, y)

mn ε
2

(mn −mχ̃)2
, (30)

where

f(x, y) =
[
(1− x)2 − y2

] [
(1 + x)2 − y2

]3
, (31)

with x = mχ/mn and y = mφ/mn. A particle physics real-
ization of this scenario is provided by model 2 in Sec. IV

Formχ̃ > mn the missing energy signature has a branching
fraction ≈ 1%. There will also be a radiative process involv-
ing a photon in the final state, suppressed by ∼ g2

ne
2/(16π2),

thus with a branching fraction ∼ 0.01%.
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

∆Γn→χγ
∆Γn→χφ

=
2g2
ne

2

|λφ|2
(1− x2)3√
f(x, y)

(
mn −mχ̃

mn −mχ

)2

, (32)

while their sum accounts for the neutron decay anomaly, i.e.

∆Γn→χγ + ∆Γn→χφ
Γn

≈ 1% . (33)

The branching fraction for the process involving a photon in
the final state ranges thus from∼ 0.01% to 1%. A suppressed
decay channel involving e+e− is also present.

IV. PARTICLE PHYSICS MODELS

Here we present two microscopic renormalizable models
that are representative of cases (A) and (C) in Sec. III.

Model 1

The minimal model for the neutron dark decay requires
only two particles beyond the SM: a scalar Φ = (3, 1)−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 case (A) in Sec. III. The neutron dark decay pro-
ceeds through the process shown in Fig. 1. The corresponding
Lagrangian is1

L1 =
(
λq ε

ijk ucLi dRjΦk + λχΦ∗iχ̄ dRi + h.c.
)

+ M2
Φ|Φ|2 +mχ χ̄ χ , (34)

1 As pointed out in [19–21], adding just the field Φ to the SM triggers rapid
proton decay unless the product of its diquark and leptoquark couplings is
small. We assume a negligible leptoquark coupling in our analysis. This
assumption is not necessary in the framework of the recently constructed
grand unified theory with no proton decay [22].
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FIG. 1. Dark decay of the neutron in model 1.

where ucL is the complex conjugate of uR. The rate for n →
χγ is given by Eq. (19) with

ε =
β λqλχ
M2

Φ

, (35)

where β is defined by [23]

〈0|εijk ucLidRjdRk|n〉 = β PR un , (36)

with the neutron spinor field un. Lattice QCD techniques give
β ' 0.014 GeV3. Assuming mχ = 937.9 MeV to maximize
the rate, the parameter choice explaining the anomaly is

|λqλχ|
M2

Φ

≈ 6.7× 10−6 TeV−2 . (37)

In addition to the monochromatic photon with energyEγ <
1.665 MeV and the e+e− signal discussed in Sec. III, one may
search directly also for Φ. It can be singly produced through
p p → Φ or pair produced via gluon fusion g g → Φ Φ. This
results in a dijet or four-jet signal from Φ → dcuc, as well as
a monojet plus missing energy signal from Φ → dχ. Given
Eq. (37), Φ is not excluded by recent LHC analyses provided
MΦ & 1 TeV [24–26].2

If χ is the DM, due to the lack of an efficient annihilation
channel, it has to be non-thermally produced. This can be
realized via a late decay of a new heavy scalar, as shown for
a related model in [27]. Alternatively, one can introduce a
lighter unstable field φ which χ could annihilate to.

The parameter choice in Eq. (37) is excluded if χ is a
Majorana particle, as in the model proposed in [28], by
the neutron-antineutron oscillation and dinucleon decay
constraints [16, 17].

2 A similar model with a scalar Φ = (3, 1)2/3 would also work as an expla-
nation of the neutron decay anomaly, again requiring χ to be Dirac. Since
the scalar (3, 1)2/3 does not couple to two first generation quarks, the rate
in Eq. (37) would be suppressed by the strange quark content of the neutron
and would require a larger value of |λqλχ|/M2

Φ. Another viable option for
Φ is the vector (3, 2)1/6.

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

Model 2

A representative model for case (C) discussed in Sec. III
involves four new particles: the scalar Φ = (3, 1)−1/3, two
Dirac fermions χ̃, χ (where χ can be the DM), and a complex
scalar φ, the last three being SM singlets. The dark decay of
the neutron in this model is shown in Fig. 2. The Lagrangian
is given by

L2 =
(
λq ε

ijk ucLi dRjΦk + λχΦ∗i ¯̃χdRi + λφ ¯̃χχφ+ h.c.
)

+ M2
Φ |Φ|2 +m2

φ|φ|2 +mχ χ̄ χ+mχ̃
¯̃χ χ̃ . (38)

With a mass in the range specified by Eqs. (15) and (26), χ is
a DM candidate in this model. For mχ > mφ the annihilation
channel χ χ̄ → φ φ̄ via a t-channel χ̃ exchange is open. The
observed DM relic density is obtained for λφ ' 0.037.

The rate for n → χφ is described by Eq. (30) with ε given
by Eq. (35). It is maximal for mχ = 937.9 MeV and mφ ≈ 0.
Assuming mχ̃ = mχ, the anomaly is explained with

|λqλχ|
M2

Φ

|λφ|
0.04

≈ 4.9× 10−7 TeV−2 . (39)

For λφ ≈ 0.04 this is consistent with LHC searches, provided
again that MΦ & 1 TeV. For similar reasons as before, χ and
χ̃ cannot be Majorana particles.

As discussed in Sec. III, in this model the branching frac-
tions for the visible (including a photon) and invisible final
states can be comparable, and their relative size is described
by Eq. (32). A final state containing an e+e− pair is also pos-
sible. The same LHC signatures are expected as in model 1.

V. CONCLUSIONS

The puzzling discrepancy between the neutron lifetime
measurements has been around 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 at-
tention by showing that it can be explained by a dark decay
channel for the neutron that contains an unobservable particle
in the final state. We illustrate the most promising scenarios
with simple particle physics models.
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Despite most of the energy from the neutron dark decay es-
caping into the dark sector, our proposal is experimentally ver-
ifiable. The most striking and unique signature is monochro-
matic photons with energies less than 1.665 MeV. Further-
more, 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 pho-
ton 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 de-
tailed analysis of the experimental reach for such signals.

From a theoretical particle physics perspective, our analysis
opens the door to rich model building opportunities well be-
yond the two simple examples we provided. In particular, we
have not investigated how neutron dark decay models address
the outstanding problems of the Standard Model other than
the dark matter. Perhaps the dark matter mass being close to

the nucleon mass can explain the matter-antimatter asymme-
try of the universe via a similar mechanism as in asymmetric
dark matter models.

Finally, the neutron lifetime has profound consequences for
nuclear physics and astrophysics, e.g., it affects the primordial
helium production during nucleosynthesis [29] and impacts
the determination of the neutrino effective number from the
cosmic microwave background [30]. If the dark decay chan-
nel of the neutron 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.
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