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According to the Standard Model (SM), we expect to find a proton for each decaying neutron. However,
the experiments counting the number of decayed neutrons and produced protons disagree. This discrepancy
suggests that neutrons might have an exotic decay channel to Dark Sector (DS) particles. In this paper, we
explore a scenario where neutrons decay to a dark Dirac fermion χ and a non-Abelian dark gauge bosonW0.
In our proposed scenario, the DS has three portals with the SM sector: (1) the fermion portal coming from
the mixing of the neutron with χ, (2) a scalar portal, and (3) a nonrenormalizable kinetic mixing between
photon and dark gauge bosons which induces a vector portal between the two sectors. We discuss the
cosmological implications of this scenario assuming DS particles are produced via freeze-in. The fermion
and the scalar portal leads to the overproduction of DS particles by the time of the Cosmic Microwave
Background (CMB), and thus we disable these two portals in the early universe. For that, we require the
maximum temperature of the universe to be lower than mχ . We rely on the vector portal to connect the two
sectors in the early universe, and we discuss the phenomenological bounds on the model. The main
constraints come from the Big Bang Nucleosynthesis, ensuring the right relic abundance of dark matter,
and the observation of large neutron stars.
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I. INTRODUCTION

Even though the Standard Model (SM) of particle
physics can explain almost all observed phenomena, we
are certain there exists physics beyond the SM. One of
the most prominent questions in the particle astrophysics
community is the nature and origin of dark matter (DM). So
far, we have not observed any unambiguous detection of
DM. However, numerous experimental anomalies may be a
hint of DM interaction with the SM. One of these experi-
ments is the measurements of the neutron lifetime.
Due to the importance of neutrons as one of the main

building blocks of luminous matter and one of the key role
players in the formation of light elements in the early
universe, there have been several experiments that attempt
to find the lifetime of the neutrons [1–10]. In the SM, we
expect the branching ratio of a neutron decaying to a
proton, an electron, and a neutrino (n → pþ eþ ν̄e) to be
100%. In an experiment known as the bottle experiment
[1–8], ultracold neutrons are stored for a time comparable
to the neutron lifetime, then the remaining neutrons are
counted. This experiment finds the total decay width or,

equivalently, the lifetime of the neutrons. Their finding is
τbottlen ¼ 879.6� 0.6s. In another experiment known as the
beam experiment [9,10], the number of produced protons
is counted, and their finding has been announced to be
τbeamn→pþ��� ¼ 888.0� 2.0s. The lifetime of neutrons in these
two experiments differs by 8.4s with a significance of 4σ.
The aforementioned discrepancy may be the result of an
exotic decay of neutrons to the dark sector. Due to the close
mass of neutrons and protons and their intimate structures,
the easiest way to ensure an exotic decay of a neutron and the
stability of protons is to assume the total mass of the exotic
decay of neutronMf is greater than the mass of proton and
electron: mn > Mf > mp −me. Recently, the analysis of
hydrogen lifetime using Borexino data [11,12] has made the
lower bound on the mass of the exotic particle even stronger
(e.g., Mf>mpþme). Furthermore, baryon number violat-
ing processes are severely constrained [13–27]. Therefore,
we are led to consider scenarios where neutrons can decay to
a new degree of freedom that has a baryonic charge, but is
heavy enough that it can subsequently decay to protons.
Numerous studies have explored different possibilities

[28–48]. An important ingredient in most of these studies is
a mixing between the neutron and a new fermionic degree
of freedom (χ) with a baryon charge of þ1. An effective
Lagrangian can be written as

Leff ¼ χ̄ði=D−mχÞχ − n̄ði=∂ −mn þ μnσ
μνFμνÞn− δmn̄RχL;

ð1Þ
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where μn ¼ −0.617 GeV−1 is the neutron magnetic dipole
moment, and δm is the mixing between neutron and χ.
To resolve the neutron lifetime discrepancy, δm is expected
to be about 10−13 MeV [28]. The minimal scenario is
assuming the dominant exotic decay of neutron is n → χγ.
If we assumemp þme < mχ < mn, we expectEγ ≲ 1 MeV
[28]. Experimental measurements disfavor such decay of
a neutron if the photon energy is in the range 0.782 MeV <
Eγ < 1.664 MeV up to 2.2σ significance [49,50], but softer
photons remain unexplored. Another important constraint
comes from the conversion of neutrons to χ in Neutron Stars
(NSs) [30]. Specifically, if neutron and χ are in chemical
equilibrium, due to the less interaction of χ comparatively,
the conversion of neutrons to χ leads to a lower pressure.
Integrating the Tolman-Oppenheimer-Volkoff equations
[39,41,42,51–56], one can find the maximum mass of a
NS as a function of its radius, and the upper limit is in
contradiction with the properties of some of the neutron stars
observed [30]. The simplest solution is to consider DM
scenarios that have repulsive self-interaction and a repulsive
interaction with neutrons. That is to have a vector mediator,
e.g., a dark photon.
In Ref. [30], the authors considered the decay of

n → χA0. To ensure the theory is consistent with the
observation of dense NSs with mass 2 M⊙, we need mA0=
gD ≲ ð45–60Þ MeV, where gD is the gauge coupling of the
Uð1ÞD. In this setup, there is a mixing between the dark
gauge boson and the SM photon:

L ¼ −
ϵ

4
F0
μνFμν; ð2Þ

which induces dark photon-electromagnetic current inter-
action with a coupling proportional to ϵ. The authors of
Ref. [30] did an extensive phenomenological study of this
scenario, and showed that the parameter space for mA0 <
2me is severely constrained.1 One of the main constraints
comes from the era of Big Bang Nucleosynthesis (BBN),
which requires dark photon to decay early enough that it
does not inject much energy during BBN. One way to
loosen this constraint is to produce the dark sector (DS)
particles via freeze-in. For a successful freeze-in scenario,
we need a feeble coupling between DS particles and the SM
sector. The couplings of χ, however, are determined from
explaining the neutron decay experiments. We show that
the χ − n mixing with strength 10−13 MeV is small enough
that χ counts as a DM in the data from the Cosmic
Microwave Background (CMB), and it is big enough that
leads to the overproduction of χ in the early universe. To
resolve this issue, we require the maximum temperature of
the universe to be smaller than mχ so that χ is not produced
in the early universe. Therefore, we need to rely on the dark
photon or the scalar to explain the DM relic abundance.

However, both of which are unstable particles. Hence, in
this paper, instead of a dark Uð1ÞD, we consider a dark
non-Abelian gauge SUð2ÞD. That is because even though it
does not have any more free parameters, the extra degrees of
freedom help with explaining the two observations of DM
and neutron decay. Furthermore, for the freeze-in scenario to
work, we should employ very small kinetic mixing, and this
is more justified in the non-Abelian kinetic mixing because
of its nonrenormalizable nature. The main differences
between our work and Ref. [30] are the following:

In this paper, DS has a gauge SUð2ÞD rather than a
gauge Uð1ÞD.

We assume the relic abundance of DS particles is through
freeze-in.

We turn off the scalar portal between the two sectors.
More specifically, in the potential term λϕHjϕj2jHj2—
with ϕ being the scalar responsible for the sponta-
neous breaking of the SUð2ÞD and H being the SM
Higgs—we take λϕH ¼ 0. We argue that the radiative
correction is very suppressed, and thus our assumption
is justifiable. This choice of λϕH has important
consequences for the relic abundance of DM.

The organization of the paper is as follows: In Sec. II we
explain the model and introduce the degrees of freedom as
well as the free parameters in the theory. Section III is
devoted to the phenomenology of the model including
the constraints from NSs, the neutron decay experiments,
and the cosmological constraints which are discussed in
Sec. III A. Indirect Detection is discussed in Sec. III B,
Direct Detection and Collider Constraints are explored in
Sec. III C, and, finally, the concluding remarks are pre-
sented in the Conclusion, Sec. IV.

II. MODEL

Let us assume the Dark Sector has a gauge SUð2ÞD that
is spontaneously broken by a doublet ϕ:

ϕ ¼
 

1ffiffi
2

p ðG1
ϕ þ iG2

ϕÞ
φþ vϕ þ iG3

ϕ

!
; ð3Þ

where Gi
ϕ are the Goldstone bosons, which become the

longitudinal component of the gauge bosons, and vϕ is
vacuum expectation value (vev) of ϕ. To ensure ϕ indeed
acquires vev, we require its potential to have the following
form:

Vðϕ; HÞ ¼ −μ2ϕjϕj2 þ λϕjϕj4 − μ2HjHj2 þ λHjHj4
þ λϕHjϕj2jHj2; ð4Þ

with μ2ϕ > 0. Since the neutron is a fermion, the decay of a
neutron to DS particles compels us to include fermionic
degrees of freedom. Thereby, we introduce a Dirac fermion
χ transforming as a doublet under SUð2ÞD: χT ¼ ðχ1; χ2Þ.

1After the Borexino constraint [11], the case wheremA0 > 2me
is less attractive.
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Since there are severe constraints on the baryon number
violating models [13,14], we assume χ has a baryon charge
of þ1. In this setup, the effective Lagrangian including the
new degrees of freedom becomes

LNP ¼ −
1

4
W0a

μνW0a;μν þ iχ̄ð=DþmχÞχ þ jDμϕj2 þ ηχ̄Lϕn

þ H:c:þ CYTr½ϕ†τaϕW0a
μνFμν�

þ C̃Y1Tr½ϕ†τaϕW0a
μνF̃μν�

þ C̃Y2Tr½ϕ†τaϕW̃0a
μνFμν�

þ h:c − Vðϕ; HÞ; ð5Þ
where W0a

μν is the field strength tensor of SUð2ÞD and
W̃0a

μν ¼ ϵμναβW0a;αβ is the dual of the field tensor, and
Dμ ¼ ∂μ − igDτaWa

μ. The Lagrangian terms written in
the second line of Eq. (5) are the non-Abelian kinetic
mixing between the field tensor of SUð2ÞD gauge bosons
and that of photon. Due to the presence of ϕ in these terms
the kinetic mixing with theCP-odd component is not a total
derivative, and thus contributes to the action. For simplicity,
we assume C̃Y ≡ C̃Y1 ¼ C̃Y2. Note that the kinetic mixing
terms are operators of dimension 6 and therefore have an
inverse mass-squared dimension. The suppressed mass
dimension means there is a small coupling of the dark
gauge bosons with SM particles.
After SUð2ÞD Spontaneous Symmetry Breaking (SSB),

W0 and ϕ get a mass proportional to vϕ:

mW0 ¼ gDvϕ mϕ ¼
ffiffiffiffiffi
λϕ

q
vϕ:

At low energies, there is a residual Z2 symmetry remaining
from the broken SUð2ÞD. Under the Z2 symmetry,W0� and
χ2 are odd,

2 and the rest of the particles are even. To explain
the neutron decay anomaly (n → χW0�) and yet be safe from
the NS constraint, we necessarily need to have mχ ≫ mW0 .
Therefore, W0� are the lightest particles charged under Z2,
and thus are stable.
This is while W0

3 mixes with photon after ϕ gets a vev,
and thus it can decay (e.g.,W0

3 → 3γ). Similarly, due to the
ϕW0

3W
0
3 coupling we can have ϕ → γγ decay. It is worth

mentioning that χ, W0
3, and/or ϕ could be long-lived DM

candidates.
The free parameters in this model are the following:
(i) masses: mχ ; mϕ; vϕ.
(ii) couplings: η; gD; λϕH, and CY; C̃Y with dimensions

proportional to ½M−2�.
To find the cosmological constraints on the model, we

need to briefly discuss the UV completion of the model.

This is very similar to the model suggested in Ref. [30]: two
color triplet scalars with hypercharge 1=3 (Φ1 and Φ2) are
introduced, where Φ1 is also a doublet of SUð2ÞD. Thus,
the UV Lagrangian can simply be written as

Ln−χ
UV ¼ λ1d̄aPLχΦ1a þ λ2ϵ

abcūcaPRdbΦ2c þ μ1Φ1aΦ�a
2 ϕ;

ð6Þ

where in the effective theory

η ¼ βvϕλ1λ2
m2

Φ1
m2

Φ2

; ð7Þ

with β being the factor derived from confinement of quarks
to neutrons, and its value β ¼ 0.014 GeV3 is taken from
Lattice QCD simulations [57]. Dijet searches at CMS [58]
and ATLAS [59] push the masses of ϕi to greater than
1 TeV.
Since Φi, with i ¼ 1, 2 are charged under SUð3Þc, we

expect their number density in the early universe to match
that of photons (e.g., we expect them to be in thermal
equilibrium with thermal bath). Through their couplings
with the dark sector, the production of χ and subsequently
ϕ and W0 should occur in abundance. As shown in [30],
such set up leads to severe constraints from CMB [60–62],
BBN [63], and the Fermi-LAT observation of gamma rays
from dwarf spheroidal galaxies [64,65]. The summary of
these constraints is presented here:

Once χ becomes nonrelativistic, it can only annihilate to
W0W0 and ϕϕ efficiently. Therefore, if χ is in thermal
equilibrium in the early universe, the abundant pro-
duction of W0 and ϕ becomes inevitable. On the other
hand, W0

3 and ϕ can only decay after ϕ acquires a
vev, which roughly occurs around 60 MeV,3 and it is
extremely close to BBN. The decay of W0

3 and ϕ near
the BBN disturbs the Hubble rate and thus it signifi-
cantly alters the production of light nuclei by diluting
the baryon-photon ratio as well as causing photo-
dissociation of the nuclei.

Similarly, decays near and during recombination will
distort the CMB temperature fluctuations and thus
there are severe constraints on a model with light W0
from CMB as well.

For mW0 ≪ mχ, the annihilation of χχ to W0W0 is
Sommerfeld enhanced at low velocities, which leads
to an enhanced annihilation cross-section in spheroi-
dal galaxies and at the time of recombination. There-
fore, it is crucial that we do not have much χ in the
universe.

Due to the hydrogen lifetime constraint derived recently
by [11], a χ that explains neutron lifetime discrepancy

2Even though after ϕ acquires a vev, there is a slight mass
splitting between χ1 and χ2, this mass splitting is negligible
compared with mχ . Therefore, for the rest of the paper, we will
assume both χ1 and χ2 have mass mχ and we will use χ to refer to
both of them.

3This value is the maximum value allowed from the NS
constraint.
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will need to be heavier than mp þme. Therefore, the
mass of dark gauge boson needs to be smaller than
2me. As discussed in Ref. [60], this case with a freeze-
out mechanism is completely ruled out.

Thereby, in this paper, we explore another avenue. We
assume dark sector particles start with zero abundance in
the early universe and they get produced through the freeze-
in mechanism [66–72]. Consequently, in our setup, we
need the maximum temperature Tmax to be smaller thanmΦi

so that they are not produced in the early universe. If the
color multiplets are not produced, then the production of χ
is greatly reduced.
The portals between the dark sector and the SM sector

are via (1) the Higgs portal with a strength proportional to
λϕH, (2) the kinetic mixing governed by CYv2ϕ, and (3) the
effective mixing between χ and neutron which is ηvϕ. For a
successful freeze-in scenario, we need an extremely weak
connection between the dark sector and the SM sector.
Since CY and η are due to nonrenormalizable interactions,
we can justifiably assign them small values.4 This argument
becomes more nontrivial for λϕH, which in general can take
any value ≲1. If we want to assign λϕH a small value, we
must make sure that this choice is safe from loop correc-
tions. The radiative correction to λϕH comes from ϕϕγγ
vertex, which is suppressed by gDC2

Yv
4
ϕ. Figure 1 shows one

of the leading diagrams to radiative correction to λϕH,
and, as it is illustrated, in addition to the C2

Yv
4
ϕ suppression,

it is two loops suppressed. Therefore, if the value of λϕH is
small at tree level, it does not get amplified significantly at
loop levels. For simplicity, in this work, we assume λϕH ¼ 0.
Having closed the Higgs portal, now we need to discuss

the evolution of dark sector particles in the early universe,
and how much they contribute to the relic abundance of the
total DM. In the following section, we discuss the

phenomenological constraints on each of these parameters
including the ideal spot that explains the neutron decay
anomaly and yields the correct relic abundance of DM.
Even though the number of free degrees of parameters is
large, the numerous experimental and observations bounds
on these parameters forces us to live in a small region of the
parameter space.

A. Aside

TheUVLagrangian presented inEq. (6) only describes the
neutron-χ mixing. The dimension six operators in Eq. (5)
cannot be UV completed with the degrees of freedom in
Eq. (6). The UV completion of Eq. (5) can be done in several
ways. For example, one or a combination of the following
theories can generate the non-Abelian kinetic mixing terms:
(1) Assume there exists ϕ0, which is a doublet of SUð2ÞD

and charged under Uð1ÞEM. The UV Lagrangian in
this case contains

LUV1
⊃ jDμϕ

0j2 þ λ0ϕ0ϕðϕ0†ϕÞðϕ†ϕ0Þ; ð8Þ

where Dμ¼∂μ−igDτaWa
μ−iqEMAμ. Through these

terms, we can generate the nonrenormalizable terms
through Fig. 2.

(2) Another case is to assume in the UV, there are
vectorlike fermions F1 and F2. If F1 is a doublet of
SUð2ÞD and F2 is a singlet, and both F1 and F2 are
charged qEM under Uð1ÞEM, then the corresponding
Lagrangian becomes

LUV2
⊃ F̄1ði=DF1

μ þmF1
ÞF1 þ F2ði=DF2

μ þmF2
ÞF2

þ yFF̄1ϕF2; ð9Þ

where DF1
μ ¼ ∂μ − igDτaWa

μ − iqEMAμ and DF1
μ ¼

∂μ − iqEMAμ. Similarly, the aforementioned terms in
Eq. (5) can be generated through a loop diagram,
presented in Fig. 3.

FIG. 1. The radiative corrections to λϕH . As illustrated this
coupling is suppressed by two loops as well as C2

Yv
4
ϕ, and thus it

is very small. Therefore, if we let λϕH ¼ 0, we can easily make
sure the radiative corrections to λϕH stay negligible.

FIG. 2. A possible UV completion to the non-Abelian kinetic
mixing terms is presented in this diagram, where in the effective
theory the particle ϕ0 has been integrated out. In this theory, the
particle ϕ0 is a doublet of SUð2ÞD and has a nonzero hypercharge
(or equivalently a nonzero electromagnetic charge).

4The value of η is governed by the neutron decay anomaly. In
Sec. III A 1, we show that the values of η in all of our benchmarks
are too big for a successful freeze-in scenario.
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III. PHENOMENOLOGY

One of the most important bounds on this model comes
from NSs, where the conversion of the neutron to χ can
have significant consequences. If neutrons and χ are in
chemical equilibrium, it is favorable for the neutrons to
convert into χ, which, due to its almost noninteracting
nature, results in a lower pressure in the neutron stars. By
integrating the Tolman-Oppenheimer-Volkoff equation,
one finds the maximum mass (given the NS’s radius),
and it falls below the largest observed mass. Our scenario
fits in the category that there is a repulsive interaction
between χ and the neutrons and thus can be safe from this
constraint as long as mW0=gD < 60 MeV [30,51].
Another important restriction in this model comes from

neutron decay. As it has been shown in Refs. [30,49], the
decay of neutron5 to χW0 and χϕ, with the diagrams shown
in Fig. 4, are

Γn→χW0 ≃
η2

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

n − ðmχ þmW0 Þ2Þðm2
n − ðmχ −mW0 Þ2Þ

q
mn

ð10Þ

Γn→χϕ ≃
η2

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

n − ðmχ þmϕÞ2Þðm2
n − ðmχ −mϕÞ2Þ

q
mn

:

ð11Þ
We have already discussed that the mass of χ should satisfy
mp þme < mχ < mn, in order to both satisfy the neutron
decay and yet be safe from recent hydrogen lifetime bound

[11,12]. To have a decay that is kinematically allowed,
we must have mχ þMin½mW0 ; mϕ� < mn. Therefore, let us
consider the following benchmarks:

(i) We consider two benchmarks where both W0 and ϕ
are light enough that both decays mentioned in
Eq. (11) are allowed. For one of these benchmarks,
we take mϕ > 2mW0 :

mχ ¼ 938.6 MeV; mϕ ¼ 0.7 MeV; and

mW0 ¼ 0.2 MeV:

Note that in this benchmark, ϕ decays to W0, and
thus it is not a DM candidate. We will denote this
benchmark as A1. To justify the neutron decay
discrepancy, we need η ≃ 2.7 × 10−10.

Another benchmarkwe choose is whenmϕ ∼mW0 :

mχ ¼ 938.6 MeV; mϕ ¼ 0.7 MeV; and

mW0 ¼ 0.7 MeV;

and we present this benchmark by A2. The η that
explains the neutron decay is η ≃ 2.6 × 10−10. It is
worth mentioning that ϕ, in this benchmark, can
decay to two photons. However, depending on CY , ϕ
can be a long-lived DM candidate.

(ii) Another scenario is when ϕ is heavy such that the
decay n → χϕ is not kinematically allowed. In this
case, we will also take two different benchmarks;
one where mϕ > 2mW0 :

mχ ¼ 938.6 MeV; mϕ ¼ 2 MeV; and

mW0 ¼ 0.7 MeV;

which we use B1 to refer to this benchmark.
Solving for the η that yields Brðn → χW0Þ ≃ 1%

is η ≃ 3.1 × 10−10.
Another benchmark, satisfies mW0 < mϕ < 2mW0 :

mχ ¼ 938.6 MeV; mϕ ¼ 1.2 MeV; and

mW0 ¼ 0.7 MeV:

FIG. 3. Another possible UV completion to the non-Abelian
kinetic mixing terms is presented in this diagram, where in the
effective theory the particles F1 and F2 have been integrated
out. In this model, F1 and F2 are vectorlike fermions to avoid
the generation of anomalies, and they carry the same nonzero
electromagnetic charge. The fermion F1 is a doublet of SUð2ÞD
and F1 is a singlet of SUð2ÞD.

(a) (b)

FIG. 4. The Feynman diagrams of the decay of neutron to χW0
(a) and χϕ (b) are presented. In these diagrams, we have shown
the degrees of freedom in the UV theory that leads to the neutron-
χ mixing.

5The decay of n → χγ can occur via n̄σμνϕ†χFμν. However,
because of the null search for monochromatic photon [49] and
exacerbating the tension of the axial coupling of the neutron [73],
we expect this coupling to bevery small andnegligible in this study.

NEUTRON DECAY TO A NON-ABELIAN DARK SECTOR PHYS. REV. D 102, 035011 (2020)

035011-5



This benchmark is presented by B2. Since the only
parameter that has changed is mϕ and n → χϕ is
forbidden, the desired η is still η ≃ 3.1 × 10−10.

(iii) We also consider another case where mW0 is large
enough that the decay of n → χW0 is not allowed.
However, ϕ is light enough that allows the dark
decay of neutrons:

mχ ¼ 938.6 MeV; mϕ ¼ 0.7 MeV; and

mW0 ¼ 2 MeV:

This benchmark is referred by C. The desired η to
justify the neutron decay anomaly is η ≃ 4.4 × 10−10.

A. Cosmology

In this section, we will discuss the cosmological con-
straints, and we will see BBN, satisfying the relic abun-
dance give the most stringent bounds. As mentioned earlier,
the observation of large neutron stars excludes part of
the parameter space as well, and this constraint becomes
important for heavier W0.

1. Relic abundance

We are interested in a scenario where dark sector
particles start with zero or negligible abundance and then
are slowly produced through their feeble interactions with
SM particles. First, we will discuss the production of χ as it
will be important to set the maximum temperature of the
universe, then we will investigate the evolution ofW0 and ϕ
in the early universe.

a. χ production
Onceϕ acquires vev, amixing between the neutron and χ is

induced, which results in the conversion of neutrons to χ.
Through the χ − n mixing and the SM Lagrangian term
ign̄π−γ5p, an interactionbetweenχ − π − p is induced.Since
we assumemp þme < mχ to be safe from hydrogen lifetime
constraints [11], the decay χ → pe−νe is kinematically
allowed. However, a simple estimation of χ width yields

Γχ ≃
η2v2ϕ

4ðmn −mχÞ2
Γn→peνe

��
mχ

mn

�
3 1 − ððmp þmeÞ=mχÞ2
1 − ððmp þmeÞ=mnÞ2

×

�
1 − ðme=ðmχ −mpÞÞ2
1 − ðme=ðmn −mpÞÞ2

�
3=2�

<
η2v2ϕ

4ðmn −mχÞ2
Γn→peνe ; ð12Þ

where the square bracket is the leading order estimation
of the phase suppression. In our benchmarks, we have
ðmn −mχÞ ¼ 1 MeV; vϕ ¼ 60 MeV, and η ≃ 10−9–10−10.
Therefore, in all of our benchmarks, Γχ < 10−15Γn→peνe .
In otherwords, τχ > 5 × 1015 seconds,whichmakes χ a long-
lived particle up to the time of CMB.

Up until ϕ acquires a vev,6 the production of χ is due to
qq → qϕχ, where q ¼ u, d. The Boltzmann equation
describing the evolution of χ number is

_nχ þ 3Hnχ ¼
Z

dΠqdΠqdΠqdΠϕdΠχð2πÞ4

× ðpi − pfÞjMj2qq→qϕχfqfq; ð13Þ

where dΠi ¼ d3pi
ð2πÞ32Ei

, and fq ∼ e−Eq=T is the distribution

function of the quarks in thermal bath, and s is the canonical
Mandelstam variable. We can simplify Eq. (13) for any
process that has three final state particles [67]:

_nχ þ 3Hnχ ¼
T

ð4πÞ6
Z

dΩ
Z

∞

0

dss3=2jMj2qq→qϕχK1

� ffiffiffi
s

p
T

�
;

ð14Þ

where K1ðxÞ denotes the modified Bessel function of the
second kind. Equation (14) is in the relativistic limitwhere the
masses of the particles involved are negligible to the temper-
ature. The squared Matrix Element (ME) of qq → qϕχ in
the relativistic limit is

jMj2qq→qϕχ ≃ 36

�
η

β

�
2

s2: ð15Þ

The integral over s in Eq. (14) has a closed form

Z
∞

0

dssð2nþ1Þ=2K1

� ffiffiffi
s

p
T

�
¼ 4nþ1T2nþ3Γðnþ 1ÞΓðnþ 2Þ;

ð16Þ

for n > −1. Therefore, we can easily calculate the right-hand
side of Eq. (13). The left-hand side can be converted to yield
(Y ≡ n=S) with S being the entropy density:

Yχ ¼
Z

Tmax

0

dT

�
−

1

SHT

�
T

ð4πÞ6
Z

dΩ

×
Z

∞

0

dss3=2jMj2qq→qϕχK1

� ffiffiffi
s

p
T

���

≃
35 � 52

1.66 × π9
ffiffiffiffiffi
gρ⋆

p
gS⋆

MPl

�
η

β

�
2

T5
max × θðTmax −mχÞ

≃

8>>><
>>>:

3.64 A1

5.1 A2

7.22 B1& B2

14.55 C

×

�
Tmax

GeV

�
5

× θðTmax −mχÞ;

ð17Þ

6We will assume that the temperature at which ϕ gets a vev is
the value of vev itself Tvϕ ∼ 60 MeV.
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where the second equality is obtained by using the definitions

S ¼ 2π2gS⋆T3

45
and H ¼ 1.66

ffiffiffiffi
gρ⋆

p
T2

MPl
, and θðxÞ is the step function

that ensures the universe has enough energy to produce χ.
There is a constraint on the Yχ so that it does not overclose
the universe:

Yχ ≤
Ωtotal DMρc

mχs0
≃ 6.6 × 10−11 ×

�
GeV
mχ

�
; ð18Þ

where for all of our benchmarks, the mass of χ is fixed to
mχ ¼ 938.6 MeV. It is clear that if χ is produced, it quickly
overcloses the universe. Thereby, we require Tmax < mχ to
prevent the production of χ in the early universe.7 In other
words, even though χ is a long-lived particle, it does not
contribute to the relic abundance of the DM in the universe.
Notice that these calculations only depend on the coupling of
χ with quarks; thus, the results are the same ifwe had assumed
a Uð1ÞD instead of the SUð2ÞD.

b.W0 and ϕ production
For the case where λϕH ¼ 0, the main mechanism for the

production of ϕ andW0
μ is via the kinetic mixing term. The

leading diagram of W0=ϕ production for T > vϕ is shown
in Fig. 5, where JEM represents any particle (lepton or
hadron) that has electromagnetic charge and has a signifi-
cant abundance at T < mχ . The Boltzmann equation
governing the number density of W0 and ϕ is similar to
Eq. (14), and the squared ME for the process of our interest
JEMJEM → ϕϕW0 is the following:

jMj2JEMJEM→ϕϕW0 ¼ Q4C2
Yð4s2 − 5sðtþ uÞ − 5tuÞ

4s
; ð19Þ

with Q being charge of the initial state particles, and s, t,
and u are the Mandelstam variables. In the limit where
s ≫ t, u, we get jMj2JEMJEM→ϕϕW0 → Q4C2

Ys. In Eq. (19),
we have letmW0 ¼ mϕ ¼ 0, because ϕ still has not acquired
a vev. Note that W0 and ϕ do not get thermal corrections as
well, since they live in a much colder sector. In the SM
sector, however, for T ≫ mSMðT ¼ 0Þ, the thermal correc-
tion to the mass of particles becomes important. For
simplicity, we assume that mSMðTÞ ∼ T. The only excep-
tion is for proton, where for T < mp, we assume
mpðTÞ ¼ mpðT ¼ 0Þ. Furthermore, we make the reason-
able assumption that the SM unstable particles decay more
efficiently to SM particles than annihilate toW0 and ϕ. The
yield of W0 and ϕ coming from Fig. 5 is

YUVi
≃ giαMPl

3352 × C2
Y

1.66 × 24π8
ffiffiffiffiffi
gρ⋆

p
gS⋆

T3
max; ð20Þ

where i ¼ W0=ϕ and gi represents the number of ϕ and W0
produced.
Once ϕ acquires a vev, the production of W0

3 can occur
through renormalizable and nonrenormalizable operators,
shown in Fig. 6. The renormalizable interaction that results
in the production ofW0� is illustrated in Fig. 7. For processes
with two body final states, Eq. (13) simplifies to [67]:

_ni þ 3Hni ¼ gi
3T

ð4πÞ4
Z

dΩ
Z

v2ϕ

m2
final

ds

�
s −m2

finalffiffiffi
s

p
�

× jMj2K1

� ffiffiffi
s

p
T

�
; ð21Þ

where8 mfinal is the mass of the final state particles in each
interaction. The exact value of the squaredmatrix elements as
well as the approximate yield ofW0

3,W
0�, andϕ can be found

in Appendix. Depending on the benchmark, we can either
have both W0� and ϕ, or only W0� as our DM particles.
However, since the production of ϕ and W0� are through
similar diagrams, these two cases only differ by an Oð1Þ
factor. The region that produces too much DM (i.e.,
ΩW0 þ Ωϕ > Ωtotal DM) is shown in orange in Fig. 9. Even
thoughϕ is long-lived in some regions of the parameter space
and can contribute to the relic abundance of DM, this fact
does not affect the computations in a significant way. That is
because the main production of ϕ andW0 is due to Eq. (20).
Therefore, the bounds are not very sensitive to mϕ.

2. CMB and BBN constraints

We know that W0
3 decays, and if it injects energy during

BBN, its energetic decay products might disturb the
production of the light nuclei by diluting the ratio of
baryons to photons. Furthermore, the injection of energy
may cause photodissociation, which will affect the Cosmic
Microwave Background (CMB) fluctuations. To avoid

FIG. 5. The Feynman diagram that leads to the production of ϕ
and W0, where JEM means the electromagnetic current.

7We have not observed any evidence before the epoch of BBN.
Therefore, as long as Tmax ≳ 10 MeV, low Tmax does not violate
any cosmological observations [74].

8The small differences between Eqs. (14) and (21) are due to
the number of final state particles, and the fact that final state
particles are massive after SUð2ÞD SSB.

NEUTRON DECAY TO A NON-ABELIAN DARK SECTOR PHYS. REV. D 102, 035011 (2020)

035011-7



these effects, we follow the convention of Ref. [75] and
require W0

3 to decay before it exceeds half of the energy
density of the universe. The temperature at which this
occurs is

Tdom ≈
4mW0YW0

3f
; ð22Þ

where f ¼ 1=2 is the fraction of the energy density of the
universe made up by W0. We require that the lifetime of
the W0

3 is smaller than H−1ðTdomÞ. The lifetime of W0
3 if

mW0 > 2me is

τheavy ≃
8π

αC2
YvϕmW0

�
1 −

�
2me

mW0

�
2
�

−1=2
; ð23Þ

and, if it is lighter than 2me, is

τlight ≃
273653π3

17C2
Yv

4
ϕα

4me

�
me

mW0

�
9

: ð24Þ

As can be seen in Fig. 9 (shaded blue region), for
mW0 < 2me, this constraint is strongly restricting.
However, for mW0 > 2me, the BBN constraint becomes
milder than the bound we get for the relic abundance.

B. Indirect detection

DM accumulating at the Galactic Center, or near dwarf
spheroidal galaxies, annihilates to W0

3: (e.g., W
0þW0− →

W0ð�Þ
3 W0

3). Depending on the mass of W0
3, we may either

have W0
3 → eþe− or W0

3 → 3γ. An excess emission of
positron may be detected by Voyager [76] and the AMS-02
[77]. As discussed in [30,78], any claim on the detection of
DM from the excess positron suffers from large uncertain-
ties and it is not reliable.
The Fermi-LAT collaboration [79,80] is searching for

the excess in photons, and Ref. [30] has derived the
constraint on DM coming from 6 years of Fermi-
LAT observations of 15 dwarf spheroidal galaxies.

FIG. 7. The Feynman diagram that shows the production of
W0� after ϕ acquires a vev.

FIG. 6. The Feynman diagrams contributing to the production of W0
3 and ϕ after ϕ acquires a vev. These diagrams are effective for

T < vϕ. In these diagrams, JEM is any known SM particle that is still around at T < vϕ. Note that since vϕ ≃ 60 MeV, the only
electromagnetically charged particles that are still in the plasma and have not decayed are the electrons and protons.

FIG. 8. The new contribution to the electric dipole moment of
neutron. Since this diagram is suppressed by η2, its contribution is
very small.
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Reference [30] has shown that the region parameter space
satisfying hσviW0þW0−→3γW0

3
→6γ > 2.8 × 10−28 cm3=s is

excluded. We can approximate this annihilation as

hσviW0þW0−→3γW0
3
→6γ ≃

α2DC
2
Yv

4
ϕ

283653π3m2
W0

; ð25Þ

where αD ¼ g2D=ð4πÞ. As can be seen, this cross section is
extremely small and does not provide any noteworthy
bound on the parameter space.

C. Direct detection and collider constraints

The cross section for W0� to scatter on proton with W0
3

being the mediator is

σeW0 ¼ 8πααDC2
Yv

4
ϕμ

2
eW0

ðm2
W0 þ q2Þ2 ; ð26Þ

where μeW0 ≡ mW0me

mW0þme
is the reduced mass of the DM-

electron system, and q is the momentum transfer between
the DM and electron. At electron ionization experiments
like SENSEI [81] and XENON10 [80], the targeted
electrons are usually bound to atoms with typical velocity
of a bound electron being ve ∼ α. The minimum energy
transferred required in these experiments to knock out the
bound electron and detect the DM-electron scattering is
q ∼ αme. For all of our benchmarks, we have mW0 ≫ αme
and thus the momentum transfer can be neglected. For such
heavy W0, the bounds are rather very mild and they do not
provide any noticeable bound on our parameter space.

1. BABAR and SLAC

Another constraint on CY comes from the direct pro-
duction of W0

3 and γ at E137 [82] and BABAR [83]

experiments. Reference [30] has worked out this con-
straints and has found that C2

Yv
4
ϕ < 2.5 × 10−8, which

means that CY < 6 × 10−4 GeV−2 is a much weaker bound
than the ones we have discussed so far. Since the coupling
of W0

3 with W0� does not play any role, this constraint is
oblivious to the value of gD. The BABAR bound is shown as
shaded purple in Fig. 9.
Yet, another important constraint comes from the elec-

tron beam dump experiment at SLAC [84], which consists
of a 20 GeV electron beam hitting upon a set of fixed
aluminum plates. Through theW0

3 − γ, we can create a pair
of DM candidates (W0�): eN → eNW0�

3 → eNW0þW0−.
The DM would then travel through a 179 m hill, followed
by 204 m of air, and then would be detected by an
electromagnetic calorimeter. This process, however, is
suppressed. That is because the production of on-shell
W0

3 is favored, which then would decay back to either e
þe−

or 3γ. The large electron-positron pair background coming
from the SM photon overwhelms the signal. The SLAC
experiment requires CY < 0.5 GeV−2.

2. Electric dipole moment of neutrons

Since we can introduce a CP-odd kinetic mixing
between the non-Abelian fields strength and photon
(e.g., C̃Yϕ

†τaϕW0μν
a Fμν), we get a constraint on C̃Y from

the contribution of this scenario on neutron Electric Dipole
Moment (EDM). The leading contribution is shown in
Fig. 89: Doing the calculation, we get

FIG. 9. These plots show the constraints from various experiments on different benchmarks. For the case wheremW 0 < 2me, BBN [75]
puts significant restrictions on the parameter space. For heavier W0, the main constraints comes from Relic abundance (orange), and
Neutron Stars (green) [30,51]. The bounds coming from SN1987A [85] and BABAR [83] are also shown in red and purple, respectively.
The rest of the bounds discussed are much weaker than these bounds and are not presented here. The constraints are very sensitive to the
value ofmW0 , but the value ofmϕ does not visibly change the bounds. Thereby, we presented the bounds for benchmarksA2;B1, andB2
together.

9If we had not turned off λϕH coupling, we could have an
arguably more important contribution to neutron EDM.
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dnewn ≃
C̃Yivϕη2

8π2
log

Λ2

m2
W0

; ð27Þ

where Λ2 ∼mΦ1
mΦ2

. Measurements exclude any contribu-
tion to the electric dipole moment that exceeds
dnewn < 10−26 e:cm. Given the value of mW0 in our bench-
marks, EDMmeasurements require us to C̃Y < 1012 GeV−2,
and this constraint is much weaker than perturbativity.

D. Astrophysical bounds

We have already summarized the importance of NS in
constraining any model that discusses nonstandard neutron
decay. Recall that to evade NS bounds, we moved to
models with dark vector mediators, and we had to fix
mW0=gD ∼ 60 MeV. This constraint is presented in Fig. 9 as
shaded green.
Another astrophysical bound comes from the cooling rate

of Supernova1987A (SN1987A) [85]. Through the mixing
with a photon, DMcan be produced through the implosion of
a newly born NS. Since DM does not interact with baryonic
matter strongly, it can leave the supernova, resulting in a
faster cooling rate. If DM is produced in an appreciable
number, then the cooling rate can be faster than observed. For
SN1987A, the energy loss per unit mass should be smaller
than 1019 erg=g=s at the temperature of the plasma, which
equates roughly 10 MeV. The shaded red region in Fig. 9
illustrates the constraint coming from SN1987A.

IV. CONCLUSION

In this paper, we presented a model that can explain
the discrepancy between the total decay width of the
neutron and its decay width to protons. In the Standard
Model (SM), we expect the branching ratio of n →
pe−v̄e to be 100%. However, the two bottle experiment
and beam experiment, which measured the decay width
of the neutron, one by counting the remaining neutron
and another by counting the produced protons, show a
discrepancy in their results. One potential answer could
be that neutrons decay to dark sector (DS) particles with
a branching ratio of 1%. The observation of heavy
neutron stars with a mass of about two solar mass
narrows our attention to DS models with vector

mediators. This way, we ensure a repulsive interaction
between dark matter (DM) candidates as well as between
DM and neutrons. A thermal relic dark Uð1ÞD gauge has
already been discussed in detail and it has been that
there is not available parameter space for mA0 < 2me. We
considered the production of DS through the freeze-in
mechanism instead. Even with freeze-in, however, we
showed that the region of the parameter space that
explains the neutron decay anomaly, necessarily, leads
to the overproduction of χ—the fermionic DM candidate
in our theory. Thereby, we considered a low Tmax (e.g.,
Tmax ∼mχ). This temperature is valid according to the
current constraints on the reheat temperature of the
universe.
Since χ in this model cannot account for the relic

abundance of DM in the early universe, we considered a
DS with gauged SUð2ÞD. The extra degrees of freedom
in this model can successfully account for the observed
relic abundance of DM. Yet, due to the intricate
relationship between the particles of DS, the number
of free parameters in this model is the same as the case
of gauged Uð1ÞD.
One important advantage of DS scenarios that attempts

to explain another theoretical or experimental anomaly
is that the freedom over the new parameter space becomes
much smaller. In this paper, we only had a few free
parameters we could consider: the kinetic mixing cou-
pling, the dark gauge coupling, and mW0 . All of these
parameters could vary over a small region. For mW0 >2me,
satisfying the right relic abundance gave the best bound on
the kinetic mixing between the two sectors. For lighterW0

3

(mW0 < 2me), BBN constraints became much more sig-
nificant. The main constraint on gD is from making sure
the self-interaction of DM, as well as the interaction
between DM and neutrons, are repulsive enough that they
do not change the equation of state of large neutron stars
significantly.
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APPENDIX: THE SQUARED MATRIX ELEMENTS OF THE PROCESSES THAT PRODUCE W 0
AND ϕ FOR T < vϕ.

The exact Matrix Element of the processes presented in Figs. 6 and 7 are the following:
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jMj2JEMJEM→ϕW0 ¼
Q2C2

Yv
2
ϕ

4
ðgDvϕ þ

ffiffiffi
s

p Þ2 2m
2
W0 ð4s2 þ 5sðtþ uÞ − 5tuÞ þ 5sðs − tÞ2

m2
W0s2

jMj2γJEM→JEMW0 ¼
Q4C2

Yv
4
ϕ

4

ð2m2
W0sð2s − tþ uÞ þ s2ð2s − t − 5uÞÞ

m2
W0 ðs − tÞ2

jMj2JEMJEM→W0þW0− ¼ g2DQ
2C2

Yv
4
ϕ

32m4
W0 ðs −m2

W0 Þ2 ð32m
4
SMðm2

W0s − 4m4
W0 Þ

þ 2m2
SMðs − 4m2

W0 Þðs2 þ 4m2
W0 ðsþ 4ðtþ uÞÞ − 20m4

W0 Þ − 128m8
W0

− 16m6
W0 ðs − 8ðtþ uÞÞ − 4m4

W0 ðs2 þ 8sðtþ uÞ þ 11t2 þ 10tuþ 11u2Þ
þ4m2

W0sð3t2 þ 2tuþ 3u2Þ þ s2ðs2 − ðt − uÞ2ÞÞ;

where the Mandelstam (s, t, u) variables are defined as usual:

s ¼ 4ðT2 þm2
SMÞ

t ¼ −2ðT2 þm2
SMÞ þ 2T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2 þm2

SM −m2
W0

q
ðcos θÞ þm2

SM þm2
W0

u ¼ −2ðT2 þm2
SMÞ − 2T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2 þm2

SM −m2
W0

q
ðcos θÞ þm2

SM þm2
W0 :

In the limit where s ≫ t, u and vϕ >
ffiffiffi
s

p
> m2

SMðT ¼ 0Þ, we get

jMj2JEMJEM→ϕW0 ≃
Q2C2

Yv
2
ϕðgDvϕ þ

ffiffiffi
s

p Þ2s
m2

W0

jMj2γJEM→JEMW0 ≃ 2
Q4C2

Yv
4
ϕs

m2
W0

jMj2JEMJEM→W0þW0− ≃
g2DQ

2C2
Yv

4
ϕs

2

8m4
W0

:

Given that for all of our benchmarks vϕ is at least an order of magnitude greater thanmW0 andmϕ, we can ignoremfinal in
some of the cases of our interest. The yield, thus, becomes the following:

YT<vϕ ¼ YJEMJEM→ϕW0 þ YγJEM→JEMW0 þ YJEMJEM→W0W0 ;

YJEMJEM→ϕW0 ≃ giαMPl
45 × C2

Y

1.66 × 16π
ffiffiffiffiffi
gρ⋆

p
gS⋆

v5ϕ
m2

W0

�
64gD

�
1 −

mfinal

vϕ

�
þ 45π

�
1 −

�
mfinal

vϕ

�
2
��

2

;

YγJEM→JEMW0 ≃ giαMPl
45 × C2

Y

1.66 × 4π
ffiffiffiffiffi
gρ⋆

p
gS⋆

v5ϕ
m2

W0

�
1 −

mfinal

vϕ

�

YJEMJEM→W0W0 ≃ αMPl
45 � 25 × C2

Y

1.66 × π
ffiffiffiffiffi
gρ⋆

p
gS⋆

v7ϕ
m4

W0

�
1 −

�
mfinal

vϕ

�
3
�
:
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