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We revisit an anomaly-free extension of the Standard Model viz. the gauged Lμ − Lτ model in the Dirac
framework, where the local Uð1ÞLμ−Lτ

symmetry breaks and gives rise to a new gauge boson Z0 and
corresponding gauge coupling gμτ. Three additional heavy vectorlike fermions, three light right-handed
neutrinos and two heavy singlet scalars are added to complete the model framework for Dirac neutrinos.
Another singlet vectorlike fermion is added with a new gauge charge, which serves as a viable dark matter
(DM) candidate, and the correct relic abundance is obtained via the resonance effect. The resonance effect
triggers early kinetic decoupling of the DM candidate, which significantly influences the cosmological
sector of this study. The parameter space is considered after satisfying the current bounds on MZ0 and the
gauge coupling gμτ. The influence of dark radiations coming from the additional light degrees of freedoms
are studied in connection with the dark matter. After imposing the relevant theoretical and experimental
constraints, the viable parameter space is found to be significantly restricted while remaining accessible to
ongoing and near-future experiments. The framework provides a consistent setting in which neutrino
masses, dark matter, and cosmological observables can be studied simultaneously. In particular, we identify
viable regions of the parameter space that satisfy the constraints from neutrino masses, dark matter relic
abundance, and cosmological observables.

DOI: 10.1103/3vg5-y65n

I. INTRODUCTION

The experimental discovery of neutrino mass demands
beyond the Standard Model (BSM) frameworks. However,
the exact nature of them is still an enigma as to whether
they are Dirac or Majorana ? The essential difference lies
in the fact that in the Dirac scenario, there are a minimum of
two more light degrees of freedom (d.o.f.) known as right-
handed neutrinos (νR) than in the Majorana scenarios. The
presence of additional light degrees of freedom contributes
to the effective relativistic degrees of freedom, ΔNeff . The
SM prediction Neff ¼ 3.045 [1–3], is consistent with the
current Planck 2018 measurement, Neff ¼ 2.99� 0.17 [4].
A similar bound also exists from big bang nucleosynthesis
(BBN) 2.3 < Neff < 3.4 at 95% CL [5]. Future experi-
ments like cosmic microwave background Stage IV (CMB-
S4) is expected to reach an unprecedented sensitivity of
ΔNeff ¼ Neff − NSM

eff ¼ �0.06 [6], taking it closer to the
SM prediction. Enhancements of ΔNeff in Dirac neutrino
models have been studied in several recent works [7–21].

Due to the superlight nature and weak interaction
strength, νR decouples early, influencing the effective
relativistic degrees of freedom. If νR are in thermal
equilibrium and they decouple at temperature Tdec

νR , then
the change in the effective numbers of neutrino species with
the standard value NSM

eff can be expressed as [1,12]

ΔNeff ¼ Neff − NSM
eff ¼ NνR

�
g�ðTdec

νL Þ
g�ðTdec

νR Þ
�
4=3

; ð1Þ

where, NνR is number of right-handed neutrino species.
The anomalous magnetic moments of leptons, especially

those of the muon and electron, are also important for the
SM. It has been a long-term test of the SM and has put strict
limits on BSM theories. The anomalous magnetic moment
of leptons has garnered significant attention in the liter-
ature, as it contests the phenomenological efficacy of the
Standard Model. The Fermilab muon g − 2 experiment has
released its final and most precise measurement of the
muon anomalous magnetic moment, with a world-average
value aExpμ ¼ 116592071.5ð14.5Þ × 10−11 at ∼124 ppb
precision [22], which sets a new benchmark for this
quantity. This result is consistent, within current theoretical
uncertainties, with recent Standard Model evaluations
such as aSMμ ¼ 116592033ð62Þ × 10−11 [23], while further
improvements in the precision of the Standard Model
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prediction are needed to draw a final conclusion, please see
for recent references [24–27].
In recent years, several works have focused on incor-

porating the muon (g − 2) from the model-building pros-
pects. For example, see [28–34] for minimal dark matter
(DM) motivated scenarios, [35–37] for axionlike particle
motivated scenarios, [38,39] for gauged lepton flavor
models [40–70]. In leptonic model-building sectors, mod-
els in which the mediators couple exclusively to the second
and third generations of leptons and are anomaly-free can
exhibit attractive experimental features. Here we consider
the widespread and minimal anomaly-free model based
on the gauged Lμ − Lτ symmetry [71,72]. The gauged
Uð1ÞLμ−Lτ

introduces an additional gauge boson Z0 and this
new gauge boson can give an additional contribution to
ðg − 2Þμ via one-loop level. To keep the model consistent
with current ðg − 2Þμ, we stick to a parameter space for Z0

mass and the related gauge coupling gμτ in the allowed
region. To construct the model framework, we have intro-
duced three heavy vectorlike fermions (Ne;μ;τ), three right-
handed Dirac neutrinos (νðe;μ;τÞR) and two heavy scalar
singlets (Φ1, Φ2). These fields are associated with neutrino
mass generation, where light neutrino masses are generated
via the Dirac seesaw (DSS) mechanism [17,73–75]. We have
restricted the Lagrangian to terms that do not violate lepton
number by using the Uð1ÞLμ−Lτ

symmetry.
Nevertheless, the possibility of a rich phenomenology

arising from the dark sector remains open. There is strong
observational evidence for DM from various astrophysical
and cosmological observations, such as WMAP [76,77]
and Planck [4]. The rigorous search for heavy DM masses
ranging from GeV still continues, yet there is no concrete
signal of its existence [78]. It is theoretically plausible that
new particles exist with masses far below the electroweak
scale and their interactions with ordinary matter are
sufficiently weak. Such feebly interacting states fall into
the “dark sector” and naturally arise in many extensions of
the Standard Model. The search for light DM masses in the
MeV–GeV range has gained sufficient attention in recent
years due to high-intensity fixed-target experiments and
several low-threshold direct search experiments, which
provide the most sensitive probes [79–83]. In connection
with the rest of the phenomenology, we have introduced a
singlet vectorlike fermion, ψ , charged under the new gauge
group and it behaves as a viable dark matter candidate in
our study. The light Z0 mediated annihilation processes
allow us to consider a viable dark matter parameter region
with mass in the sub-GeV scale. Such light particles
[mass < Oð100Þ MeV] can also decay or annihilate to
the SM neutrinos and contribute to ΔNeff [84–88].
This work is organized as follows. After giving a brief

model description in Sec. II, we explore a Dirac neutrino
mass model and muon (g − 2) constraints under the
same section. Cosmological consequences are explored

in Sec. III, where the fate of the right-handed neutrinos,
dark matter, early kinetic decoupling due to resonance and
contributions to ΔNeff are explored in detail in subsequent
subsections. Finally, we conclude our work in Sec. IV.

II. MODEL FRAMEWORK

A. Dirac Lμ −Lτ model

The SM fermion content with their gauge charges under
SUð3Þc × SUð2ÞL ×Uð1ÞY ×Uð1ÞLμ−Lτ

gauge symmetry
are denoted as follows:

qL ¼
�
uL
dL

�
∼
�
3;2;

1

6
;0

�
; uRðdRÞ∼

�
3;1;

2

3

�
−
1

3

�
;0

�
;

Le ¼
�
νe

eL

�
∼
�
1;2;−

1

2
;0

�
; eR ∼ ð1;1;−1;0Þ;

Lμ ¼
�
νμ

μL

�
∼
�
1;2;−

1

2
;1

�
; μR∼ ð1;1;−1;1Þ;

Lτ ¼
�
ντ

τL

�
∼
�
1;2;−

1

2
;−1

�
; τR ∼ ð1;1;−1;−1Þ:

Since we want to realize Dirac neutrinos in this model,
we first introduce three right-handed neutrinos νeR; νμR; ντR
singlets under the SM gauge symmetry and with Lμ − Lτ

charges 0; nX;−nX, respectively. While this combination
remains anomaly-free for any nX, the importance of its
value will become clear later. If nX ¼ 1, one can have a
diagonal Dirac neutrino mass matrix with neutrinos cou-
pling to the SM Higgs. Apart from the fine-tuned Yukawa
required to generate sub-eV Dirac neutrino mass, such a
diagonal neutrino mass matrix is also inconsistent with
neutrino oscillation data [89], given the fact that the
charged lepton mass matrix is also diagonal.
We have added three vectorlike fermions (Ne, Nμ, Nτ)

and two singlet scalarsΦ1 andΦ2 with vacuum expectation
values (VEVs) v1 and v2, respectively. Respective charges
for the particle content are shown in Table I. Apart from the
Dirac neutrinos, the gauge group Uð1ÞLμ−Lτ introduces one
additional particle into the list; the new gauge boson Z0.
The interaction Lagrangian with the new gauge boson Z0 is
given by

TABLE I. New particles and their corresponding gauge charges
relevant for type-I Dirac seesaw.

Fermion Scalar

Gauge group Nðe;μ;τÞL νeR; νμR; ντR Φ1 Φ2

SUð2ÞL 1 1 1 1
Uð1ÞY 0 0 0 0
Uð1ÞLμ−Lτ

0, 1, −1 0; nX;−nX 1 − nX 1
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Lint ⊃ iNeLγ
αDαNeL þ iNμLγ

αDαNμL þ iNτLγ
αDαNτL

þ iνeRγαDανeR þ iνμRγαDανμR þ iντRγαDαντR

þ ðDαΦ1Þ†ðDαΦ1Þ þ ðDαΦ2Þ†ðDαΦ2Þ −
1

4
Z0αβZ0

αβ

þ ϵ

4
Z0αβFαβ þ Z0

αgμτJαμτ: ð2Þ

Here, Dα ¼ ∂α þ iqfgμτZ0
α is the covariant derivative with

qf being the Uð1ÞLμ−Lτ
charge for the respective particle.

The μ − τ current from Eq. (2) is expressed as

Jαμ−τ ¼ qfðμ̄γαμþ νμγ
αPLνμ − τγατ − ντγ

αPLντÞ:

In Eq. (2), Z0
αβ ¼ ð∂αZ0

β − ∂βZ0
αÞ and Fαβ are the field

strength tensors of Uð1ÞLμ−Lτ
and Uð1ÞY symmetry groups

respectively with kinetic mixing parameter ϵ. Even if this
kinetic mixing is considered absent in the Lagrangian, it
can arise at one-loop level with particles charged under
both the gauge sector in the loop and this mixing can be
approximated to ϵ ≃ gμτ=70 [90]. While the phenomenol-
ogy of muon (g − 2), and DM relic in our model is not
dependent on this mixing, the kinetic mixing will be
tiny for our chosen parameter space. The VEVs of the
singlet scalars are associated with the fate of the additional
gauge boson that appears due to the Uð1ÞLμ−Lτ symmetry,
and the new gauge boson mass can be found to be
MZ0 ¼ gμτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − nXÞ2v21 þ v22

p
with gμτ being the Lμ − Lτ

gauge coupling.

B. Neutrino mass

While there are several ways to realise sub-eV Dirac
neutrino mass, we consider the simplest possibility of type-I
seesaw for Dirac neutrinos inLμ − Lτ model. The additional
particle content required to implement type-I Dirac seesaw is
shown in Table I. The relevant Lagrangian is

−LY ⊃ YeLe H̃ NeR þ YμLμ H̃ NμR þ YτLτ H̃ NτR

þM1NeLνeR þ Y22NμLνμRΦ1 þ Y33NτLντRΦ
†
1

þ Y12NeLNμRΦ†
2 þ Y13NeLNτRΦ2 þMRαNαLNαR

þ H:c: ð3Þ

Wealso assume a global, unbroken lepton-number symmetry
to ensure that Majorana mass terms for singlet fermions are
absent.1

In ðναL; NαLÞ and ðναR; NαRÞT basis (where α ¼ e, μ, τ),
the 6 × 6 mass matrix for light neutrinos and heavy
fermions can be written as

�
ναL NαL

�� 0 M0
D

MD MLR

��
ναR

NαR

�
; ð4Þ

where

M0
D ¼ vhffiffiffi

2
p

0
B@

Ye 0 0

0 Yμ 0

0 0 Yτ

1
CA;

MD ¼ v1ffiffiffi
2

p

0
B@

ffiffi
2

p
M1

v1
0 0

0 Y22 0

0 0 Y33

1
CA;

MLR ¼

0
BB@

MRe Y12
v2ffiffi
2

p Y13
v2ffiffi
2

p

Y21
v2ffiffi
2

p MRμ 0

Y31
v2ffiffi
2

p 0 MRτ

1
CCA: ð5Þ

Here vh; v1;2 are the VEVs of the SM Higgs and two singlet
scalars, respectively. The MLR mass term arise due to Φ2

being naturally larger, which allows us to have light
neutrino mass within the allowed range. Therefore, work-
ing within the limit MD;M0

D ≪ MLR, the light neutrino
mass matrix is given by

mν ¼ −M0
DM

−1
LRMD: ð6Þ

Clearly, the model predicts a diagonal charged lepton
mass matrix2 Ml and diagonal Dirac Yukawa of light
neutrinos. Thus, the nontrivial neutrino mixing will arise
from the structure of MLR matrix only, which is generated
by the chosen scalar singlet fields. In an obvious way, there
will be mixing among the heavy and light states, which
gives rise to the new right-handed states as

νiR ¼ cos θvναR þ sin θvNαR ð7Þ

and NiR ¼ cos θvNαR − sin θvναR; ð8Þ

where i ¼ 1, 2, 3, α ¼ e, μ, τ and θv ∼ tan−1ðMD:M−1
LRÞ,

which will be heavily suppressed due to the largeMLR mass
and light MD mass. Therefore, we can safely use the
notation νR instead of νiR in the following sections. The
heavy fields associated with neutrino-mass generation
decay and end much earlier due to their large masses, so
they would not affect the latter part of the study. We keep
the notation νeR for the first generation of right-handed
neutrino and use νβR with β ¼ μ, τ for the rest which are
having nonzero Uð1ÞLμ−Lτ

charge.
1Additionally, there can be direct coupling of Le and νeR via

the SMHiggs, which we are ignoring. While this term contributes
only to the overall neutrino mass, additional discrete symmetries
can be introduced to forbid it.

2Yukawa interaction terms with the SM Higgs “LαHαR” for
α ¼ e, μ, τ are allowed and will give rise to a diagonal charged
lepton mass matrix.
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A dedicated numerical scan of the neutrino sector has not
been performed in the present work. Since the neutrino
mass matrix depends on several free parameters, viable
regions consistent with neutrino oscillation data can be
obtained through appropriate choices of the Yukawa
couplings and singlet-scalar vacuum expectation values.
In this study, we focus instead on the dark matter and
cosmological implications of the model, adopting bench-
mark values for the singlet-scalar vacuum expectation
values that yield the desired Z0 mass throughout the
analysis.

C. Anomalous muon magnetic moment

The magnetic moment of muon is given by

μμ
!¼ gμ

�
q
2m

�
S⃗; ð9Þ

where, gμ is the gyromagnetic ratio and its value is 2 for a
structureless, spin-1

2
particle of mass m and charge q. Any

radiative correction, which couples the muon spin to the
virtual fields, contributes to its magnetic moment and is
given by

aμ ¼
1

2
ðgμ − 2Þ: ð10Þ

The anomalous muon magnetic moment has been
measured very precisely, while it has also been predicted
in the SM to great accuracy. In our model, the additional
contribution to the muon magnetic moment comes from a
one-loop diagram mediated by the Z0 boson, shown in
Fig. 1. The contribution is given by [91–93]

Δaμ ¼
α0

2π

Z
1

0

dx
2m2

μx2ð1 − xÞ
x2m2

μ þ ð1 − xÞM2
Z0
; ð11Þ

where α0 ¼ g2μτ=ð4πÞ.
The traditional discrepancy between the experimental

value and the Standard Model prediction of the anomalous

magnetic moment of the muon, aμ, has motivated a number
of new physics interpretations. Although recent lattice-
QCD-based SM predictions [23] indicate a reduced tension,
the Fermilab measurement [22], when combined with
updated SM inputs, remains a key probe of possible physics
beyond the Standard Model. The updated input at 1σ
deviation reads as Δaexpμ ¼ ð39� 64Þ × 10−11. In Fig. 2,
we have used various experimental bounds to choose a
viable parameter space. The shaded gray-colored exclusion
band corresponds to the upper bound on the neutrino trident
process measured by the CCFR Collaboration [94]. The
exclusion region labeled BABAR corresponds to the limits
imposed by the BABAR Collaboration [95] on four-muon
final states at high Z0 mass, shaded in light green. The
astrophysical bounds from the cooling of the white dwarf
(WD) [96,97] exclude the upper left triangular region. The
observation of coherent elastic neutrino-nucleus cross
section in combined liquid argon (LAr) and caesium-iodide
(CsI) performed by the COHERENT Collaboration [98] is
shown in a blue solid line and shades the excluded region
above the blue line. The upper bound on ðg − 2Þμ corre-
sponds to Δaexpμ ¼ ð39� 64Þ × 10−11 is shown in a red
dashed line. The latest bound from NA64-μ [99] is shown
in the orange line, and the upper shaded region is the
excluded region. For our further analysis in this work, we
have chosen the undisturbed region, below the upper
bounds, where ðg − 2Þμ results are consistent. Therefore,
we focus on a benchmark region of the parameter space
characterized by a gauge coupling of gμτ ¼ 3.8 × 10−4 and

FIG. 1. Contribution to muon anomalous magnetic moment via
the new gauge boson Z0.

FIG. 2. Summary plot containing related bounds as indicated in
the figure key. The red star is the benchmark value that we have
used for further analysis.
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mediator masses in the range 1 MeV ≤ MZ0 ≤ 200 MeV,
consistent with current experimental constraints. For the
dark matter study, we fixMZ0 ¼ 100 MeV and gμτ ¼ 3.8 ×
10−4 and divide the analysis into two distinct mass regimes
discussed in respective sections.

III. COSMOLOGICAL CONSEQUENCES

A. Fate of νR
We have considered that νeR maintains thermal equilib-

rium with the heavy fields and SM contents via Yukawa
interactions. The heavy fields (NR;Φ1;Φ2) along with the
lighter field (νeR) leave the thermal equilibrium at a very
high temperature and freeze out. The t-channel processes,
such that νeRνeR ↔ NLNL via Φ2 and νeRνeR ↔ Φ2Φ2 via
NL processes will ensure the decoupling of the fields by
comparing the interaction rate (hΓxx→yyi × neqtarget) with the
Hubble rate. The Hubble rate varies as H ∝ ðT2=MPlanckÞ
and neqtarget is the equilibrium number density of the target
particle. We have considered MN ∼Oð104Þ GeV, MΦ1

∼
Oð102Þ GeV and Y22 ¼ Y33 ∼Oð10−3Þ3 to check the
decoupling profile of NR;Φ1, and νR, which are shown
in Fig. 3. We can see that the light νeR decouples much
earlier than the electroweak (EW) scale. Since νeR are very
light, they will contribute to radiation density, hence there
will be a nonzero contribution to ΔNeff . Dirac neutrinos
decoupling above the EW scale give a fixed contribution of
ΔNeff ¼ 0.0466ð¼ 0.14=3Þ [12], which is allowed from
the current Planck 2018 bound [4].
As νβR’s carry nonzero gauge charge, they may maintain

thermal equilibrium with the SM plasma via gauge-
mediated interactions as long as the interaction rate exceeds
the Hubble expansion rate of our universe at a specific
temperature. Interestingly, our choice of Z0 mass will spoil
the whole study if νβR enters thermal equilibrium with the
Z0 and decouples much later. The νβR enters the thermal
equilibrium at T ∼MZ0 and decouples later around
T ∼MZ0=10 [100]. Decoupling of light νR below
200 MeV will increase the ΔNeff value significantly,
which is strictly ruled out by Planck 2018 data [4].
The Z0 mediated νRνR ↔ ff interaction cross section is
evaluated as

σðνRνR → ffÞ ¼ kfn2Xq
2
fg

4
μτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
f

s

q
ð2M2

f þ sÞ
12πðM2

Z0 − sÞ2 : ð12Þ

Here kf is the phase space factor, nXðqfÞ is the new gauge
charge for νβRðlαÞ. We can see from Eq. (12), the cross
section is proportional to the gauge coupling, gauge charge
and Z0 mass. We have considered the parameter space

as 1 MeV ≤ MZ0 ≤ 200 MeV and the gauge coupling
gμτ ¼ 3.8 × 10−4. To make sure that νβR does not enter
the thermal equilibrium with Z0 and spoil the study, we can
tune the gauge charge nX in such a way that νβR never
reaches thermal equilibrium with the SM bath. In Fig. 4, we
show the rate (interaction rate divided by Hubble rate) vs
temperature for three benchmark values of Z0 mass and
gauge charge nX with fixed gauge coupling gμτ. For a gauge
charge, nX < Oð10−6Þ, the light νβR never reaches thermal
equilibrium for our choice of parameter space and never
contributes to ΔNeff via the Z0 mediated s-channel process.
However, such light Z0 can also decay to active neutrinos
and contribute independently to Neff value. We will discuss
it in a later section.

FIG. 3. Interaction rate vs temperature for the light νeR. The
horizontal line indicates Γ=H ¼ 1.

FIG. 4. Interaction rate vs temperature for the new gauge boson
mass MZ0 and gauge charge, nX with fixed gμτ. The black
horizontal line represents Γ=H ¼ 1. Hence, the region below
this line indicates processes that never reach the thermal bath.

3These choices of numerical values are consistent with
neutrino oscillation data.
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B. Dark matter and relic abundance

For the dark matter sector, we introduce one additional
vectorlike fermion ψ with Lμ − Lτ gauge coupling being
gψ . The relevant Lagrangian can be written as follows:

L ⊇ ψ̄iγμDμψ −Mψ ψ̄ψ : ð13Þ

HereDμψ ¼ ð∂μ þ igψZ0
μÞψ and gψ ¼ nψgμτ with nψ being

gauge charge of a vectorlike fermion ψ . Since nψ can be
chosen independently, we keep gψ as a free parameter. We
have set a benchmark point for Z0 mass and coupling,
consistent with ðg − 2Þμ results with MZ0 ¼ 100 MeV and
gμτ ¼ 3.8 × 10−4 to divide the parameter spacer into two
distinct regions.
For MDM > MZ0, the relevant annihilation cross section

scales as the combination g4μτ=M2
DM (for a fixed choice of

gauge charges). Hence, the correct relic density depends on
the gauge coupling and DM mass. On the other hand, for
MDM < MZ0 the cross section scales as the combination
g4μτM2

DM=M
4
Z0 , and thus the right relic density selects a value

for the ratio gμτ=MZ0 , for a given value of DM mass. In the
second case, we particularly focus on the resonant region,
where MDM ∼MZ0=2 to obtain the correct relic density.
They are discussed in detail below:

(i) When MDM > MZ0 : The s-channel contribution to
the DM annihilations are given by [101]

hσviðψψ̄ → ff̄Þ

¼ q2f
n2ψg4μτ
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
f

M2
ψ

s
2M2

ψ þm2
f

ð4M2
ψ −M2

Z0 Þ2 ; ð14Þ

hσviðψψ̄ → νν̄Þ ¼ q2f
n2ψg4μτ
2π

M2
ψ

ð4M2
ψ −M2

Z0 Þ2 : ð15Þ

At the same time, the t-channel contribution is given
by [101]

hσviðψψ̄ → Z0Z0Þ

¼ g4ψ
16πM2

ψ

�
1 −

M2
Z0

M2
ψ

�
3=2

�
1 −

M2
Z0

2M2
ψ

�
−2
: ð16Þ

In the above expressions of thermal averaged cross
section, qf stands for the lepton charge under the
Uð1ÞLμ−Lτ

symmetry and gψ ¼ nψgμτ. The dominant
contribution to the DM relic is coming from the
s-channel processes. The relevant processes associ-
ated with DM annihilation via Z0 are shown in Fig. 5.
Finally, the total contribution to the thermally
averaged cross section is given by the sum of all
three contributions as

hσvi ¼ hσviðψψ̄ → ff̄Þ þ hσviðψψ̄ → νν̄Þ
þ hσviðψψ̄ → Z0Z0Þ: ð17Þ

The Boltzmann equation for the DM candidate
for nDM ¼ nDM with n ¼ nDM þ nDM can be ex-
pressed as

dn
dt

þ 3nH ¼ −
1

2
hσviðn2 − n2eqÞ: ð18Þ

In the thermal freeze-out case, the DM particles were
initially maintaining thermal equilibrium with the
SM fluid via 2 ↔ 2 scattering processes and after
the freeze-out temperature TF, they can no longer
annihilate and the amount of relic abundance is
given by

Ωh2 ¼ 1.04 × 109xFffiffiffiffiffi
g�

p
MPlhσvi

GeV−1; ð19Þ

with xF ¼ Mψ

TF
; MPl ¼ 1.22 × 1018 GeV being

the reduced Planck mass, g� being the relativistic
degree of freedom, and H being the Hubble param-
eter. The comoving number density for the DM is
shown for various input parameters in Fig. 6. The
green line corresponds toMDM ¼ 0.046 GeV, which
is close to the resonance region, triggering a sudden

(a) (b)

FIG. 5. Dominant contribution to the dark matter annihilation processes via Z0.
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rise in the comoving number density (compared to
the other two benchmark values) and giving rise to a
relic abundance in the exact ballpark;

(ii) WhenMDM < MZ0 : We now check the region where
dark matter mass is less than the Z0 mass. When DM
is lighter than the Z0 boson, then the Z0 → ψψ̄ decay
channels will contribute to the total annihilation
cross section. The partial decay width Z0 → ff̄ is
given by

ΓZ0→ff̄ ¼ kf
q2fg

2
μτMZ0

12π

�
1þ 2

M2
f

M2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
f

M2
Z0

s
;

with kf ¼ 1=2 for neutrinos, else kf ¼ 1 for other
fermions,4qf is the Uð1ÞLμ−Lτ

charge for the respec-
tive fermions. Now, the Z0 mediated s-channel cross
section for the ψψ̄ → ff̄ processes is given by [102]

σðsÞ ¼ σf
n2ψq2fkfg

4
μτβf

12πsβψ

�ðsþ 2M2
ψ Þðsþ 2M2

fÞ
ðs −M2

Z0 Þ2 þM2
Z0Γ2

Z0

�
;

ð20Þ

where s is the Mandelstam variable, βi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M2

i =s
p

and ΓZ0 ¼ ΓZ0→ff̄ þ ΓZ0→ψψ̄ with
f ¼ μ; τ; νμ;τ.

5 For our convenience, we have defined

a parameter r as the ratio of the Z0 mass to the dark
matter mass, i.e., r ¼ MZ0=Mψ . The thermal-aver-
aged cross section has been evaluated following the
approach of [103] and by solving the same Boltz-
mann equation from Eq. (18), we numerically
determine the DM relic as a function of
rð¼ MZ0=MψÞ. In the first figure of Fig. 7, we show
the dark matter relic abundance as a function of the
mass ratio rð¼ MZ0

Mψ
Þ. We fixed the Z0 boson mass,

coupling and gauge charge here to evaluate the relic
evaluation pattern. The black dotted line gives
ΩDMh2 ¼ 0.12, and the red contour line shows
the variation of DM relic abundance as a function
of r. We can find that the red contour line crosses the
dotted line on the DM relic abundance at two points.
At r ∼ 2, the DM annihilation cross section increases
abruptly due to the Breit-Wigner enhancement
[104], resulting in a sudden dip in the relic abun-
dance pattern. After hitting the resonance dip, it
increases slowly due to active decay channels
present in the system and crosses the horizontal
line at r ∼ 2.71. In the second Fig. 7, we have shown
a contour line and a region satisfying the current
best-fit value for DM Ωh2 ¼ 0.12 in the gauge
coupling (gψ ) vs DM mass (MDM) plane for the
chosen benchmark value and the region from the
summary plot. A discontinuity in the pattern is
observed exactly near MDM ¼ 50 MeV, due to
resonance and the kink around MDM ∼ 100 MeV
appears as muons in the final state start contributing
to the DM annihilation processes. It is to be noticed
that when such a light DM candidate is in thermal
equilibrium during BBN, it can annihilate into the
electron-positron pair, giving rise to an unacceptably
large contribution to the expansion rate of the
Universe, which severely affects the primordial
element abundances measured today. Apart from
this, CMB measurements also set a tight constraint
on light DM entropy transferred into electrons after
neutrinos decouple. The combined results from
BBNþ PLANCK put a lower bound on light Dirac
DM mass up to MDM > 10.9 MeV [105], which is
shaded with the vertical light-red colored band. If
DM mass is larger than the muon mass (in the earlier
case, when MDM > MZ0), they can dominantly
annihilate into muons; however, in such a case,
there is a lower bound on sub-GeV DM, which is
completely ruled out for MDM < Mμ. We note that
for dark matter masses above the dimuon threshold,
the annihilation channel ψψ̄ → μþμ− becomes kin-
ematically accessible. Since the annihilation process
is predominantly s-wave, energy injection during the
recombination epoch may lead to additional con-
straints from CMB anisotropy measurements. A
dedicated analysis of these bounds lies beyond the

FIG. 6. Comoving number density for the DM candidate with
two benchmark parameters.

4kf ¼ 1
n! is the phase space factor, which is multiplied to the

decay width where there are n identical particles in the final state.
5In this case, Z0 decay to only neutrinos will be possible due to

the choice of Z0 mass (∼0.1 GeV).
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scope of the present work and may further restrict
portions of the higher-mass parameter space. How-
ever, the low-mass resonant region, which consti-
tutes the primary focus of our cosmological analysis,
is largely unaffected since annihilation proceeds
predominantly into neutrinos below the dimuon
threshold.

1. Direct detection of DM

In the chosen mass range of interest throughout this
study, the DM candidate does not couple directly to quarks
but can have kinetic mixing between Z0 and the photons via
Uð1ÞLμ−Lτ

charged fermions as shown in the left panel
of Fig. 8.

FIG. 8. (Left) DM-electron elastic scattering via one-looped kinetic mixing between Z0 and the photon via f ¼ μ, τ. (Right) Variation
of spin-independent elastic scattering cross section for ψe → ψe process with DM mass. The vertical gray shaded region is the
BBNþ PLANCK bound on the Dirac DM candidate, restrictingMDM < 10.9 MeV [105]. We show existing experimental constraint on
spin-independent DM − e scattering cross sections from DAMIC [106], SENSEI [107], PANDAX-II [108], and XENON1T [109].

FIG. 7. (Left) Variation of DM relic with the mass ratio for a chosen benchmark point. Due to the resonance effect, there are two
intersecting points in the dashed horizontal line. (Right) A red solid contour curve satisfying ΩDMh2 ¼ 0.12 in the gauge coupling (gψ )
vs dark matter mass (MDM) plane for the benchmark point. The vertical shaded region is from the BBNþ PLANCK bound on the Dirac
DM candidate [105].
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Therefore, the DM-electron elastic scattering cross
section is given by [110,111]

σðψe → ψeÞ ¼ μ2e
π

�
gψϵe

ðM2
Z0 þ αEMm2

eÞ
�
2

; ð21Þ

where μe is the ψ − e reduced mass and ϵ ≃ − gμτ
70

is the
strength of the kinetic mixing.
We show the variation of the spin-independent cross

section with DM mass from Fig. 8 for three benchmark gψ
values. This obvious suppression of cross section values is
due to the factor me=MZ0 ≪ 1.

C. Resonance and early kinetic decoupling

In conventional weakly interacting massive particle
(WIMP) scenarios, the kinetic decoupling temperature is
typically much smaller than the freeze-out temperature
(TKD ≪ TFO). However, in the present framework the
observed relic abundance is achieved through Breit-
Wigner resonance enhancement, corresponding to
Mψ ≃MZ0=2, where the annihilation cross section is
significantly enhanced only in the vicinity of s ≃M2

Z0 [40].
In such resonant scenarios, the annihilation process can

remain efficient while elastic scattering does not receive the
same enhancement. Consequently, the momentum-transfer
rate may fall below the Hubble expansion rate at an earlier
epoch, leading to kinetic decoupling significantly earlier
than in the standard WIMP case [112]. To examine this
possibility, we compute the scattering rate for the process
ψν → ψν mediated by Z0 and compare it with the Hubble
expansion rate. The approximate ratio is given by

Γ
H

≃ 0.021; n2ψg4μτ
MPlT4ffiffiffiffiffi

g�
p

MDMM4
Z0
: ð22Þ

Using our benchmark parameter values, the resulting
decoupling profile in the MZ0–T plane is shown in the left
panel of Fig. 9, where the contour corresponds to
Γ=H ¼ 1. The region above the contour represents
Γ=H > 1, where dark matter remains kinetically coupled
to the neutrino bath, while the region below the contour
corresponds to Γ=H < 1, indicating kinetic decoupling.
As shown in the figure, kinetic decoupling indeed occurs
considerably earlier than in the conventional freeze-out
picture. For example, for Mψ ≃ 20 MeV (corresponding
to MZ0 ≃ 40 MeV), kinetic decoupling takes place at
TKD ≃ 6.5 MeV, whereas in a typical WIMP scenario
one would expect TKD ∼Mψ=20 ≃ 1 MeV. This bench-
mark point is illustrated in the right panel of Fig. 9 for
better understanding.
The early kinetic decoupling induced by the Breit-

Wigner resonance enhancement may, in principle, modify
the standard relic-density calculation based on conventional
chemical freeze-out. After kinetic decoupling, the DM is no
longer in kinetic equilibrium with the thermal bath and
instead develops a separate temperature evolution, charac-
terized by Tψ. To consistently assess the impact of this
effect, one needs to solve the coupled Boltzmann equations
governing the DM number density and temperature
evolution.
Nevertheless, for the benchmark point considered here,

the coupled evolution shows that the resulting modifi-
cation of the thermally averaged annihilation rate does
not appreciably alter the integrated annihilation history. In
Appendix A, we explicitly present the coupled Boltzmann
treatment and demonstrate that the corresponding correc-
tion to the relic abundance is found to be approximately
0.22%, and is therefore negligible for the parameter space
considered. We therefore retain the DM relic-density
analysis presented in the earlier section unchanged.

FIG. 9. (Left) The contour line representing Γ=H ¼ 1 in the given plane, where Γ is the scattering rate for ψν → ψν via Z0 andH being
the Hubble rate. The region above the contour ensures the kinetically coupled region, while the region below is the decoupled region.
(Right) A graphical representation showing for a benchmark value MZ0 ¼ 40 MeV (∼Mψ ¼ 20 MeV), the resonance enhancement
triggering early kinetic decoupling.
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D. Contribution to ΔNeff from the decay of light species

For the situation where MDM < MZ0 , (as we set the
benchmark value of MZ0 ¼ 100 MeV), the DM and the Z0
can transfer their entropy to the neutrinos after decoupling
from the bath. Interestingly, if they (DM and Z0) can dump
their entropy after the neutrinos decouple from the photons
(Tν;D ∼ 2.3 MeV), they can influence the BBN by trigger-
ing the Hubble expansion rate of the Universe. To justify
the separate treatment of the Z0 and DM contributions to
Neff , it is important to verify that the DM remains in kinetic
equilibrium only until sufficiently early times and under-
goes kinetic decoupling before neutrino decoupling. As
discussed in the previous section, TKD lies well above the
neutrino decoupling temperature, Tν;D ≃ 2.3 MeV, indicat-
ing that the DM sector is already kinetically decoupled
when neutrinos decouple. Consequently, the subsequent
DM temperature evolution is no longer tied to the neutrino
temperature, and the effects of early kinetic decoupling
should be incorporated in the entropy-transfer calculation.
While the entropy-conservation framework itself remains
valid, the modified DM thermodynamic evolution can lead
to a correction to the resulting Neff calculated by the
standard entropy transfer approach. In the following
analysis, we will see that that this correction is negligible
for larger MZ0, where the standard and early kinetic-
decoupling treatments give nearly identical results, but
becomes increasingly relevant for smaller MZ0.
In this part of the work, we will primarily focus on the

impact of the new Z0 boson and the DM (ψ) on the neutrino
energy density, which is generally parametrized by Neff.
The contribution from dark matter annihilation and Z0
decay to Neff via radiation density is given by [110]

Neff ¼ Nν

�
1þ 1

Nν

X
i¼ψ ;Z0

gi
2
Ik

�
Mi

Tν;D

��
4=3

; ð23Þ

where, gi is the relativistic degrees of freedom for respec-
tive particles and the function IkðxÞ describe the entropy
carried by the specific gauge boson (k ¼ g) or fermion
(k ¼ f) at neutrino decoupling temperature, which is then
transferred to the neutrinos. This is defined as [113]

IkðxÞ ¼
30

7π4

Z
∞

x
dy

ð4y2 − x2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 − x2

p
ey � 1

; ð24Þ

the þð−Þ sign refers to fermion (boson) statistics.
However, when the DM kinetically decouples from the

thermal bath before neutrino decoupling, its phase-space
distribution no longer follows the equilibrium distribution
characterized by the bath temperature. In this case, the DM
temperature Tψ must be evolved independently together
with the DM abundance. We therefore replace the equi-
librium entropy contribution by the actual entropy density

of the kinetically decoupled DM distribution evaluated
at Tν;D.
After kinetic decoupling, the DM develops a separate

temperature Tψ and can be treated as a nonrelativistic
Maxwell-Boltzmann gas. Its entropy density is given by

sKDψ ¼ ρψ þ Pψ − μψnψ
Tψ

: ð25Þ

Using ρψ ≃ nψmDM þ 3
2
nψTψ , and Pψ ¼ nψTψ , together

with the Maxwell-Boltzmann number density, one obtains

sKDψ ¼ nψ

�
5

2
þ ln

�
gDM
nψ

�
mDMTψ

2π

�
3=2

��
: ð26Þ

Here, the 5=2 term arises from the nonrelativistic kinetic-
energy contribution (3=2) and the pressure contribution (1).
We consequently redefine the fermionic entropy factor

entering the Neff calculation as

IKDf ðmDMÞ≡ sKDψ ðTν;DÞ
sνðTν;DÞ

; ð27Þ

with sνðTν;DÞ ¼ 7π2

90
T3
ν;D.

Notice that IKDf already contains the total number of DM
internal degrees of freedom through gDM ¼ 4. Therefore,
unlike the equilibrium expression, no additional factor of
gDM=2 ¼ 4=2 is required in the Neff calculation given
by Eq. (23).
The resulting effective number of neutrino species after

kinetic decoupling can therefore be reformed as

NKD
eff ¼ Nν

�
1þ 1

Nν

�
IKDf þ 3

2
IgðMZ0 ; Tν;DÞ

��
4=3

: ð28Þ

This prescription consistently incorporates the depletion
of the DM entropy after early kinetic decoupling. In
particular, once the DM becomes sufficiently nonrelativistic
and its abundance is Boltzmann suppressed, IKDf becomes
negligible. In this limit, IKDf → 0, and consequently

NKD
eff → NZ0

eff , where N
Z0
eff ¼ 3½1þ 1

3
ð3
2
IgðMZ0 ; Tν;DÞÞ�4=3.

Thus, we can expect overlapping results between the
kinetically decoupled DM prediction and the Z0 decay
prediction in the parameter region, where IKDf ≪ 1 is a
direct consequence of the negligible residual DM entropy at
neutrino decoupling, rather than an indication that the DM
is absent from the preceding thermal evolution.
We used the general definition ΔNeff ¼ Neff − NSM

eff to
see the variation with our choice of parameters in this
model. The current upper bound from Planck-2018 results
restricts ΔNeff ≤ 0.285. The combined results from SPT-
3G and CMB-S4 restrict this value up to ΔNeff ≤ 0.06.
To ensure the early kinetic decoupling (KD) contribu-

tions are sufficient to get the correct Neff values, we have
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also checked the residual annihilation rate at neutrino
decoupling. The ratio RannðTν;DÞ ¼ Γann

H jT¼Tν;D
is found to

be smaller than unity in the parameter region considered.
Thus, annihilations are already out of chemical equilibrium
at neutrino decoupling. Nevertheless, since Rann < 1 does
not by itself imply that the subsequent entropy transfer is
completely negligible, we explicitly quantify the residual
effect through δ (standard-KD) in the figure.
The left panel of Fig. 10 shows variation of ΔNeff with

the Z0 mass. Here the red curve represents the contributions
to ΔNeff when DM undergoes early kinetic decoupling due
to the resonance effect. Interestingly, if we plot the same
curve for the Z0 → νν decay, it will overlap with the red
curve, as the integral function IKDf → 0. The blue curve
represents the similar contributions but considers resonance
effects not triggering early KD, and their difference is
shown by the green curve. This figure shows that if only Z0
decay is producing neutrinos after they leave the thermal
bath or KD is triggered by the resonance effects, then
MZ0 ≤ 10.1 MeV will give larger ΔNeff values which are
ruled out by Planck 2018 data. On the other hand, if light
DM have not left the thermal bath due to early KD in the
same process, then this mass bound is further stretched
towards the larger MZ0 value. This enhancement to ΔNeff
value is due to the presence of additional light degrees of
freedoms, which will be there in the bath for a longer time
and continue to contribute to the total energy density. We
find that the correction becomes rapidly suppressed toward
largerMZ0, whereas a non-negligible deviation can occur in

the lower-MZ0 region. Therefore, for the region where
the correction is small, the standard equilibrium entropy-
transfer expression provides an excellent approximation.
However, at the lower end of the resonant region, we
instead use the kinetically decoupled result to assess the
impact on Neff .
The right panel of Fig. 10 shows two contours satisfying

two ΔNeff values in the MZ0 vs Mψ plane. The two dotted
lines represent two resonance benchmark points satisfying
DM relic in the same plane.
As discussed earlier, we have an additional contribution

of ΔNeff ¼ 0.0466 from the light νeR decoupling. Now,
from the decay and annihilation of Z0 and DM particle, we
have new contributions to ΔNeff value. The total effective
ΔNeff value will be the sum of the contributions arising
from all the sources.

IV. CONCLUSION

We have studied a Dirac seesaw framework with the
local Uð1ÞLμ−Lτ

gauged symmetry, where the new gauge
boson Z0 and the corresponding gauge coupling gμτ play
key roles throughout our study. In a chronological manner,
we first set up a workable Dirac neutrino mass model. Then
we choose our desired parameter space from the recent
experiments, constraining theMZ0 − gμτ region. The region
under study is within the range of MZ0 ¼ ½1; 200� MeV
with a fixed coupling strength of gμτ ¼ 3.8 × 10−4. Among
the model ingredients, the heavy particles decay and leave

FIG. 10. (Left) Variation of ΔNeff with Z0 mass for different situations as indicated by the key text. The red one represents the
contributions when the DM undergoes KD prior to the chemical decoupling due to the resonance effect. The blue curve represents the
standard case if the resonance effects doesn’t allow early kinetic decoupling. Finally, the green curve represents the difference between
them. (Right) Two contours corresponding to two ΔNeff values in the MZ0 vs Mψ plane. The two dotted lines represents two resonance
benchmark points satisfying DM relic.
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the thermal bath along with the νeR, while the other two
light right-handed Dirac neutrinos (νðμ;τÞR) never enter the
thermal bath due to the choice of specific gauge charges.
In the DM study, we divide the sector into two parts by

the Z0 mass (at 100 MeV), which is consistent with the
latest ðg − 2Þμ result. Dark matter parameters consistent
with the current best-fit value of the relic density (ΩDMh2)
are obtained in both regions, primarily focusing near the
resonance region (MDM ≃MZ0=2). We also show that
kinetic decoupling occurs sufficiently early in the resonant
regime, remaining above the neutrino decoupling temper-
ature throughout the benchmark parameter space consid-
ered. Consequently, the standard entropy-transfer treatment
employed in the computation of cosmological observables
gets modified. However, we find that the effect of early
kinetic decoupling on the relic abundance is negligible.
Therefore, we retain the standard freeze-out treatment for
the relic-density calculation in this analysis. By requiring
kinetic decoupling to occur before neutrino decoupling,
we obtain a consistency condition of approximately
MZ0 ≳ 20 MeV. In the resonant regime relevant for relic-
density production, where MDM ≃MZ0=2, this translates
to MDM ≳ 10 MeV. Although this condition is not
stronger than the existing BBN and Planck bound of
MDM ≳ 10.9 MeV, it provides an independent consistency
check of the thermal history assumed in our analysis and
further supports the applicability of the entropy-transfer
treatment used in the calculation of ΔNeff .
The additional contributions to Neff are calculated via all

possible processes contributing to the radiation density.
Among the three right-handed neutrinos, we restrict the
gauge charge of νμR and ντR in such a fashion that they
never enter the thermal bath. The νeRwill leave the thermal
bath at a very early time (before the electroweak symmetry
breaking) and it will give a fixed contribution of
ΔNeff ¼ 0.0466. The final value of ΔNeff will be the
combined contributions of all possibilities. We identify
the regions in the MZ0 −Mψ parameter space compatible
with the ΔNeff constraints, which come from the produc-
tion of SM neutrinos. To keep on the safe side, we check the
spin-independent DM-electron scattering cross section, as
such, light DM masses will be sensitive only to them,
which remains suppressed due to the factor me=MZ0 ≪ 1.
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APPENDIX: CONSISTENCY CHECK
FOR THE RELIC-DENSITY CALCULATION

WITH EARLY KINETIC DECOUPLING

Due to the Breit-Wigner resonance enhancement, the
kinetic decoupling happens prior to the chemical freeze-
out. This situation makes the DM follow a different
temperature than the SM bath temperature. Hence the
DM temperature evolves independently. The standard
relic-density calculation assumes kinetic equilibrium,
ðTψ ¼ TÞ, during chemical freeze-out. This assumption
can be relaxed by retaining the second moment of the dark
matter phase-space distribution. Following the numerical
treatment by [112], we calculated the relic abundance of the
DM for the standard scenario and for the coupled system.
The numerical treatment is briefly resented here for our
case as follows.
The coupled Boltzmann equations can be written as

Y 0

Y
¼ sY

xH̃

�
Y2
eq

Y2
hσviT − hσviTψ

�
ðA1Þ

and

y0

y
¼ 1

xH̃
hCeli2 þ

sY

xH̃
½hσviTψ

− hσvi2;Tψ
�

þ sY

xH̃

Y2
eq

Y2

�
yeq
y

hσvi2;T − hσviT
�
þ 2ð1 − wÞ H

xH̃
:

ðA2Þ

Here, a prime denotes differentiation with respect to x
with H̃ ¼ H

1þg̃ and g̃ ¼ 1
3

T
g�s

dg�s
dT . The notations and defini-

tions are kept consistent with the work of [112].
The equilibrium value of the second-moment variable is

yeq ¼ mψT
s2=3

, such that ðTψ ¼ TÞ when kinetic equilibrium is
maintained. The quantity hCeli2 describes the effect of
elastic scattering on the second moment. In the Fokker-
Planck approximation it can be expressed in terms of the
momentum-transfer rate γðTÞ, schematically as

hCeli2 ≃ γðTÞwðTψ Þ
�
yeq
y

− 1

�
:

The additional annihilation average hσvi2;Tψ
is the

temperature-weighted thermal average entering the second
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moment equation. The quantity wðTψÞ accounts for the
departure from the strictly nonrelativistic limit. These
equations retain the information about the dark-matter
velocity distribution that is lost in the conventional num-
ber-density equation.
We have solved the above equations numerically for the

benchmark parameter point used in our relic-density
analysis and compared the result with the conventional
single Boltzmann equation. The coupled solution confirms
that the dark-matter temperature starts to deviate from the
bath temperature after kinetic decoupling Tψ < T as
expected. For the benchmark point used in our analysis,
we find that the asymptotic relic abundance obtained from
the coupled treatment differs from that obtained using the
standard single Boltzmann equation by only

				Ωh2coupled −Ωh2standard
Ωh2standard

				 ≃ 0.002162; ðA3Þ

corresponding to a correction of approximately (0.22%).
Therefore, while kinetic equilibrium is indeed violated after

early kinetic decoupling, the resulting modification of the
thermally averaged annihilation cross section does not lead
to a significant change in the integrated annihilation history
or the final relic abundance for the benchmark point
considered in this work.
Thus, while kinetic equilibrium is not maintained

throughout the entire period following early kinetic decou-
pling, the resulting modification of the annihilation
history is too small to produce an appreciable change in
the final relic abundance for the benchmark parameter point
considered here. Consequently, the relic-density results
presented in Fig. 7 remain unchanged after the coupled
treatment.
We stress that this agreement is a numerical result for

the parameter region considered in this work and should
not be interpreted as a general statement that early KD
always produces negligible changes in the DM relic
calculation. Rather, the coupled calculation provides an
explicit validation that the standard relic-density treatment
is sufficiently accurate for the benchmark scenario stud-
ied here.
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