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In this paper, we extend the Standard Model (SM) scalar sector with scalar leptoquarks (LQ) as a portal
to the dark sector to resolve some observational anomalies simultaneously. We introduce LQ coupling to
scalar dark matter (DM) to suggest an exotic decay channel for the neutron into scalar DM and an SM
antineutrino. If the branching ratio of this new neutron decay channel is 1%, a longstanding discrepancy in
the measured neutron lifetime between two different experimental methods, bottle and beam experiments,
can be solved. The mass of the scalar DM produced from neutron decay should be in a narrow range and as
a result, its production in the early universe is challenging. We discuss that the freeze-in mechanism can
produce this scalar DM in the early universe with the correct relic abundance. Then we show that the model
can explain other SM anomalies like the muon (g − 2), and RDð�Þ anomaly simultaneously.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is one of
the most successful theories and almost all of its predictions
are consistent with experimental results. However, there
are some observations that the SM failed to explain. One of
the intriguing challenges in particle physics is the neutron
lifetime anomaly. It is well known that the neutron
dominantly decays to a proton, an electron, and an
antielectron-neutrino (β decay) in the SM framework.
The neutron lifetime has been measured by two different
methods in experiment, bottle and beam experiments. In the
bottle experiment, the ultra-cold neutrons are kept in a
container for a time longer than the neutron lifetime, then
the remaining neutrons are counted and the neutron lifetime
is extracted. The average neutron lifetime from five bottle
experiments is [1–5],

τbottlen ¼ 879.6� 0.6 s: ð1Þ

In the second method, the beam experiment, the numbers of
the produced protons from the neutron decay are counted
and then the neutron lifetime is measured. The average
neutron lifetime from two beam experiments is longer than
those from the previous method [6,7],

τbeamn ¼ 888.0� 2.0 s: ð2Þ

There is a 4σ discrepancy in neutron lifetime measure-
ments. This discrepancy can be solved if the neutron
partially decays to the invisible, for instance, particles in
the dark sector (with a branching ratio around 1%) [8–13].
On the other hand, numerous observations from galactic

to cosmic scales indicate the existence of dark matter (DM)
that corresponds to approximately 25% of the energy
budget of the Universe. Understanding the nature of DM
is one of the longstanding problems in particle physics.
Although lots of efforts have been down to unveil the DM
nature, its properties are still unknown. For example, we do
not know if the DM is a fermion or a boson, how it interacts
(nongravitationally) with the SM particles, how it was
produced in the early universe and the DM mass value
(since the wide range of mass is still valid for the DM
particle).
It is well known that the leptoquark (LQ) models are the

economical method to address most of the SM anomalies.
The LQs can be a scalar or vector and can simultaneously
couple to a quark and a lepton. In this paper, the scalar
sector of the SM is extended by two scalar LQs (Sα1 and S

β
1)

where both have the same quantum number under the SM
gauge group but have different baryon and lepton numbers.
Also, we add a dark scalar (ϕ) which is a singlet under the
SM. It is shown that by introducing a new coupling
between the LQs and the dark scalar, which is a portal
between the SM and the dark sectors, the neutron can decay
to a dark scalar and an SM antineutrino through the scalar
LQ mediators. Then it is indicated that the neutron lifetime
anomaly can be evaded in a suitable parameter space
region.
Since there are severe constraints on the baryon number

violation process, we consider the new exotic neutron
decay channel with respect to the baryon number [14–17].
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So, the new dark scalar carries the baryon and lepton
numbers. Furthermore, we show that the dark scalar can be
a good DM candidate since it is the lightest particle with the
baryon number in the model. On the other hand, the exotic
neutron decay channel should be kinematically allowed and
at the same time the proton decay should be prevented, so
the mass of the scalar DM should be in the narrow range.
As a result, the production of such a scalar DM is
challenging. However, we show that through the freeze-
in scenario, it can be produced in the early universe and its
relic density is compatible with the observed abundance of
the DM.
In the rest of the paper, we examine other SM anomalies

that can be addressed by our model. One of the established
anomalies in the SM is related to the high-precision
measurement of the magnetic moment of the muon. The
SM prediction for the magnetic moment of the muon has
around 5.1σ deviation from the combined result measure-
ment from Brookhaven National Laboratory (BNL) and
Fermi National Accelerator Laboratory (FNAL) [18–22].
To alleviate this problem we need new physics with extra
particles. Furthermore, the semi-leptonic decays of
B-mesons are sensitive to new physics. For example, the
BABAR [23,24], Belle [25–28], and LHCb [29–31] experi-
ments have measured the RD and RD� observables where
they have shown that their result has a deviation from the
SM prediction. Although the current uncertainties should
be understood better, one can study the new physics effects
on these anomalies. Then, we show that our model can
solve these SM anomalies simultaneously. It is worth
noting that our paper differs from previous studies in the
following ways:

(i) In previous papers, the DM candidate was a fermion
particle, but in this paper, the neutron decays to
scalar DM.

(ii) We utilized LQ particles as mediator particles due to
their intriguing phenomenology and ability to ex-
plain multiple anomalies at once.

(iii) We employed the Freeze-in production mechanism
during the early universe to account for the DM relic
density.

(iv) In this proposed final state of neutron exotic decay, a
SM neutrino is produced. Despite their weak inter-
actions, the existence of the neutrinos in the final
state could yield a distinct signature compared to
previous proposals.

The organization of the paper is as follows. In Sec. II, we
explain the model in detail. In Sec. III the different
phenomenological aspects of the model are discussed.
Finally, Sec. IV summarizes the paper.

II. THE MODEL

We extend the SM scalar sector by three new particles.
The Sα1 and Sβ1 are the LQ scalars and have the same
quantum number under the SM gauge group ð3̄; 1; 1=3Þ,

however, they have different baryon and lepton numbers.
The third scalar ϕ is singlet under the SM gauge sym-
metries but it carries the baryon and lepton numbers. Table I
represents all the new scalars with their quantum numbers.
The Lagrangian of the model contains all the particle
interactions, and can be written as follows,

L ¼ LSM þ LLQ;int þ LScalars; ð3Þ

where LSM is the SM Lagrangian and LScalars contains all
kinetic, mass, and interaction terms for scalars. LLQ;int

indicates the scalar LQ interactions with the SM fermion
fields and has the following form [32],

LLQ;int ¼ yLLij Q̄Ci;a
L Sα1ϵ

abLj;b
L þ zLLij Q̄Ci;a

L Sβ1
�ϵabQj;b

L

þ yRRij ūCiR Sα1e
j
R þ H:c:; ð4Þ

where QLðLLÞ indicate the left-handed quark (lepton)
doublet and uRðeRÞ show the right-handed up-type quark
(charged lepton). The flavor ðSUð2ÞÞ indices are shown by
i; j ¼ 1; 2; 3ða; b ¼ 1; 2Þ, and ϵab ¼ ðiσ2Þab that σ2 is the
second Pauli matrix. For the fermion ψ , we use the
following notation, ψ̄ ¼ ψ†γ0 and ψC ¼ Cψ̄T , where C ¼
iγ2γ0 is the charge conjugation operator. The yLL and yRR

are completely arbitrary 3 × 3 matrices but zLL is a
symmetric matrix in flavor space ðzLLij ¼ zLLji Þ. After the
contraction in the SUð2Þ space, we have the following
interaction terms for the LQ scalars with the SM fermions,

LLQ;int ¼ −ðyLLUÞijd̄CiL Sα1ν
j
L þ ðVTyLLÞijūCiL Sα1e

j
L

þ ðVTzLLÞijūCiL Sβ1
�djL − ðzLLV†Þijd̄CiL Sβ1

�ujL

þ yRRij ūCiR Sα1e
j
R þ H:c:; ð5Þ

where U is a Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
unitary mixing matrix and V is a Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix. All fields in the above
equation are in the mass eigenstate basis. Moreover, The
scalar Lagrangian for a SM singlet scalar ϕ and two other
scalars Sα1 and Sα2 is given by,

TABLE I. The quantum numbers of the new scalars. The
second and third columns show the baryon and lepton numbers,
respectively. The last column presents the quantum numbers
under the SM gauge groups.

Particles B L SUð3ÞC × SUð2ÞL × Uð1ÞY
Sα1 −1=3 −1 (3̄, 1, 1=3)
Sβ1 2=3 0 (3̄, 1, 1=3)
ϕ 1 1 (1, 1, 0)
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LScalars ¼ jDμϕj2 −m2
ϕjϕj2 þ jDμSα1j2 −m2

Sα
1
jSα1j2

þ jDμS
β
1j2 −m2

Sβ
1

jSβ1j2 − λ1jSα1j4 − λ2jSβ1j4

− λ3jϕj4 − λ4jHj2jSα1j2 − λ5jHj2jSβ1j2

− λ6jHj2jϕj2 − ðμSα1ðSβ1Þ�ϕþ H:c:Þ;

where H is the SM Higgs doublet. The λis are the
dimensionless couplings whereas the μ has a dimension
of mass. The last term in the above Lagrangian plays a
crucial role in the model because it is a portal between the
SM and the dark sectors. As we will explain in the next
section the ϕ is the lightest particle with the baryon number
in our model, as a result, it is stable and can be a good DM
candidate.
It is worth mentioning that, in the rest of the paper, for

sake of simplicity and in order to resolve some anomalies
simultaneously, we consider the following economical
flavor ansatz,

yLL12 ≠ 0; yLL33 ≠ 0; yLL32 ≠ 0; yLL23 ≠ 0;

yRR32 ≠ 0; zLL11 ≠ 0; ð6Þ

and other couplings in the LQ Lagrangian Eq. (5) are
considered to be zero.

III. PHENOMENOLOGY

In this section, we study different phenomenological
aspects of our model. In the first subsection III A, we show
how the neutron can decay to a scalar DM and an
antineutrino via the scalar LQs. We find an appropriate
benchmark in our model in which the neutron decay
anomaly resolve. The DM production in the early universe
and calculating DM relic abundance are presented in
Sec. III B. Then in Sec. III C, we explain how our setup
can eliminate the muon anomalous magnetic moment. In
Sec. III D, we indicate that the RDð�Þ anomaly can be
alleviated through our model with the proper param-
eter space.

A. Neutron decay anomaly

As we mentioned before, one of the intriguing challenges
in particle physics is the neutron lifetime anomaly. In order
to evade such an impasse the neutron can partially decay
into the dark sector. In our model, the neutron can decay
into a scalar DM and an SM antineutrino (n → ϕν̄).
According to the Lagrangian in Eq. (3) and considering
the flavor ansatz in Eq. (6), the following terms have
contribution to the exotic neutron decay,

Ln→ϕν̄i ¼ −yLL12 U2id̄CLν
i
LS

α
1 þ zLL11 V11ūCLdLðSβ1Þ�

− μSα1ðSβ1Þ�ϕþ H:c:; ð7Þ

where νiL can be any mass eigenstate of the SM neutrino.
The corresponding Feynman diagram for neutron decay to
a scalar DM and an antineutrino is shown in Fig. 1(a).
It is worth mentioning that, there are some constraints on

the scalar DM mass ðmϕÞ. First, for the exotic neutron
decay channel to be kinematically allowed, the ϕ should be
lighter than the neutron. The other bound comes from
proton decay. In our model, the proton also can decay to a
scalar DM and an antimuon (according to our flavor
ansatz). The Feynman diagram for proton decay is illus-
trated in Fig. 1b, and the following Lagrangian terms give
rise to proton decays,

Lp→ϕμ̄ ¼ þyLL12 V11ūCLμLS
α
1 þ zLL11 V11ūCLdLðSβ1Þ�

− μSα1ðSβ1Þ�ϕþ H:c: ð8Þ

To prevent proton decay, the scalar DM mass should be in
the following range,

mp−mμ<mϕ<mn → 832.71MeV<mϕ<939.565MeV:

Moreover, nuclear physics puts other bounds on the mϕ.
The most stringent constraint is required to prevent nuclear
decay of 9Be [8],

937.900 MeV < mϕ < 939.565 MeV:

(a) (b)

FIG. 1. The Feynman diagrams contributing to neutron and proton decay.
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According to the aforementioned limits, we chose mϕ ¼
938 MeV as our benchmark. As a result, the ϕ is stable
since it is the lightest particle with baryon number.
There are some constraints on the (first and second

generation) scalar LQs mass from the CMS experiment,
where they searched for the single and pair production of
scalar LQ. The current bounds require that the mass of the
scalar LQ should be larger than 1.36 TeV [33–35]. So, the
scalar LQs are heavier than other particles in the model and
they can be integrated out from the Lagrangian. As a result,
the effective Lagrangian contributing to the exotic neutron
decay is given by,

Leff
n→ϕν̄i

¼ κin̄CLν
i
Lϕ

� þ H:c:; ð9Þ

where

κi ¼
μ βðyLL12 U2iÞðzLL11 V11Þ

Em2
Sα
1
m2

Sβ
1

; ð10Þ

that β ≅ 0.014 GeV3 form lattice QCD [36]. According to
the above effective Lagrangian, the exotic neutron decay
width to a scalar DM and an antineutrino can be calculated
as follows,

ΔΓðn → ϕν̄Þ ¼
X
i

jκij2
1

16πm3
n
ðm2

n −m2
ϕÞ2; ð11Þ

where

X
i

jκij2 ¼
���� μ βðy

LL
12 ÞðzLL11 V11Þ
m2

Sα
1
m2

Sβ
1

����
2

; ð12Þ

and the unitary condition of the PMNS matrix ðPi jU2ij2 ¼
1Þ is used. To resolve the neutron decay anomaly, the exotic
decay width should have the following value [8],

ΔΓðn → ϕν̄Þ ¼ Γbottle
n − Γbeam

n ≃ 7.1 × 10−30 GeV: ð13Þ

Therefore, the following limit is imposed on the combination
of the model parameters,

���� μy
LL
12 z

LL
11

m2
Sα
1
m2

Sβ
1

����
2

≃ 1.8 × 10−19 GeV−6: ð14Þ

In Fig. 2, we show the accepted values for the LQ mass and
LQ coupling with the SM fermion according to the above
limit. For simplicity, we assume that mSα

1
¼ mSβ

1
and

yLL12 ¼ zLL11 . The Left panel shows the LQ coupling as a
function of theLQmass for different values ofμ, and the right
panel shows the dimensionful coupling μ as a function of the
LQ mass for different values of LQ coupling. According to
the figures, the LQ mass around 1.36 TeVand yLL12 ¼ zLL11 ¼
0.8 are allowedwith dimensionful couplingμ around theTeV
scale. We chose these values as our benchmark.1

It is worth mentioning that the neutron star (NS) can put
constraints on the models that suggest a new neutron decay
channel. The Tolman-Oppenheimer-Volko (TOV) equa-
tions determine the NS structure [38,39]. If we integrate
the TOV equations from the center of the NS, where the
pressure is a constant, to the radius of the NS with zero
pressure, we can find the mass of NS as a function of its
radius. Also, we can predict the maximum possible mass of
the NS. However, to do the above procedure we need to
have the equation of state (EOS) of the NS. The EOS gives
the relation between the energy density and the pressure for
the NS. The new neutron dark decay channel causes the
DM to be thermalized inside the NS and as a result, the
EOS would be changed. Reference [40] showed that for a
noninteracting DM with mass below the neutron mass (to
have a kinematically allowed neutron decay channel), the
DM produces more energy than the pressure and the EOS
of the NS becomes softer. As a result, these models predict
maximum mass for neutron stars below 0.7M⊙, which is in
contradiction with observation. According to the data the
current maximum mass for the NS is about 2M⊙ [41,42].
However, Refs. [40,43] showed that the DM model with

mass greater than 1.2 GeV or the repulsive self-interacting
DM model can escape from these constraints. For instance,
if the DM is charged under a new gauge symmetry [U(1) or
SU(2)], NS limits can be evaded for a suitable value of dark
gauge mediator mass and gauge coupling [12,13]. In our
model, the neutron decays to a dark scalar and an

1It should be noted that the new scalar LQ [Sα1 in Eq. (5)] can impact the decay of charged pion into muon and neutrino, thereby
affecting the following well-measured observable [37]:

Γðπ− → e−νeÞ
Γðπ− → μ−νμÞ

¼ 1.230ð4Þ × 10−4:

We calculated the contribution of the new diagram channel and its interference with the SM channel. Based on our benchmark values, we
found the resulting ratio to be

Γðπ− → e−νeÞ
Γðπ− → μ−νμÞ

¼ ΓSMðπ− → e−νeÞ
ΓSMðπ− → μ−νμÞ þ Γintðπ− → μ−νμÞ þ Γexoticðπ− → μ−νμÞ

¼ 1.2318 × 10−4;

which is consistent with the current measurements.
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antineutrino ðn → ϕνÞ. According to the Lagrangian in
Eq. (6), the scalar DM ðϕÞ has a repulsive self-interaction
term λ3jϕj4 for the λ3 > 0. As a result, we can evade NS
constraints.

B. DM production

In our model, the DM can be produced through the
freeze-in mechanism in early universe [44,45]. In this
mechanism, the DM has negligible abundance at the early
time, however, some interaction with bath particles can

produce the DM. In our case, after the QCD phase
transition, the neutron and antineutron can decay into ϕ
and contribute to the DM relic density. Although this
contribution is negligible since the obtained relic density
for ϕ from the neutron decay is four orders of magnitude
less than the observed cosmological DM relic [46]. Another
type of interaction that can contribute to ϕ relic abundance
is nπ0 → ϕν̄ scattering. The number density of the DM (nϕ)
can be calculated by the Boltzmann equation in the freeze-
in scenario,

ṅϕ þ 3nϕH ≈
Z

dΠndΠπdΠν̄dΠϕð2πÞ4δ4ðpn þ pπ − pν̄ − pϕÞjMj2nπ→ν̄ϕfnfπ; ð15Þ

where the H is the Hubble parameter, dΠi ¼ d3pi=ð2πÞ32Ei are phase space elements and fi ¼ ðeEi=T � 1Þ−1 are phase
space densities. Assuming the initial particles are in thermal equilibrium we can consider fi ≈ e−Ei=T, and the Boltzmann
equation can have the following form [47],

ṅϕ þ 3nϕH ≈
T

512π6

Z
∞

ðmnþmπÞ2
ds dΩPB1B2

PB3ϕjMj2nπ→ν̄ϕK1ð
ffiffiffi
s

p
=TÞ= ffiffiffi

s
p

; ð16Þ

where the s and T are the center of mass energy of the
interaction and temperature, respectively. The K1 is the first
modified Bessel function of the 2nd kind, and

Pij ≡ ½s − ðmi þmjÞ2�1=2½s − ðmi −mjÞ2�1=2
2

ffiffiffi
s

p : ð17Þ

The angular integration over the squared amplitude for
nπ → ν̄ϕ interaction is as follows,

Z
dΩjMj2nπ→ν̄ϕ ¼ 4πλ2

ðs −m2
ϕÞðsþm2

n −m2
πÞ

2s
; ð18Þ

where λ2 ¼ j μ β yLL12 zLL11 g2sm2
Sα
1

m2

Sβ
1

j2 is the effective coupling and gs is

the strong coupling constant. If we use the yield definition,
Yϕ ≡ nϕ=S where S is the entropy density, and consider
Ṫ ¼ −HT the left part of Eq. (16) becomes,

FIG. 2. The left panel shows the LQ coupling as a function of the LQ mass for μ ¼ 1, 1.5, and 2 TeV. The right panel shows the μ
coupling as a function of the LQ mass for yLL12 ¼ zLL11 ¼ 0.4, 0.6, and 0.8.
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ṅϕ þ 3nϕH ¼ −SHT
dYϕ

dT
; ð19Þ

where S ¼ 2π2gS�T3=45,H ¼ 1.66
ffiffiffiffiffi
gρ�

p
T2=MPl, andMPl is the nonreduced Planck mass. The gS;ρ� are the effective numbers

of degrees of freedom in the bath at the freeze-in temperature for the entropy and energy density, respectively. And finally,
the variation of yield is given by,

dYϕ

dT
≈

−1
SHT

4πλ2T
512π6

Z
∞

ðmnþmπÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − ðmn þmπÞ2

p
2

ffiffiffi
s

p s −m2
ϕ

2
ffiffiffi
s

p ðs −m2
ϕÞðsþm2

n −m2
πÞ

2s
K1ð

ffiffiffi
s

p
=TÞffiffiffi
s

p ds: ð20Þ

By doing the temperature integral with Tmin ¼ TBBN ¼
1 MeV and Tmax ¼ ΛQCD ¼ 180 MeV, we can obtain the
yield of the DM at present ðY0

ϕÞ. In this temperature range,

the gS;ρ� is 17.25. Then the DM relic density can be
calculated by the following formula,

Ωϕh2 ¼
mϕY0

ϕS0
ρc=h2

; ð21Þ

where S0 ¼ 2890=cm3 is the entropy density at the present
time and ρc=h2 ¼ 1.05 × 10−5 GeV=cm3 that ρc is the
critical density. As we mentioned before, the model
parameters are constrained by the neutron lifetime anomaly

[Eq. (14)], so the value for λ2 ¼ j μ β yLL12 zLL11 g2s
m2

Sα
1

m2

Sβ
1

j2 is fixed.

Therefore, the DM relic density in the model is given by,

Ωϕh2 ≈ 0.12

�
λ

7.38 × 10−11

�
2

; ð22Þ

which is consistent with the Planck collaboration report
(ΩDMh2 ¼ 0.12) [48]. It is also noteworthy to mention that,
we do a naive calculation here. For more accuracy, some-
one should consider the following points:

(i) Some other similar processes can contribute to the ϕ
relic density such as pπ0 → ϕμ̄. However, their
contributions to the DM abundance should be in
the same order as the nπ0 → ϕν̄ process.

(ii) As reviewed above, the DM yield is strongly
dependent on the QCD confinement scale ðTmax ¼
ΛQCDÞ and the value of the strong coupling constant
(gs). Since there is a wide range for ΛQCD from
100 MeV to 1 GeV, the value of the Y0

ϕ is changing
dramatically in this range.

(iii) The effect of the pion structure should also be
considered in the effective coupling mentioned
above (λ). Therefore, an extra factor (for example,
the pion form factor) should multiply in the λ, which
can reduce the value of the effective coupling by one
or two orders of magnitude and change the DM relic
density.

However, by considering all of the above-mentioned points,
in the worst-case scenario, the ϕ scalar can at least
contribute to the 10% of the total DM abundance.

C. Muon g − 2
Another long-standing challenge in particle physics is the

muon’s anomalous magnetic moment. The updated new
world average from Brookhaven National Laboratory [19]
and FermiNationalAccelerator Laboratory [20–22] foraμ ¼
ðg − 2Þμ=2 has 5.1σ deviation from its SM prediction [18],

δaμ ¼ aExpμ − aSMμ ¼ ð249� 48Þ × 10−11: ð23Þ

It is well-known that the scalar LQ can explain this anomaly
[32,49–56]. In our setup, the scalar Sα1 can contribute to the
magnetic moment of the muon and the relevant Feynman
diagram is shown in Fig. 3. The related terms from the
Lagrangian Eq. (5) are as follows,

L ⊃ ðVTyLLÞijūCiL Sα1e
j
L þ yRRij ūCiR Sα1e

j
R þ H:c:; ð24Þ

where theui is the up-type quark (u, c, t) and ej is the charged
lepton. According to our economical ansatz [Eq. (6)] and
because of the largemass of the topquark the following terms
involving the top quark and muon have important effects on
the aμ,

L ⊃ yLL32 V33t̄CLμLS
α
1 þ yRR32 t̄

C
RμRS

α
1 þ H:c: ð25Þ

FIG. 3. The Feynman diagram contributes to the anomalous
magnetic moment of the muon.
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The contribution of the above terms to the anomalous
magnetic moment of the muon is given by [49],

δaμ ¼ −
Ncmμ

8π2m2
Sα
1

½mμðjyLL32 V33j2 þ jyRR32 j2ÞF ðxtÞ

þmtRe½ðyRR32 Þ�ðyLL32 V33Þ�GðxtÞ�; ð26Þ

where mμ and mt indicate the muon and top quark masses,
respectively, xt ¼ m2

t =m2
Sα
1
, andNc ¼ 3 is the number of the

QCD colors. The definition of F ðxÞ and GðxÞ functions are,

F ðxÞ ¼ 1

3
fSðxÞ − fFðx; Þ

GðxÞ ¼ 1

3
gSðxÞ − gFðxÞ; ð27Þ

where

fSðxÞ ¼
xþ 1

4ð1 − xÞ2 þ
x log x

2ð1 − xÞ3 ;

gSðxÞ ¼
1

x − 1
−

log x
ðx − 1Þ2 ;

fFðxÞ ¼
x2 − 5x − 2

12ðx − 1Þ3 þ x log x
2ðx − 1Þ4 ;

gFðxÞ ¼
x − 3

2ðx − 1Þ2 þ
log x

ðx − 1Þ3 :

As we can see, the first term in Eq. (26) is suppressed by
muonmass. The scalar LQ ðSα1Þ should have both left-handed
and right-handed couplings to generate the second term,
which is proportional to top quark mass. As a result of this
chirality-enhanced effect and top quark mass, the significant
contribution to the aμ is as follows [51],

δaμ ≈ −
Nc

48π2m2
Sα
1

mμmtRe½ðyRR32 Þ�ðyLL32 V33Þ�

×

�
7þ 4 log

�
m2

t

m2
Sα
1

��
: ð28Þ

Fig. 4 displays the parameter space (yRR32 coupling as a
function of LQ’s mass) where the model can account for the
muon g − 2 anomaly. In this plot, yLL32 is fixed at 0.8, based
on our benchmark from the neutron lifetime anomaly.

D. RDð�Þ anomaly

The semi-leptonic decays of B-mesons are sensitive to
new physics. The BABAR [23,24], Belle [25–28], and
LHCb [29–31] experiments have measured the RD and
RD� observables where they have shown that their result has

a deviation from the SM prediction. Although the current
uncertainties should be understood better, one can study the
new physics effects on these anomalies. The definition of
two anomalous observables are as follows,

RD ¼ BRðB → Dτν̄Þ
BRðB → Dlν̄Þ ;

RD� ¼ BRðB → D�τν̄Þ
BRðB → D�lν̄Þ ; ð29Þ

where l ¼ e, μ for BABAR and Bell and l ¼ μ for LHCb.
The experimental world averages reporting by Heavy
Flavor Averaging Group are [57],

Rexp
D ¼ 0.356� 0.029;

Rexp
D� ¼ 0.284� 0.013: ð30Þ

While the SM predictions for these observables are [58],

RSM
D ¼ 0.298� 0.004;

RSM
D� ¼ 0.254� 0.005: ð31Þ

The combination of the experimental result for RD and RD�

has a deviation from the SM prediction by about 3σ [59].
The effective Lagrangian for b → cτνi is as follows,

Leff
b→cτνi ¼ −

4GFffiffiffi
2

p VcbCcb½ðc̄LγμbLÞðτ̄LγμνiLÞ� þ H:c:; ð32Þ

whereGF is the Fermi constant andCcb ¼ 1 in the SM. The
new physics can contribute in the above effective operator.
The LQs are good candidates in order to explain this

anomaly. In literature, the different effects of LQs on the
B-meson anomalies have been studied extensively

FIG. 4. The parameter space of the model (yRR32 coupling as a
function of LQ’s mass) explains the anomalous magnetic moment
of the muon. The yellow and green regions indicate the 1σ and 2σ
levels, respectively. The yLL32 value is fixed at 0.8.
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[51–53,60–67]. From the Lagrangian in Eq. (5), the terms
relevant to the RDð�Þ anomaly are,

L ⊃ −ðyLLUÞijd̄CiL Sα1ν
j
L þ ðVTyLLÞijūCiL Sα1e

j
L þ H:c:; ð33Þ

that the Sα1 LQ can contribute to the b → cτνi process. The
relevant Feynman diagram is shown in Fig. 5. According to
the economical flavor ansatz [Eq. (6)] and after integrating
out the scalar LQ, the effective Lagrangian relevant for
b → cτνi is given by [32],

Leff
b→cτνi ¼ −

4GFffiffiffi
2

p CBSM
cb ½ðc̄LγμbLÞðτ̄LγμντLÞ� þ H:c:; ð34Þ

where CBSM
cb ¼ v2ðyLL

33
U33ÞðVT

22
yLL
23
Þ�

4m2
Sα
1

that v is the SM Higgs

vacuum expectation value. Figure 6 illustrates the

parameter space of the model (yLL33 coupling as a function
of LQ’s mass) where can explain the RDð�Þ anomaly.
According to our benchmark, the value of the yLL23 is fixed
at 0.8. This region of parameter space is consistent with the
current LHC bound on the LQ mass from Sα1 → c̄ τ̄ and
Sα1 → b̄ντ decay channels [68].

IV. SUMMARY

In this paper, we introduce a new portal between the
standard model (SM) and the dark sectors by scalar
leptoquarks (LQ) to resolve some long-standing anomalies
simultaneously. The SM predicts the branching ratio of the
neutron decay to proton, electron, and antielectron-neutrino
is 100%, however, there is an anomaly in the neutron decay
width measurements. In the bottle experiments, where the
number of the remaining neutrons is counted, the measured
neutron lifetime is shorter than the one measured in beam
experiments, where the number of the produced protons is
counted. This anomaly can be solved, if the neutron decays
to invisible (for example, particles in the dark sector) with a
branching ratio around 1%. We suggest that the neutron
decays into a dark scalar (ϕ) and an SM antineutrino by
these scalar LQ mediators. The dark scalar is singlet under
the SM gauge symmetries but it carries the baryon and
lepton numbers since there are severe constraints on the
baryon and lepton numbers violation processes. The mass
of the ϕ should be in the narrow range between 937.9 and
939.565 to satisfy all the current bounds.
The ϕ with the aforementioned properties can be a good

dark matter (DM) candidate. We showed that the freeze-in
mechanism can produce the dark scalar in the early
universe and its relic abundance is compatible with the
DM relic density measured by the Planck collaboration.
Furthermore, we discussed that this model in good param-
eter space region can explain other SM observational
anomalies simultaneously. For instance, the anomalous
magnetic moment of the muon, and the RDð�Þ anomaly
can be explained through our model at the same time.
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FIG. 5. The Feynman diagram contributing to the b → cτνi

process and the RDð�Þ Anomaly.

FIG. 6. The parameter space of the model (yLL33 coupling as a
function of LQ’s mass) explains RDð�Þ anomaly. The yellow and
green regions indicate the 1σ and 2σ levels, respectively. The yLL23
value is fixed at 0.8.
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