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ABSTRACT: We study the possibility of generating light Dirac neutrino mass via scotogenic
mechanism where singlet-doublet fermion Dark Matter (DM) plays non-trivial role in gen-
erating one-loop neutrino mass, anomalous magnetic moment of muon: (g — 2), as well as
additional relativistic degrees of freedom AN.g within reach of cosmic microwave background
(CMB) experiments. We show that the Dirac nature of neutrinos can bring interesting
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effective relativistic degrees of freedom AN.g. While we stick to thermal singlet-doublet
DM with promising detection prospects, both thermal and non-thermal origin of AN.g
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CMB-S4 and SPT-3G.
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1 Introduction

The mysteries of the Universe have always motivated us to explore the fundamental aspects
of physics beyond the standard model(SM) of particle physics. The prime among them
are understanding the dark matter (DM) component, the origin of neutrino mass and
the anomalous magnetic moment of muon: (g — 2),, to count a few, that challenge the
phenomenological success of the SM. DM is particularly puzzling because we can only detect
its presence through its gravitational effects on visible matter and the structure of the
Universe. Studies using satellites like WMAP and PLANCK [1, 2] measuring the anisotropies
in the cosmic microwave background(CMB) have shown that DM makes up about 85% of all
matter and approximately 27% of the Universe’s total energy density. The current abundance
of DM is frequently expressed in terms of the density parameter (2py; and the normalized
Hubble parameter h, defined as the Hubble parameter divided by 100 km s~*Mpc ™!, yielding
QOpmh? = 0.120 £ 0.001 at a 68% C.L.. Despite its significant role in cosmology, DM remains
elusive, as no known SM particles fit the criteria of being DM. This has led researchers to
consider new theories beyond the SM, with the weakly interacting massive particle (WIMP)
model being one of the most studied. The WIMP model suggests that DM particles could
have masses and interaction strengths similar to those of electroweak particles, potentially
explaining the observed abundance of DM through a process known as thermal freeze-out.
However, despite extensive searches, no direct evidence of DM has been found, placing strict
limits on the possible interactions between DM and ordinary matter. A comprehensive
assessment of WIMP-type DM models is available in a recent review [3, 4].



In addition to DM, SM also fails to explain the origin of neutrino mass and mixing, which
has been confirmed by neutrino oscillation experiments [5-9]. Neutrino oscillation data only
captures the differences in the squared masses of neutrinos( Am2,,, = (2.358—2.544)x 1073 eV?

and Am?2, = (6.79—8.01) x 107° eV?), while cosmological data place limits on their absolute
mass scale (| >, m,,| < 0.12eV) [10]. However the question of whether neutrinos are Dirac
or Majorana particles remains open. While neutrino oscillation experiments cannot settle
this, searches for neutrino-less double beta decay might confirm the Majorana nature of
neutrinos. But so far, no evidence has been found leaving the Majorana nature of light
neutrinos unverified. This has kindled increased interest in exploring the plausibility of light
Dirac neutrinos. While traditional Dirac neutrino mass models built on the seesaw mechanism
have been discussed in [11-13], alternative scenarios outlining the possibility of light Dirac
neutrino mass can be found in [14-21] and related references.

Another unresolved issue within the SM is the anomalous magnetic moment of the

exp _ ,SM
3 @y

between the muon’s measured magnetic moment and the value predicted by the SM. Recent

muon defined as a, = (g — 2),/2. The quantity Aa, = a , measures the difference
experiments have reported a discrepancy between the measured and predicted values of
(9 — 2),, suggesting the possibility of new physics beyond the SM [22-44]. The 2021 analysis
conducted by the (g — 2),, collaboration, with the Fermilab’s E989 experiment result in
conjunction with the prior results from Brookhaven, revealed a discrepancy of 4.20. A more
recent analysis by the same collaboration [45] has yielded Aa, = 249(48) x 10~!, indicating

a discrepancy of 5.1¢ from the SM predicted value. However, it is important to note that, due
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is primarily dominated by contributions from hadronic vacuum polarization (HVP), which

to the non-perturbative nature of the low-energy strong interaction, the uncertainty in a

is difficult to calculate precisely. Despite recent measurements [46, 47| that have reduced
this uncertainty, there is still no conclusive evidence, leaving room for alternative BSM
explanations. A review of such new physics explanations for (g —2), can be found in [48-50].

Although the origin of the aforementioned puzzles remain unknown, in this paper we
aim to propose a concise model that explains them within a common framework. We explore
a WIMP-like fermionic DM scenario, involving a vector-like singlet and a doublet [51, 52].
The rationale for exploring this particular fermionic configuration is well-established as in
singlet-doublet setups, there is mixing between the neutral component of the doublet and the
singlet through the Yukawa interaction and DM manifests as a mixed state [51-80], satisfying
appropriate relic density across a broad range of masses while adhering to direct search limits,
which is not the case for purely a singlet or a doublet scenario. Additionally, we extend
this model with one scalar and three right-handed neutrinos (vg,) to incorporate the Dirac
mass of light neutrinos in a scotogenic setup, offering complementary cosmological probes
in CMB measurements in contrast to the singlet-doublet fermionic DM setups considered
in literature in connection to Majorana neutrino masses [75-81]. The presence of right
handed neutrinos in our model potentially introduce extra light degrees of freedom. Current
CMB experiments have placed stringent constraints on effective light degrees of freedom
during the recombination era (z ~ 1100), yielding Neg = 2.991'8:% at 20 aligning with SM
predictions of Ngfl}/[ = 3.046 [1, 2]. Future experiments like CMB-S4 aim for unprecedented
sensitivity, targeting ANeg = 0.06 at 20 CL [82]. This precision measurement can scrutinize



Gauge Fermion Fields Scalar
Group Ly | lg | ¥ | x vr | H | ¢
SU(2) L, 2 1 2 1 1 2 |1
U(l)y -1 | -2]-1] 0 0 110

Zy —i | =i | =1 | =11] 4 | +1 |4

Table 1. Particles and their charge assignments in our setup.

scenarios featuring light degrees of freedom that we have. Due to the minimality of the
framework, which offers a unified resolution to the aforementioned challenges, it reveals a
strong correlation among the model parameters, making the model extremely predictive
at various present and future experiments.

The rest of the paper is organized as follows. In section 2, we discuss a most minimal
extended version of the singlet-doublet fermionic model to incorporate radiative Dirac neutrino
mass. In section 3, we show the generation of Dirac neutrino mass at one-loop level. In
section 4, we analyse the bounds from (g — 2), on our model parameters followed by the
lepton flavour violation constraint. In section 5, we discuss the relic density of DM and
direct detection constraints. In section 6, we discuss the details of ANeg and finally conclude
in section 7.

2 The model

As discussed in the introduction, to generate the Dirac mass of light neutrinos in a scotogenic
setup we augment the SM fermion content by adding 2 generations of vector-like fermion
doublet ¥ = (¢ )T (with hypercharge ¥ = —1, where we use the electromagnetic
charge definition @ = T3 + Y/2) and 2 generations of vector-like singlet fermion x with
hypercharge Y = 0, together with three copies of right handed neutrinos vr. In addition to
the singlet-doublet fermionic extension of SM, we introduce another singlet complex scalar
o(= ¢1+7\/g¢2) With this particle content, we introduce a discrete Z, symmetry, where this
new symmetry is responsible for forbidding the tree level realization of Dirac neutrino mass
and the Majorana mass of vg. The charge assignments of the particles under the imposed
symmetries are shown in table. 1.
The relevant Lagrangian of the model guided by the imposed symmetry is given by:

L D iUy* D,V + ixy"9,x — MgV — M, xx
—yUHY — A\yLo¥ — \\ TRéix + h.c., (2.1)

where D, = 0,, — 91%Wﬁ — gg%Bu. For simplicity, we suppress the generation indices in the
Lagrangian. The scalar potential involving H and ¢ which satisfy Z; symmetry is given by:

Virg = —puy(H H) + g (H H)?
+MZ (6T 0) + Ap(d0)? + Apr (6T d) (HTH) (2.2)

In our setup, we choose Mfs > 0 such that ¢ doesn’t acquire any vacuum expectation
value (VEV), thus forbidding any mixing between vr and x. Moreover, the SM Higgs H



is inert under Z4 symmetry and hence can not lead to spontaneous Z; breaking together
with electroweak symmetry breaking.

In order to generate the Dirac mass of neutrinos, one has to break Z; symmetry. In
order to do so, we add a soft term % ,ui <¢2 =+ (¢T)2) in the scalar potential which breaks Z,
symmetry explicitly. After electroweak symmetry breaking, SM Higgs acquires a VEV. In
presence of the soft term, the masses of ¢; and ¢ can be written as,

1
2 2 2 2
M¢1 = M¢ + pg + 5)\¢HU
1
Mg, = Mg = pg + 5 A onv” (2.3)
and the mass squared difference, AMQ% = Mgl — M;Q = 2;1,3). We will show that AM(;Qs is
responsible for generating Dirac mass of neutrino at one-loop level in section 3. The Higgs
VEV also leads to mixing between the neutral component of doublet ¢/° and y, giving rise

to two singlet-doublet admixed mass eigenstates. The mass terms for these fields can then
be written together as follows:

VF —0...0 _ - YU — VORI
~Limass = Myy%07 + My ™™+ Mxx + 5 00 x+ 5 X ¥

v 0
= (v* ) (y]‘ff@ ! A/f) (ﬁ ) Myt (2.4)

Denoting the mass eigenstates as y1 and x2 and 6 to be the mixing angle, the flavour basis,
(wo X)T is related to the physical basis, (x1 XQ)T through the orthogonal transformation:

<¢0> _0 (Xl) _ (cos@ —sin@) (Xl) 7 (2.5)
X X2 sinf cos0 X2

where the mixing angle is given by:

V2yv

tan20 = ——————. 2.6
an My — M, (2.6)
From eq. (2.4), we get the mass eigenvalues of the physical states to be:
2 yv . .2
M, = My cos” 0 + \ﬁ sin 20 + M, sin” 0,
M,, = My sin?6 — Y sin26 + M, cos® 6 (2.7)

V2

with a mass-splitting AM = M,, — M,,.

One important thing to note is that the egs. (2.1) and (2.2) possess an unbroken Zs
symmetry under which W, y, ¢ are odd while all other particles are even. This remnant
symmetry survives even after Z4 is softly broken by the quadratic terms mentioned above.
While our choice of soft-breaking terms has resulted in this remnant symmetry, one can
also impose it as an additional symmetry while keeping the phenomenology unaltered. We
assume a mass hierarchy: M,, > My, > My, > M,,. As a result, the lightest Z3 odd
particle x2, which is dominantly a singlet fermion y with a small admixture of the doublet



-—=¥---

Figure 1. Dirac Neutrino Mass generation at one-loop level.

fermion W, behaves as a DM. In eq. (2.1), the term LoV is responsible for (9 —2),, the
details of which are discussed in section 4.

In order to satisfy the neutrino oscillation data, a minimum of two generations of singlet-
doublet fermions are required. The consideration of multiple generations of singlet-doublet
fermions is also motivated in the context of addressing the CDF-II W-mass anomaly, as
explored recently in [80]. However, in our present work, the role of heavier generation
of singlet-doublet fermions is only to generate the correct neutrino data. For rest of the
phenomenology discussed here, we focus only on the lighter generation of singlet-doublet
fermions. This choice is justified by considering a mass difference of the order of O(10%) GeV
between the two generations. Consequently, the presence of the heavier generation has
negligible impact on the DM phenomenology and the ANeg analysis, as we disregard inter-
generational mixing among these dark fermions. Furthermore, assuming maximal mixing
between the singlet and doublet fermions of the heavier generation allows us to fine-tune
the corresponding couplings to leptons to smaller values, while being consistent with the
neutrino data. This ensures that any additional contribution from the heavier generation
of singlet-doublet fermions to (g — 2), and lepton flavor violation (LFV) processes remain
suppressed when compared to the contributions from the lighter generation.

Thus the relevant parameters of the model are the masses {My,, AM (= My, —M,, ), M-,
Mgy, , AMi(= My, — M,,)}, the mixing angle (sinf), and the couplings {\y, Ay}. These
parameters collectively influence various aspects including the neutrino mass generation, the
contribution to muon magnetic moment, DM annihilation and co-annihilation dynamics as well
as the thermalisation of vi acting as dark radiation and providing additional complementary
cosmological probe for this scenario in terms of AN.g, which we discuss in details in the
subsequent sections of this article.

3 Dirac neutrino mass

As discussed in the previous section, the Z; symmetry is explicitly broken by the term
%Mé ((]52 + (qﬁT)Z). This leads to the realisation of Dirac neutrino mass operator LHvg at

one-loop level with the singlet-doublet fermions(¢/°, x) and the singlet scalar ¢ running in
the loop as shown in figure 1.

The one-loop light neutrino mass can be estimated to be:

(M) aff = 167TQZ /\w m AMSIH(QQ) F( X17MX27M¢17M¢>2>)Z‘Iii()‘x)@'5 (3.1)



Set 1 Set 2
Parameters | 15¢ Generation | 2°¢ Generation | Parameters | 15¢ Generation | 2°¢ Generation
sin 6 5.8 x 1078 0.7 sin 6 0.0053 0.7
M,, (GeV) 519 3638 My, (GeV) 867 3207
M,, (GeV) 180 2638 M,, (GeV) 859 2207
A 1.38 x 1077 1.64 x 1077 Ay 8.30 x 1077 5.97 x 107°
Ay, 0.0358 0.0031 Ay, 0.0485 1.64 x 107°
Ay, 0.0075 0.0090 Ay 0.0295 0.04
Ave 0.0264 4.96 x 1079 e 0.0006 4.87 x 1078
Xu 0.0051 7.40 x 1078 A 4.98 x 1074 1.00 x 107?
Ao, 2.84 5.05 x 1079 A, 5.71 x 1075 4.38 x 1078

Table 2. Two sets of benchmark points for 15% and 2"¢ Generation singlet-doublet fermions are
given. Where for the Set 1, My, = 532.14 GeV and two non zero neutrino mass eigen values are
VAmMZ =4.94x1071 GeV and /Am?2 | = 8.63x 1072 GeV. Similarly, for the Set 2, My, = 711 GeV,

VAmZ, =4.95 x 10711 GeV and /AmZ, = 8.58 x 10712 GeV.

where i represents the generation index of singlet-doublet fermion, o and 3 represent lepton
flavour indices, I is the 2 x 2 identity matrix and F'(M,,, M,,, My, , My,) is the loop factor
and is given by,

M2
(My, —4M,,) M2, log ( ive )
2 2
(Mil - M>%2) (M¢1 a M>%2) <M¢2 o M)%Q)
2 2 M; 2 2 MG%
. M2, (M, My, —4M2, ) log (M§1> M2, (M, My, —4M2, ) log (M%f)

+M£1 N Mi? (M)%l - Mqi) (Mtz%l - M)%z) (Mil - Mt%z) <M£2 o M>%2)

F(MX17MX2vM¢17M¢2): (3'2)

For two generations of singlet-doublet fermion, the eq. (3.1) can be written in a matrix form as,

Mee Meu Mer 2 )‘d’ie/\Xie )‘wie)\Xi,u Ad’z’e/\Xi‘r
(MV)3><3 = | Mye Myy Myr | = Z;fl )‘Wﬂ)‘xz‘e /\wam )‘%‘u)‘XiT
1=
Mre Mz, M-r /\wiT)‘xie )‘wif/\xm )‘ww)‘x@‘r
)‘1%'6 )
- Z Aww [ (AXie )‘xm /\XiT) (3-3)
i=1
)\wi’r
. lu2 . . . .
where f' = i% (AM!sin20" F(My,, Mi,, My, My,)).

Imposing the bound from cosmological data on the sum of light neutrino masses, Y m; <
0.12eV and the neutrino oscillation data (Am2,, = (2.358 —2.544) x 1072 eV? and Am2, =
(6.79—8.01) x 107° eV?) at 30 C.L., we put stringent constraints on the parameters governing

the generation of the light Dirac neutrino mass. Two benchmark values are given in table 2.



Model Range for the scan
Parameters 15" Generation | 24 Generation
sin 6 [107%,0.3] 0.7
AM = M,, — M,, (GeV) [1,10°] (500, 10°]
AM; = My, — My, (GeV) [1,600] -
M,, (GeV) [1,10°] [2000, 10%]
Ap, [1078,1077] (107,107
Ay, [1,1073] [1071,1077)
A, (10711074 [1071,1077
Ao (1077, /47| [107191077]
X (1077, v/4~] (107101077
Aer (1077, /47| [10719,1077]

Table 3. Range of model parameters used for the numerical scan. We fix the mass difference,

My, — My, =1 GeV.

?1, 92
’ -= %= ~
4 Y
4 A Y
’ )‘1_: )‘1.f \
i 1
Iy (U I
7y

Figure 2. Feynman diagram giving rise to (¢ — 2), and lepton flavour violation.

For simplicity, we fixed (Mg, — My,) to be 1GeV and the coupling parameters of the
second generation singlet-doublet fermions comparably small to that of first generation. It
is noteworthy that this constraint not only establishes a distinctive correlation between the
neutrino mass and the (g—2),, but also forges intriguing links between the DM phenomenology
and the model’s predictions regarding A Neg.

4 Anomalous magnetic moment of muon: (g — 2),

The anomalous magnetic moment of the muon, often denoted as (g — 2),, refers to the
difference between the muon’s actual magnetic moment and the value predicted by the Dirac
equation within the framework of quantum electrodynamics (QED). This deviation arises
due to quantum fluctuations and interactions with virtual particles in the vacuum.

In our setup, the new positive contribution to the (g — 2), comes from the one loop
diagram with the charged doublet fermion 1~ and the singlet scalars ¢ 2 in the loop. This



0.1F

0.01

10°F Ay, ]
Ay,

107

10°F

10k

al.

1077
100 1000

M, (GeV)

Figure 3. The allowed region for (g — 2), is depicted by the red coloured points in the parameter
space of Ay, and M,-. The values of A, consistent with the LF'V constraints are also projected in
the same plane by the blue points. The details of the LFV decay are discussed in the next section.

contribution to (g — 2), is given by [49],

2
my, (Yp),,

82

1
Aa, = /0 dz {If(x,qu—,Mm) - If(fE,Mw—aMaﬁz)} (4.1)

Where
x? (1 == %)
((1 — ) (m% — :vml%) + xm%)

In figure 3, we showcase the parameter space satisfying correct Aa, by the red coloured

Ifi) (x,m1,m2) = (4.2)

points, in the plane of Ay, and M- with My, varying in a range as mentioned in table 3.
We first carried out a numerical scan varying the model parameters in the range as shown in
table 3 and found the parameter space that satisfies the correct neutrino mass criteria. The
same parameter set is then used for the scan to check the constraint from (g — 2),.

Clearly, we can see that Ay, is constrained in the interval [0.01,0.1] while imposing the
lower bound on the charged fermion doublet mass to be My~ > 102.7 GeV from LEP [83]. As
the mass of the particles in the loop suppresses the contribution to (g —2),, the corresponding
coupling Ay, has to increase. This can be easily seen from figure 3.

4.1 Lepton flavour violation

The decay involving charged lepton flavour violation (LFV) is a significant process for
investigating physics beyond the SM. Within the SM framework, this process takes place at
the one-loop level and is greatly suppressed due to the minuteness of neutrino masses and
therefore remains far beyond the current experimental sensitivities [84]. Consequently, any
future detection of LE'V decays, such as p — ey, would unquestionably constitute evidence
of physics beyond the SM. In our current model, this additional new physics contribution



comes from the same diagram as shown in figure 2 with leptons of two different flavours in
the external legs. The branching ratio for p — ey is given by [49]:

2
; (4.3)

3a
BR(u™ = e ) = o | Mg A (M-, M,
R(u~ — e ) 167TG%U,1 el (My—, My)
where

1 1—x
1My My) = [ da [ dy 1 @y My M) = 15 (@9, My, My, )|

and
o ) e _ )L
x(y—{—(l x y)mu):lz(l x)mM
5

)
—zym? — z(1 — x — y)m2 + xm3 + (1 — z)m7

2 (ﬂf,y7m1,m2):

Given the existing constraints on Ay, and M, , from the (g — 2), experiment, and
taking into account the upper limit on Br(u — ey) set by MEG [84], we can establish an
upper bound for Ay, . This is shown in figure 3 by the blue coloured points. As we can see, it
puts a conservative upper limit that Ay, must be less than 107 for My- € [100, 1800] GeV
in order to remain consistent with the MEG constraint.

5 Dark Matter phenomenology

As outlined in section 2, Y3, being the lightest odd particle under Z, symmetry, attains
stability and emerges as a plausible DM candidate in our framework. Being an admixed
state of a singlet and a doublet fermion, its thermalization and relic abundance are crucially
governed by the Yukawa and gauge interactions. Thus its relic density is determined by the
process of thermal freeze-out, wherein the primary mechanisms involve the annihilation of
DM into SM particles and vg, along with co-annihilation among the dark sector constituents
X2, X1, ¢1, P2, and ™.

Before delving into the phenomenology of DM, it is important to note that the inclusion of
vr and ¢1 2 in this setup, and their significant involvement in the genesis of neutrino mass at
one-loop, not only offers an additional cosmological probe to validate the model but also alters
the conventional outcomes typically observed in the study of Dirac fermionic singlet-doublet
DM alone as explored in [52, 76]. As in section 6, we will thoroughly examine the ANg
component of this scenario, it is pivotal to consider whether vr undergoes thermalization or
not because the same coupling plays a crucial role in determining DM relic density.

The production of RHNs (vg,) primarily depends on the coupling parameter A, . This
same coupling also dictates whether RHNs undergo thermalization. For values of A, greater
than 1073, we observe that RHNs were in thermal equilibrium with the SM bath alongside
other constituents of the dark sector. Consequently, both ¢; 2 and x1 2 annihilation contribute
to the production of RHNs and hence the enhancement of additional relativistic energy density.
Conversely, for smaller values of A\, RHNs were not in equilibrium with the SM bath, making
it challenging to produce them through thermal processes. In such instances, RHNs can
still be generated through non-thermal freeze-in processes, particularly via the decay of
¢1,2 in the process ¢12 — X2VR.



Consequently, we categorize our analysis into two distinct cases:
(i) Case-1: 1072 < \, < V/4m.
(ii) Case-2: 1077 < A\, < 1073.
where we use Ay = (A, + Ay, + Ay, )/3.

5.1 Relic abundance of DM
The relic density of DM in this scenario is achieved by solving the Boltzmann equation

6577; +3Hn = —(ov)er(n® — (n°9)?) (5.1)

where n = ), n; represents the total number density of all the dark sector particles and n®?
is the equilibrium number density. (ov).g represents the effective annihilation cross-section
which takes into account all number changing processes for DM freeze-out is given by:

2
g 92941,
<Uv>eﬁ = TQ<UU>X2X2 + 2 =2 <UU>X2¢1,2(1 +A¢1,2)3/2 eXp(_mAGﬁl,z)
ot Getr
9291
+E<UU>X2 X1 (1+4,, )3/2 exp(—xAXl)
929 95
2Y3 s
+T<0’U>X2w* (1 +A¢*)3/2 exp(_xA¢*)+ ng : <UU>¢1.2¢1,2(1+A¢1,2)3exp(_QxA¢1,2)
eff eff
941,291
+ ¢g1,22 <O.U>¢1,2X1 (1 +A¢1,2)3/2(1 +AX1 )3/2 eXp (—1‘(A¢1$2 +AX1 ))
eff
) , gs B B
+ 9122 <Gv>¢1,2¢7 (1 +A<151,2)5/2(1 +A1b’ )3/2 exp (711(A¢1,2 +Aw* ))
eff
gt 3 93 3
+5-(0v)y, x, 1+ Ay, ) exp(—22A,, ) + F(UUMWF (14+Ay-) exp(—22Ay-)
eff eff
g19:
+7glg 2(00) 0 (14 Ay )2 (14 Ay )2 exp(—2(Ay, +Ay-)) (5.2)
eff

where g1, g2, 93, g4, and g4, represent the internal degrees of x1, x2,% ™, ¢1 and ¢ respectively
and A; stands for the ratio (M; — M,,)/M,, with M; denoting the mass of x1,% ™, ¢1 and ¢s.
Here geg is the effective degree of freedom which is given by:

3/2

Jeff = g2 + g¢>1,2(1 + A¢>1,2)3/2 eXp(_xA¢1,2) + gl(l + AXl) eXp(—.%'Axl)

+g3(1 4+ Ay )3/2 exp(—zAy-) (5.3)

and z is the dimensionless parameter M,,/T.
The relic density of DM y2 can then be evaluated as:

1.09 x 10°GevV—! [ o ]
Q0% = 09 x 10°GeV [/ " @;é ﬁ] (5.4)
Ty

V9 Mpi

Here zy = M,, /Ty, and Tt denotes the freeze-out temperature of xa.

To gain insight into the relic density of DM and the specific influence of model parameters
in achieving the observed relic density, we conducted various analyses and explored the allowed
parameter space. As studied in [52, 72|, the pivotal parameters governing the relic abundance

,10,
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Figure 4. Relic density of DM as a function of DM mass for different values of A, other parameters
being varied randomly as mentioned in the inset.

of a singlet-doublet Dirac fermionic DM include: the mass of the DM (M,,), the mass
splitting between the dominant singlet and dominant doublet physical states (AM), and
the mixing angle (sinf). In addition to these three parameters, in the present setup, we
have additional parameters that also affect the relic density of DM because of the presence
of ¢12 and vg. The presence of ¢; 2 in the dark sector leads to additional co-annihilation
processes whereas v facilitates a new annihilation channel of DM to RHN. Thus the mass
difference between ¢ and x2, (AM; = My, — M,,), the scalar quartic coupling, A\gy as
well as Ay (DM- vg — ¢1,2 coupling) also become important parameters in determining the
relic density of DM. We have mentioned earlier that the mass difference between physical
scalars (Mg, — My,) are kept fixed to 1 GeV. So, in this model, we have a multi-dimensional
parameter space that decides the relic density of DM. It is worth mentioning here that we
used the package MicrOmegas [85] for computing annihilation cross-sections and relic density,
after generating the model files using LanHEP [86].

In figure 4, we present the relic density of DM as a function of its mass, considering
different benchmark values of A\, while randomly varying the other parameters AM, AM,
sinf, and A\gp as shown in the inset of the figure. It is evident that an increase in A, results
in a gradual decrease in the relic density. This is attributed to the fact that as A\, increases,
the annihilation cross-section of ys into vy also increases. Consequently, the overall effective
annihilation cross-section is enhanced, leading to a reduction in the relic density. Additionally,
an interesting feature observed in figure 4 is that when A, is not significantly large (i.e.,
Ay < 0.1), the relic density of DM is influenced not only by its annihilation into vg, but also
by other annihilation and co-annihilation processes involving SM particles mediated by the
gauge bosons. This explains the resonance features observed around My /2 (V = W*, Z),
represented by the green, purple, orange, and brown points. The Higgs resonance is not
prominently visible in this plot because the Higgs-mediated annihilation or co-annihilation
channels are less efficient for small sin # and small mass-splitting AM. This is attributed
to the fact that the corresponding Yukawa coupling y is proportional to AM x sin 20, as
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Figure 5. Relic density of DM as a function of DM mass for different values of AM, other parameters
being varied randomly as mentioned in the inset.

illustrated in eq. (2.6). However, in cases where A, significantly surpasses other couplings,
the channel yox2 — vrrr becomes the predominant contributor to the relic density of xs.
Since this annihilation process occurs through a t-channel, resonance effects are not observed,
as indicated by the blue points.

Figure 5 illustrates the correlation between relic density and singlet and doublet mass
splitting (AM ), while mitigating the influence of DM annihilation to vgs by fixing A, = 1073,
Other relevant parameters are varied randomly in a specific range as mentioned in the inset.
With such a choice of parameters, DM annihilation to vg remains subdominant while the DM
annihilation to SM particles and co-annihilation of DM with y; and ¢~ dominantly decide
the relic abundance. As we can see, with an increase in the mass-splitting AM, the relic
density decreases and vice versa. This can be understood from eq. (5.2) which is the effective
annihilation cross-section of DM. As (ov).s decreases with an increase in Ay, = AM/M,,
due to exponential suppression, which consequently elevates the relic density. It is important
to note that A, is not an independent parameter but rather is dependent on AM and sin 6.

In figure 6, we depict QX2h2 as a function of M,, for various selections of Ap4 to
demonstrate the dependency of relic density on this scalar quartic coupling. It is important to
note that Apg primarily affects the co-annihilation contribution in the effective annihilation
cross-section, as it governs the rate of annihilation of ¢ o as well as co-annihilation of ¢ » and
X2 to SM particles. For smaller values of Apy, we observe that the relic density is not very
sensitive. It is only when Agp ~ 1 that this co-annihilation contribution becomes significant,
ultimately influencing the relic density, as indicated by the blue points. The dips in the relic
density correspond to resonances corresponding to gauge bosons and the SM Higgs boson.

A common feature observed in all three figures is that in the higher DM mass region,
away from resonances, an increase in DM mass leads to a gradual rise in relic density. This
phenomenon arises from the fact that in the non-relativistic limit, the effective annihilation
cross-section of DM is inversely proportional to its mass. Consequently, as the DM mass
increases, (ov)er decreases, resulting in an increase in relic density.

- 12 —



1<AM (GeV) <20
1<AM; (GeV) <10

10 < sin® < 107
r,=10"°

1000 X

©0.8<hus1
107+ 0.1<hyn<02
' 0.01<2,4<0.05

1 10 100 1000
M,, (GeV)

Figure 6. Relic density as a function of DM mass for different ranges of Ayx.

5.2 Direct detection

In this scenario, owing to the singlet-doublet mixing, the DM x2 can interact with the target
nucleus in terrestrial direct search experiments through Z and Higgs mediated processes.
This leads to the cross-section for Z-boson mediated DM-nucleon scattering to be [87, 88]:

G2 sin 0 2
0§ = FWTM% [Zfy+ (A= Z) fo)? ‘

(5.5)

Where the f, = f, = 0.33 corresponds to the form factors for proton and neutron, respectively.
Here i, is the reduced mass of the DM-nucleon system and A, Z are mass number and atomic
number respectively. Similarly, the spin-independent DM-nucleon scattering cross-section
through Higgs mediation is given by:

4 2sin%26 [m 2

h 2y

o=t | (h+ That ARt o) -
) .

My n n n 2 n
+ o (fTu + fra+ frs + 9fTG>

Different coupling strengths between DM and light quarks are given by [89, 90] f7,, =
0.020 £ 0.004, fF, = 0.026 &+ 0.005, f¥ = 0.014 +0.062, fZ, = 0.020 = 0.004, f7, =
0.036 + 0.005, fr7, = 0.118 +0.062. The coupling of DM with the gluons in target nuclei
are parameterized by [91] f75 =1 — 3, _, 45 f;ﬁgl.

Besides these tree-level processes for DM nucleon scattering, there exists another contri-
bution to the spin-independent direct search cross-section, which arises at the loop level with
vg and ¢1 2 in the loop. The corresponding Feynman diagram is as shown in figure 7.

This cross-section can be evaluated as [92]:

4 M2 m?
loop _ = x2''p 2 02 f2 5.7
TS R My +my " D
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Figure 7. Spin-independent elastic DM-nucleon scattering arising at one loop and tree level.
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Figure 8. Spin-independent DM-nucleon scattering cross-section as a function of DM mass for
case-1(left) and case-2(right).

Where the form factor, f; ~ 0.3 and the loop-induced effective coupling C is given by,

)\2 2
— X A G X2
1672 M7 M, 1\ M2

And the loop function G(z) is given by,

x4+ (1 —2)n(l — )

G(z) =

From egs. (5.5), (5.6) and (5.7), it is clear that the DM-nucleon interaction strength
crucially depends on sin 6 at tree level, and A\, and Ay at loop level. Here, it is worth noting
that, as A\, and sin@ are correlated through the neutrino mass constraint as discussed in
section 3, depending on their relative strength, the tree level or loop level contribution to
DM-nucleon scattering dominates. We scrutinize the model parameters in both cases as
mentioned at the beginning of section 5 against the most stringent constraint on DM-nucleon
scattering cross-section from XENON-nT [93] and LZ [94] experiments. We also showcase the
projected sensitivity of the DARWIN [95]. In case-1 (A, > 1073), because of loop-suppression
JISOIOP, as well as because of very small sin 6, USZI’h, remains far below the present sensitivity
of LZ and Xenon-nT and hence most of the parameter space remains safe from the DM
direct search bounds. This is visible from the left panel of figure 8. In case-2()\, < 1073),
the one-loop contribution remains suppressed throughout and only the tree-level diagrams
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contribute to the DM-nucleon scattering. The right panel of figure 8 clearly illustrates that
when sin @ is substantial, the interaction strength is correspondingly high, resulting in a
large DM-nucleon cross-section. As a result, direct search experiments impose significant
constraints on sinf. This stringent upper limit is sinf < 0.03.

After incorporating the constraints from relic abundance and direct search of DM, now
we show the final parameter space in the plane of DM mass and the mass-splittings AM and
AM; for the two different cases (Case-1 [1072 < A\, < /47| and Case-2[ 10711 < X, < 1077]
) as mentioned earlier. We also impose the constraints from LEP experiment on the mass of
the charged fermion doublet(My-) i.e. My~ > 102.7GeV and restrict the mass of ¢2 to be
greater than M /2 to avoid the constraints from Higgs invisible decay.

Case-1 [1072 < A, < V/4m]|. As we know in case-1, characterized by a large value of \,,
the primary process determining the correct relic density of xs is xox2 — VrVr annihilation.
Nevertheless, the contributions from co-annihilation, involving both ¢1 o annihilation to the
SM and co-annihilation involving y; and ¢ ™, also play crucial roles. These contributions
depend on the mass splittings AM; and AM. From the left panel of figure 9, it is evident
that as the mass splitting AM increases for DM mass M,, < 100GeV, A, must also be
raised to attain the correct relic density. This adjustment is necessary because, with an
increase in AM, the co-annihilation effect gradually diminishes, consequently reducing the
effective cross section (ov)es. Therefore, an increase in A, is required to offset this effect and
achieve the correct relic density. In the region where M,, < 100 GeV and AM < 100 GeV,
most of the points shaded in grey are excluded due to the imposed constraint on M- from

2 100 GeV), we observe that in

~

the LEP experiment. As we increase the DM mass(M,,
the lower mass-splitting region (AM < 15GeV), the mass splitting gradually decreases to
achieve the correct relic density. This is because as the DM mass increases, the effective
cross section (ov)eg decreases. Consequently, more co-annihilation contribution is required
for compensation, necessitating a decrease in AM. The region below this always remains
under-abundant. In the high DM mass region (M,, 2 100 GeV), it becomes evident that X,
does not necessarily have to be large. All values of A, are permissible in this region. This is
because even if A\, is small enough that DM annihilation to vg is not highly efficient, the relic
density can still be brought to the correct range through various co-annihilation processes.

This understanding gains further support through an analysis of the results as depicted
in the right panel of figure 9 by recasting the same points (as shown in the left panel
of figure 9), in the plane of AM; vs M,,. By establishing a mass hierarchy among the
particles in the dark sector as M,, < My, < My, < M,,, the co-annihilation processes
involving ¢ exert a substantial influence in achieving the correct relic density. Similar to
the observations in the left panel of figure 9, as the mass splitting AM;(= My, — My,)
increases, A\, must be augmented to offset the decrease in (ov)eg and thus attain the correct
relic density. However, when AM; is small (AM; < 15GeV), A, loses its significance, as
the relic density is predominantly determined by the co-annihilation processes involving ¢1 2.
This also clarifies the observed under-abundance in the region below AM < 15GeV in the
left panel of figure 9, since in this scenario, co-annihilation processes involving ¢ 2 become
overwhelmingly dominant (as AM; < AM), leading to a significant increase in (ov)ef.
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Figure 9. Correct relic density and direct detection constraint satisfying points in the plane of M,,
and AM ([Left]) and in the plane of M,, and AM;([Right]). The color code depicts the value of A, .
Grey regions are ruled out by the LEP constraint.

Case-2 [ 1077 < A, < 1073]. In this case, A, being very small (A, < 1073), it does
not affect the relic density of DM. Rather, DM relic density is completely decided by the
co-annihilation of DM with other dark sector particles. As discussed in section 5.2, the
stringent limit on sin @ is sinf < 0.03 to be consistent with the direct detection constraints.
In the most minimal setup of fermionic singlet-doublet DM [52, 72], this crucially crunches
the allowed parameter space to AM < 20GeV or so to satisfy correct relic density while
being consistent with the direct detection constraints. However, in our setup, we get an
enhanced parameter space as compared to this because of the additional channels involving
¢1,2 that assist in achieving the correct relic density. Moreover, these points are also not
restricted by the direct detection constraints. We show the co-annihilation effects of x1, ¥~
and ¢12 in the plane of AM vs M,, in the left panel of figure 10. The same points are
recasted in the plane of AM; vs M,, in the right panel of figure 10. When sin 6 is small and
AM is large, the singlet-doublet co-annihilation is not very effective but ¢1 o co-annihilation
dominates over the singlet-doublet co-annihilation depending on Agy coupling. It is evident
from the right panel of figure 10, that when Agg is O(1), co-annihilations processes involving
¢1,2 can significantly contribute to the correct relic density of DM. In either case, the grey
coloured points are ruled out due to the LEP constraint.

6 Contribution to AN.g

We now focus on the phenomenological consequences that can occur due to the presence of
the right-handed counterparts of the SM neutrinos. As mentioned in the earlier section, the
Dirac nature of neutrinos necessitates the newly added right-chiral fermions to be as light as
the left-handed SM neutrinos. The presence of such additional ultra-light species in the early
universe can contribute substantially to the total radiation energy density and hence to the
effective relativistic degrees of freedom, N.g which is usually parameterized as

Ng = M7 (6.1)

Py,
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Figure 10. Points satisfying correct relic density and direct detection constraints are shown in the
plane of M,, and AM ([Left]) and that in the plane of M,, and AM;([Right]). The colour code
depicts the value of sinf and Agp in the left and right panel figures, respectively.

where praq is the total energy density of the thermal plasma whereas p, and p,, are the
energy density of photon and single active neutrino species respectively. Without the presence
of any new light degrees of freedom, Neg in SM have been calculated very precisely and
quoted as 3.045' [96-102]. The current data from the observation of cosmic microwave
background (CMB) by the Planck satellite [1] suggests Nog = 2.99%3%, at 95% CL (including
the baryon acoustic oscillation (BAO) data) which agrees with the SM prediction. The
upcoming experiments such as CMB-S4 [82], SPT-3G [103] are expected to be extremely
sensitive to Neg and put much more stringent bounds than the Planck experiment due to
their potential of exploring all the way down to ANeg = Neg — Nesé\/[ = 0.06.

Therefore, Neg is a quantity of immense importance to test the presence of physics
beyond SM which can affect CMB and is going to play a crucial role in our discussion. The
significance of such contribution may vary depending on whether such light vr was present
in the thermal bath or produced non-thermally [20, 104, 105]. The connection between the
Dirac nature of neutrinos and the origin of DM production has been studied before in [11, 13]
in the context of ANgg. In this model, v interacts only via Yukawa coupling A\, Ugrox as
shown in the eq. (2.1). Hence, the production of vr, whether they were present in the thermal
plasma or produced non-thermally with the evolution of our Universe, solely depends on A,.
Since we have assumed ), values for the second generation Z3 odd fermions is much smaller
than that of the first generation, the contribution of second generation fermions to ANeg is
substantially smaller than the first generation. Therefore, we study the contribution from the
first generation Zs fermions to ANeg as mentioned by case-1 and case-2 in section 5. From
eq. (6.1), the additional contribution to Neg at the time of CMB coming from the presence

!The deviation from 3 is due to various effects like non-instantaneous neutrino decoupling, flavour oscillations,
and finite temperature QED corrections to the electromagnetic plasma [96-102].
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Figure 11. Feynman diagram to keep vg in thermal equilibrium.

of vp in the total radiation energy density can be written as,

ANy = N,,,, x 2 , (6.2)

1%
Flr=Tcup

where N, is the number of relativistic vr species, and p,, is the energy density of the
single vg. In the above equation, it is assumed that all three vr behave identically, hence
contribute equally to the energy density. Depending on the production mechanism of vp
we will discuss two following cases:

Case-1[A,, > 1073]. In this case, the vz can be thermally produced in the early universe
from the annihilation of y and ¢. Figure 11 shows the interactions responsible for keeping vr
in equilibrium. Once these interaction rates dropped below the expansion rate of the universe,
vr became decoupled from the thermal plasma and their temperature evolved independently.
Hence by using entropy conservation in both sectors, one can write the excess contribution as

4/3
TI/ 4 g*s(TdeC)
AN = N, x( R) =N, (T ) (6.3)
" TI/L f Q*S(TS;C)

where g.s(T9°) is the relativistic entropy degrees of freedom at temperature 79 which is
the decoupling temperature of the species k(= vp,vg) from the thermal bath. One important
thing to keep in mind is that A, also plays an important role in neutrino mass generation.
Increasing A, corresponds to a smaller mixing angle sin 6 to satisfy the correct neutrino mass.
The viable parameter space for ANgg is obtained by satisfying all possible constraints such
as neutrino mass, (g — 2), and DM relic density while satisfying direct detection constraints.

Figure 12 shows the variation of AN.g as a function of DM mass ranging from 1 GeV to
1TeV. The colour gradient shows the dependence on A,. One can clearly see a correlation
between ANeg, Ay and the mass of DM. Larger A\, and lighter M,, corresponds to larger
contribution to the ANcg. This can be understood as follows. A larger A, or lighter M,,
forces x2 and hence vg to be in thermal bath for longer time. The late decoupling of vr from
the plasma decreases the denominator in eq. (6.3) and increases its contribution to the Neg.
The yellow-shaded region is already excluded from the PLANCK 2018 data at 20 CL. More
importantly, future observations of microwave background can test this scenario fully as shown
by the pink and orange dashed line, which corresponds to SPT-3G and CMB-54, respectively.
This is because once three of the vgs were produced in the thermal bath of the early Universe,
A Neg would always have some minimum contribution of 0.14 which is well above the future
prediction from CMB-S4 or SPT-3G. This is the manifestation of the conservation of entropy.
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Case-2[ 1077 < Ay < 1073]. As discussed above, once the vgs or any light degrees
of freedom were thermalized with the SM plasma, there would always be some minimum
contribution to the AN.g. However, this is not the same in the case of non-thermal production.
As we go to the smaller \,, vg would no longer be produced in the thermal bath. Rather,
they would be produced from the decay of ¢12 with a x2 as shown in figure 13. In this
case, we also need to track the evolution of ¢ 2 as that will be important to calculate the
total energy injected into the radiation energy in terms of light vr. We assume that ¢
was present in the thermal bath of the early universe and decays both from equilibrium and
after freezing out from the thermal bath. So, to track the evolution of vr and ¢;(i = 1,2)
we need to solve the following Boltzmann equations,

dY¢i _ Bs _(y2 eq)2 Ly, K ()
dy, B
Vo Ty, (6.4)

where the dimensionless parameters Yy, = 32 | ng. /s and Y, = p,,/s*/3. In the above
equation I'y, and (ET") can be expressed as

1 M2\ ?
[(¢; — xVR) = S?Ai cos 0% My, (1 — M’;) (6.5)
1 M2\*
(ET(¢; — xVR)) = 16—77)\?( cos 0° M, (1 — Mzz) : (6.6)

After solving the above Boltzmann equations, A Neg produced by p,,, can be calculated as:

AN,g = 3 % 2 (””*)
pVL TD(VL)

4/37
=6 (SYVR> (6.7)
pVL TD(VL)

The factor of 3 in eq. (6.7) corresponds to the three generations of vg and 2 incorporates
both particles and antiparticles. Figure 14 shows the variation of ANgg as a function of A,
where the colour bar represents the variation of M,,. We have considered the mass difference
between ¢y and x2 to be < 10GeV. Eq. (6.6) says that with larger A, the decay width of
¢1,2 will increase and hence more RHNs will be produced. If we increase the DM mass, the
factor inside the bracket will decrease, hence the decay width will decrease. We can see ANg
increases with A, and for a fixed \,, it decreases with increase in M,,. One can note that
some part of the parameter space is excluded from the present PLANCK data and future
experiments can probe some part of it. However, for smaller A\, AN.g becomes extremely
small and drops well below the future projections of CMB-S4 or SPT-3G limits.

7 Conclusion

In this study, we delved into a singlet-doublet fermionic DM model that offers a scotogenic
avenue for generating Dirac neutrino masses. To achieve this, we extended the basic singlet-
doublet DM framework by introducing an additional singlet scalar and the right-chiral
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components of neutrinos, vgs. This extension also aids in addressing the (g — 2),, anomaly,
with a positive contribution arising from the one-loop diagram mediated by the charged
fermion doublet ¢~ and ¢; 2. Following the inclusion of constraints stemming from neutrino
mass, (g —2),, and lepton flavour violation (LFV), we conducted a comprehensive exploration
of the DM phenomenology.

In the analysis of DM, we delineated two distinct cases for examination, based on the
thermalisation criteria of vg, as this can yield intriguing implications from the perspective
of the additional effective neutrino species (ANyg). We find an enhanced parameter space
because of the presence of ¢ 2 in the dark sector as it helps in achieving correct relic density
due to additional co-annihilation contributions. We considered both tree-level and loop-level
DM-nucleon scattering possibilities for the DM direct detection perspectives. While direct
DM search experiments do not impose stringent restrictions on the model parameters, ANeg
offers an additional cosmological probe for the model. As vg is connected to the thermal
bath, only through the dark sector particles, in the scenario, where vg is thermalized, future
CMB experiment SPT-3G can probe the higher DM mass range of the model whereas when
vgr is produced non-thermally, both SPT-3G and CMB-S4 can probe significant portion
of the model parameter space.
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A Lagrangian

Following from eq. (2.1), we can write the Lagrangian in terms of physical states as,

— T’i i /Y — = —_
LOM — gyt (8# — ggﬂ/ﬂ —qg 2B/L) U+ ixy"0ux — (A Lo¥ + N\ Trox + h.c.)
L:Elltv[ = gy [sin2 2" Zux2 + cos? X" Z,x1 + sin 0 cos O(x1Y" Zx2 + Ev”Zqu)}

+gw (sin Oy W, ™ + cos Ox1y" Wi ™) + gw (sin 0 yH W xa + cos 09T # W, x1)
—9z Cow VTV ZpT — eqtp T AT — ALy
- {COS O(ApVLox1 + M TROX2) + sin0(\TROX1 — Ay VL dX2) (A.1)

where gz = e9/28wCw, gw = €o/ V284 and Sy, Cy, C2w denote sin By and cos Oy and cos 20y
respectively.
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