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We propose a type Il seesaw model for light Dirac neutrinos to provide an explanation for the recently
reported anomaly in W boson mass by the CDF collaboration with 7o statistical significance. In the
minimal model, the required enhancement in W boson mass is obtained at tree level due to the vacuum
expectation value of a real scalar triplet, which also plays a role in generating light Dirac neutrino mass.

Depending upon the couplings and masses of newly introduced particles, we can have thermally or non-
thermally generated relativistic degrees of freedom AN, in the form of right handed neutrinos which
can be observed at future cosmology experiments. Extending the model to a radiative Dirac seesaw
scenario can also accommodate dark matter and lepton anomalous magnetic moment.
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1. Introduction

The CDF collaboration has provided an updated measurement
of the W boson mass My = 80433.5 + 9.4 MeV [1] using the
data corresponding to 8.8 fb~! integrated luminosity collected at
the CDF-II detector of Fermilab Tevatron collider. This newly mea-
sured value has 7 o deviation from the standard model (SM)
expectation (My = 80357 & 6 MeV). This has led to several dis-
cussions on possible implications and interpretations in the last
week related to effective field theory [2,3], electroweak precision
parameters [4-7], beyond standard model (BSM) physics like dark
matter (DM) [8-13], additional scalar fields [14-24], supersymme-
try [25-29] and several others [30-42]. Assuming this anomaly to
be originating from beyond standard model (BSM) physics, here we
consider a seesaw model for Dirac neutrinos where a real scalar
triplet plays a non-trivial role in generating the required enhance-
ment in W boson mass as well as light neutrino masses. Due to
the existence of additional light species in the form of right chiral
parts of light Dirac neutrinos, we can get enhancement in effec-
tive relativistic degrees of freedom ANs depending upon Yukawa
couplings and masses of additional particles including those in-
volving the triplet scalar. We show that such enhanced ANeg can
not only be constrained by existing data from the Planck collabo-
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ration, but also remains within reach of next generation cosmology
experiments. After discussing the minimal model of tree level Dirac
seesaw, we consider a radiative version of it which can accommo-
date dark matter as well as lepton anomalous magnetic moments,
which are also signatures of BSM physics.

2. Tree level Dirac seesaw

While most of the neutrino mass models invoke the Majorana
nature of neutrinos, the possibility of Dirac seesaw is relatively
less explored yet equally appealing. Different BSM frameworks for
origin of light Dirac neutrino mass can be found in [43-74] and
references therein. Here we consider a type II seesaw realisation
of the dimension six operator for light Dirac neutrino mass [61].
The particle content of the minimal model is shown in Table 1.
A vector-like fermion doublet W and a real scalar triplet  are
introduced to realise the type II Dirac seesaw.! A softly broken dis-
crete Z, symmetry is introduced to forbid direct coupling of right
handed neutrino vg to the SM lepton and Higgs in the form of
LHvg. An overall global lepton number symmetry is assumed as
in conventional Dirac seesaw models to keep lepton number vio-
lating Majorana mass terms away from the Lagrangian.

! This is not a unique choice involving a real scalar triplet. For example, one can
consider vector-like fermion triplet instead of fermion doublet too to realise the
same seesaw realisation of dimension six operator. Such choices do not change the
analysis significantly and we stick to the minimal choice of fermion doublet.
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Table 1
Relevant particles and their gauge charges in the tree
level Dirac seesaw model.

Gauge Group  Fermion Fields Scalar Field

L Wy R VR Q H
SU@)L 2 2 1 3 2
Uy -3 -3 0o 0o -
V) 1 -1 -1 -1 1

Q) (H)

' '

' '

' '

' '

' '

v 0 (U v
L "I)R IpL R

Fig. 1. Origin of tree level Dirac Neutrino Mass.

The relevant Yukawa Lagrangian can be written as
—L£ 2 MyWW + y LQWg + yu, W Hog + h.c (1)

where W = (¢/%, )T is the vector-like fermion doublet.
Scalar potential of the minimal model can be written as

2
V(H, Q) =-uXHH+ g (HTH) — MATr Q2
+aQTr Q4 + 24T Q5% + Ang (HTH) Tr Q2
+ Mg (HT Q2 H) +e (HTQH). )

Here we consider Mé < 0 such that the neutral component of
acquires only an induced vacuum expectation value (VEV) after
electroweak symmetry breaking. After symmetry breaking, neutri-
nos will acquire a Dirac mass at tree level from the diagram shown
in Fig. 1. This can be estimated as

_ Yy (H) (@)

v 3)

v

3. W boson mass

Any new physics which could be responsible for the W boson
mass anomaly, can be parametrised by oblique parameters S, T, U
[75,76]. Considering the U parameter to be suppressed, one can
parametrise any BSM physics contribution to W boson mass in
terms of S, T parameters. Taking agw, GF, mz as input parameters,
the required fitting of S, T parameters in view of the recent W-
mass anomaly has been discussed in [3]. It should be noted that,
change in S, T parameters due to BSM physics will also change the
weak mixing angle 6y, which is precisely measured. The mass of
W boson my, and sinﬁW (mz)5 can be expressed in terms of elec-
troweak precision parameters namely, S and T as [77],

my = 80.357 GeV (1 — 0.0036 S + 0.0056 T),
sin2, (mz)ys = 0.23124 (1 — 0.0157 S 4 0.01127T),, (4)

which implies that the compatibility of the enhanced W boson
mass with precision measurements of 6y requires both S and T
parameters to be non-zero, also seen from the fits presented in
[3]. However, in the case of real scalar triplet, we will not get any
correction to S parameter, even at one-loop level [78]. On the other
hand, T parameter can get contribution from the induced VEV of
the neutral component of triplet. The required limit on T, in order
to explain the enhanced W boson mass, will be
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T =0.17 £ 0.020889. (5)

However, according to Eq. (4), any change in T parameter with S=0
will put sin? 6w in tension with the LEP data. The above men-
tioned range of T would imply that sin®6y should lie in between
0.230746 — 230854. Additional contribution to S, T parameters
should be able to reduce this tension, as we will discuss later in
the radiative version of Dirac seesaw.

As mentioned earlier, the presence of the trilinear coupling
s (HTQH) in equation (2), leads to an induced VEV of the neu-
tral component of 2 given by

V2 v?

= , (6)
AME +2 (Ang + Myq) v2

Va

where v denotes the SM Higgs VEV. In the limit (Ayq —|—)JHQ)V2 <
2M§Z, we can approximate the induced VEV as,

gv?
Vo= ———.
22 M3,

Since €2 is a real scalar triplet with hypercharge zero, it will con-
tribute only to W mass and not to Z mass at tree level. Therefore,
it will change only the T parameter through its contribution to W-
mass and can be expressed as,

(7)

2

[ 3]
w~

1%
T =

. (8)

o

=

4
Q
where « is the fine structure constant. It should be noted that,
the vector-like fermion doublet ¥, in spite of having SU(2); gauge
interactions, can not give rise to the required enhancement via ra-
diative corrections due to degenerate masses of its components.

4. Observable A Ngs

Thermalisation of the vgs gives extra contribution to the total
radiation energy density of the universe Neg. The quantity Negr is
defined as the contribution of non-photon components to the ra-
diation energy density normalised by the contribution of a single
active neutrino species (0., ) [79] i.e.

Nefr = M7 (9)

Qv
which, during the era of recombination (z ~ 1100), is restricted by
Planck 2018 data [80] to be

Negr = 2.997032 (10)

at 20 CL including baryon acoustic oscillation (BAO) data. At 1o
CL it becomes more stringent to Neg = 2.99 &+ 0.17. Both these
bounds are consistent with the standard model (SM) prediction
N3 = 3.045 [79,81,82]. Upcoming cosmic microwave background
(CMB) experiments like SPT-3G [83] and CMB-S4 [84] will be able
to constrain Neg up to a much higher accuracy, having the poten-
tial to verify BSM scenarios like ours which lead to enhancement
in Negr. Some recent studies on light Dirac neutrinos and enhanced
ANgg can be found in [72,85-94]. For thermalised vg, the en-
hancement to Nes can be expressed as,

4/3
2+ (T9°)

ANeff = Nefr — Nﬁ?{' = Tdec
g*( VR )

(11)
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Fig. 2. Contribution to ANes as a function of the Yukawa interaction y,, for three
benchmark values of My,.

This can be computed simply by assuming instantaneous decou-
pling of vg’s and finding the corresponding decoupling temper-
ature. This also agrees to a great accuracy with more detailed
analysis involving Boltzmann equations [88,94]. The correspond-
ing results are shown in Fig. 2 for benchmark choices of ¥ mass
and Yukawa couplings which dictate the thermalisation as well
as decoupling temperature of vg. Clearly, the entire parameter
space remains within the reach of future CMB experiments. How-
ever, Vg can also be produced through freeze-in mechanism if the
corresponding interactions are not sufficient to keep them in the
thermal plasma. For non-thermal production of vg, we can calcu-
late the enhancement in Neg by solving the Boltzmann equation
which tracks the non-thermal production of vg from other parti-
cles [91]. The corresponding Boltzmann equation can be written,
for our model, as

deR _ 2B(x) (ET) qu’

dx ~ Hsl/3x v

where x is defined as My /T, s is the entropy density of the uni-
verse, and B(T) = (l + Td%‘”). The 2 factor in the right hand

side of the Boltzmann equation is due to the Dirac nature of vg.
The collision term < ET" > can be written as

(12)

2 2 2\2 2

Vi (M, —mp) m
(EMy="" YV 1 (1 _h) (13)

327 M?, M2,

Here, we consider that the vg produced from the decay of ¥ which
was in thermal equilibrium with the SM particles owing to their
gauge interactions. One can write the corresponding enhancement
to Nefr as

S4/3 YvR

va

ANegr =3 , (14)

T=Tcms

where the numerical value of Y,, at T = Ty is found by solving
equation (12). The results are shown in Fig. 3 for chosen bench-
mark parameters. As expected, with the rise in Yukawa coupling,
the non-thermal contribution to vy density and hence Neg in-
creases. As can be noticed while comparing with Fig. 2, the Yukawa
coupling remains suppressed in this case for vg to be in non-
thermal regime.

In Fig. 4, we show the scan in the plane of ¢ and Mg which sat-
isfy enhanced W-mass criteria reported by the CDF collaboration.
The required enhancement in W-mass constrains the VEV of Q to
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Fig. 3. Non-thermal contribution to ANeg from the decay of fermion doublet as a
function of the Yukawa interaction y,.
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Fig. 4. Allowed parameter space in ¢ vs Mg plane from the T parameter constraint
shown in equation (5). Here we have fixed My at 250 GeV and y; at 1078,

lie in few GeV regime which can be translated into constraints in
¢, Mg plane following Eq. (7) as shown in Fig. 4. In colour code,
we show the Yukawa coupling strength of vg considering it to be
thermally generated providing a large contribution to Neg within
reach of future CMB experiments, as shown in Fig. 2. We also take
into account the constraint on the scale of neutrino mass. To gen-
erate the correct neutrino mass, the product of y; y,, has to be
O(1071%) assuming My and (H) = v have similar order. In case
of very small y; (say y; ~ 1078), Yyup has to be large enough to
generate the correct neutrino mass. Such interactions can lead to
the thermalisation of vg in the early universe whose effects can
be seen as the extra radiation energy density at the time of re-
combination. On the other hand, if we consider sizable y; this
makes y,, automatically small from the requirement of correct
neutrino mass. In this case, although vg can not be thermalised
due to such feeble interactions, they can still be produced from
the non-thermal decay of i as they were present in the thermal
plasma due to their gauge interactions.

5. Radiative Dirac seesaw

The particle content of the model is shown in Table 2. The rel-
evant Lagrangian can be written as:

—L£ D MgUW+ MyNN + YWHN + Yy L1j1 Ng
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Table 2
New Particles and their gauge charges in the radiative Dirac
seesaw model.

Gauge Group  Fermion Fields Scalar Field
Ni R YR VR Q m 12
SU@2)L 1 2 1 3 2 2
U(ly 0 -1 0 o -I -1
Zy -1 -1 1 1 -1 -1
Z; 1 1 -1 -1 1 -1
1{Q2)
'
'
- ‘L -~
Ne 4,
/ \
' \
——

Vi Ng ¢, VR
\ (H)

Fig. 5. Origin of Scotogenic Dirac Neutrino Mass.

+ YRWLM2vR + Yy Wimlg + hee (15)

One of the discrete symmetries namely Z/, will be broken while
the other will remain unbroken ensuring the stability of dark mat-
ter. After the electroweak symmetry breaking, light Dirac neutrino
masses arise at one-loop level as shown in Fig. 5. The correspond-
ing one-loop contribution can be estimated following [45,54]. The
analysis for W boson mass correction from triplet VEV and en-
hancement of Neg from thermal or non-thermal vg remains more
or less same as in the minimal model and hence we only com-
ment on additional phenomenology of the radiative model below.
It should be noted that similar to the tree level Dirac seesaw model
discussed earlier, here also we consider a global lepton number
symmetry in order to keep the Majorana mass terms away.

After electroweak phase transition, the VEV of SM Higgs leads
to mixing between the neutral component of doublet ¥ (as (VT =
(¥°, %)) and N giving rise to the well motivated singlet-doublet
DM Model which has been studied extensively in the literature
[95-115]. As clear from the Lagrangian in Eq. (15), here we con-
sider a Dirac version of the singlet-doublet DM model. The mass
terms for these fields can then be written together as follows:

_l:\rilFass = M‘I‘Wlﬁo + M\P‘//+¢7 + MNNN
MR AR JYRAS
V2 V2
v Mn  YV/V2\(N
Wz ) ()

+ Myyty .
(16)

The unphysical basis, (N wO)T is related to physical basis,

(101 wz)T through the following unitary transformation:

N\  (¥1)_[cos® —sind) [y
(w‘))_u(lpz)_(sine cos 0 )<1ﬂ2>’ (17)
where the mixing angle is given by:

2Yv

tan29:—f—. (18)
My — My

The mass eigenvalues of the physical states 11 and v, are respec-

tively given by:
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2 ) Yv .
My, = My cos® 0 + My sin“ 0 + —=sin 20

V2

Yv
.2 2 .
My, = My sin“ 6 + My cos 9—351n29 (19)

For small sin6 (siné — 0) limit, My, and My, can be further ex-
pressed as:

My, ~ My + ~2 sin20 = M (rv)?
=N —N T My —My)’
Yv . (Yv)2
My, My — —=sin20 = My + (20)

V2 (Mg — My)’

As Yv/ﬁ <« My < My. Hence My, < My, and thus v becomes
the stable DM candidate. From Egs. (18) and (19), one can write Y
and My in terms of My, , and siné as:

Y= AM sin26
B Vv
My = My, sin26‘—|—M1/,2 cos? 6, (21)

where AM = My, — My,
Thus the interaction terms of the dark sector fermions in the
mass basis are:
DM _ i, M : ot a : /Y
L =V [iy" @y —1g7Wu —ig EB“)] '

nt
+N (iy"*8,) N — (YWHN +h.c.)
£ = gz[sin2 01y 2y + cos? 092y M Zo
+sin6 cosO(Y1y " Z 9 +%)’“Zmﬁ1)]
+ gw (SINOY1 YW ™ + cosOyny Wiy T)
+ gw SinOy Ty W g + cosOy Ty W v)
—gzw ¥ Y Zuy T — ey Ty ALY

Y _ - _ -
- ﬁh[sinze(m Y1 — Yavra) + cos 20 (Y vz + wm]( |
22

where g7 = ep/2swCw, SW = eg/ﬁsw and sy, cw,Cyyw denote
sinfy and cosfy and cos26y respectively.

The important parameters which decide the relic abundance of
Y1 are mass of DM (My, ), the mass splitting (AM) between the
DM and the next-to-lightest stable particle (NLSP) and the singlet-
doublet mixing angle sin6. Here we have used micrOmega [116]
to calculate the relic density of DM. In this scenario the an-
nihilation cross-section increases with siné, as it enhances the
SU(2) component and hence results in smaller relic density. When
the mass-splitting is small it leads to effective co-annihilation
and hence reduces the relic density contribution (due to less
Boltzmann suppression). In this case the effect of sin6 on relic
abundance is quite negligible whereas for large AM, as the co-
annihilation becomes suppressed, the effect of siné or relic abun-
dance is clearly visible. For small sin6, the effective annihilation
cross-section is small leading to a large relic abundance, while for
large sin6 the relic abundance is small provided that the AM is
large enough to reduce the co-annihilation contributions.

In Fig. 6, we have shown the points satisfying correct relic den-
sity in the plane of My, versus AM. We can see that, for a wide
range of singlet-doublet mixing (sin®) which is indicated by the
colour bar, we can get correct relic abundance. This result can be
explained by understanding the interplay between sinf and AM
in deciding the effective annihilation cross-section of the DM. If
we divide the plane of My, versus Am into two regions: (I) the
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Fig. 6. DM Relic density (from PLANCK) allowed parameter space shown in the plane
of My, vs AM.

bottom portion with small Am, where AM decreases with larger
mass of ¢y, (II) the top portion with larger mass splitting Am,
where Am increases slowly with larger DM mass My, . In the for-
mer case, for a given range of siné, the annihilation cross-section
decreases as mass of DM increases. Therefore, more co-annihilation
contribution is needed for compensation, which requires AM to
decrease. This also implies that the region below this is under
abundant as small mass-splitting imply large co-annihilation, while
the region above, is over abundant as large AM lead to small co-
annihilation for a given mass of DM. Now in region (II), as AM
is large, co-annihilation contribution is much smaller here and
hence the annihilation processes effectively decide the relic den-
sity. However as the Yukawa coupling Y o« AMsin#@, for a given
sin®, larger AM leads to larger Y and therefore larger annihila-
tion cross-section leading to under abundance, which can only be
brought to correct ballpark by having a larger DM mass. That is
the reason, in case-(Il), the region above the shown allowed region
of correct relic density is under abundant, while the region below
it is over abundant.

Now imposing the constraints from DM direct search experi-
ments on top of the relic density allowed parameter space (Fig. 6)
in the AM versus My, plane, we obtain Fig. 7, which shows that
the parameter space is crucially tamed down as compared to the
parameter space satisfying correct relic density. As in this scenario,
due to the singlet-doublet mixing, the DM vy can scatter off the
target nucleus at terrestrial direct search experiments, via Z and
Higgs mediated processes, the cross-section for Z-boson mediated
DM-nucleon scattering is given by [117,118]

GZsin*0
TA?

and similarly the spin-independent DM-nucleon cross-section
through Higgs mediation is given by

2
of = u2| [+ (A= 2 fa]’| (23)

L 4 ,Y%sin?20 [ﬁ

2
p p p p
TAzHr M2 (fru+frd+frs+§frc

v (24)

0t A o o fte)|

It clearly shows that if sin@ is large, then the interaction strength
is large and hence the DM-nucleon cross-section becomes large.
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Fig. 7. DM Relic density (from PLANCK) + Direct search (from XENON1T) allowed
parameter space shown in the plane of My, vs AM.

L
b Ny ¥, lr
Fig. 8. Lepton (g — 2) in scotogenic Dirac model.

Thus the direct search experiments constraints siné to a great ex-
tent. This stringent upper limit on siné is sind < 0.05. As a result,
only small AM region becomes viable, as correct relic density can
be achieved dominantly through co-annihilation processes.

Recently, the E989 experiment at Fermilab has measured the
muon anomalous magnetic moment a, = (g — 2),/2 reporting a
4.2 o observed excess of Aa, =251(59) x 1011 [119]. On the
other hand, the measurement of the fine structure constant using
Cesium atoms [120] has led to a discrepancy in electron anoma-
lous magnetic moment a, in negative direction with 2.4¢0 statisti-
cal significance. In our model, the one-loop contribution to lepton
anomalous magnetic moment (g — 2); can arise with the Z;-odd
particles in the loop as shown in Fig. 8. This contribution is given
by [121,122]:

m .
Agp=——————5in260(YNY
I 167‘[2Mf7+ YnYy1)
M2 M2
V1 V2
X |:M,/,1F<M2 )—M%F(MZ )}
nt nt
2 M?2
m . 14
! 2 2 2 2 1
— ————(Yj;c0s“0 + Y, sin 6)G<
87'[2Mf]4r v f]+
2 M?
m 14
] 2 2 2 2 2
— ———— (Y, cos“0 + Yy, sin 9)G<
8r2M2, v 2,

(25)

Where the loop functions F and G are given by
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Fig. 9. Lepton (g — 2) in radiative Dirac seesaw model.

1—x? +2xlogx

F =
* 2(1 —x)3
1—6x+3x%+2x3 — 6x21
Gx) = X + 3x° + 2x x“ logx (26)
12(1 — x)4

We calculated the anomalous magnetic moment for both electron
and muon with the parameter space consistent with relic and di-
rect search constraints for DM and the result is shown in Fig. 9. We
find that this radiative Dirac seesaw model with singlet-doublet
DM can give rise to both electron and muon (g — 2) in certain re-
gion of parameter space only when the relevant couplings Yy, and
Yn; are large approaching the perturbativity limit. The black and
cyan lines show the correct ball park for Aa, and Aa. respec-
tively. It is worth mentioning here that the relative sign of Aa, and
Aay, can be easily achieved by appropriately choosing the sign of
the relevant Yukawa couplings.

Here it is worth mentioning that the presence of the inert
scalar doublets in the radiative Dirac seesaw model can also con-
tribute to the correction to W boson mass. However if the mass-
splitting between the charged and the neutral components of the
doublet is within 10 GeV and if the mass of the doublet is cho-
sen beyond 800 GeV or so, then it can not explain the W-mass
anomaly as in such a case the S and T parameters are found to
be of the order @(10~°) and O(10~3) respectively. Similar con-
clusion was also given in [123]. For simplicity, we have considered
a parameter space for the inert doublet scalar such that its co-
annihilations with the DM are also negligible implying that inert
doublet components remain much heavier compared to DM. Given
that DM mass lies up to a few hundred GeV and inert doublet
mass remains heavier, the dominant correction to W boson mass
in our setup is coming from the triplet scalar VEV only. In addi-
tion, the presence of the additional singlet-doublet fermion also
does not affect the S and T parameter significantly to explain the
CDF-II results as the mass-splitting between the charged and the
neutral components remain extremely small as a consequence of
the upper limit on mixing angle sin# from DM direct search exper-
iments.? Thus, the singlet-doublet Dirac fermion DM with mass up
to a few hundred GeV with desired relic and direct detection cross
section automatically keeps the contribution of Z;-odd particle’s
radiative contribution to W-mass suppressed. We find that after
imposition of the relevant DM constraints, the allowed parameter

2 Similar conclusions are obtained even for Majorana singlet-doublet DM [115].
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space can give rise to S and T parameter of the order @(10~%)
and ©@(10~7) respectively with the Z>-odd fermions in the loop.
If more generations of singlet-doublet fermion are introduced to
generate non-zero neutrino mass to all three SM neutrinos, they
can be kept much heavier so that their contribution to DM, g — 2
phenomenology as well as W boson mass correction remain negli-
gible.

As pointed out earlier while discussing the W boson mass in
tree level Dirac seesaw model, it is in fact desirable if additional
fields can also contribute to W-mass via contribution to both S, T
parameters. While tree level model gives S =0, T # 0, we can have
both S, T non-zero in the radiative model. However, if we demand
that the dominant T contribution comes only from triplet VEV,
then suppressing radiative contribution of inert scalar doublets to
T also suppresses their contribution to S to some extent. We keep
the mass splitting between charged and neutral components of in-
ert scalar doublets below 20 GeV such that their contribution to T
parameter at one loop remains small T, < 0.01. In such a case, we
could get their maximum contribution to S parameter to be ap-
proximately S; < 0.003, which still keeps 6w away from the LEP
estimate. Considering the possibility of both scalar doublets and
triplet via radiative and tree level contribution precision parame-
ters respectively, should be able to reduce this tension.

6. Conclusion

We have proposed a Dirac seesaw mechanism for light neutri-
nos where a real scalar triplet plays a non-trivial role. In the min-
imal model with tree level seesaw, vector-like fermion doublets
are also introduced to allow triplet couplings to leptons leading to
the seesaw mechanism. The induced VEV of the neutral compo-
nent of the triplet not only takes part in neutrino mass generation
but also provides the necessary enhancement in W boson mass,
in view of the recently reported results by the CDF collaboration
of Fermilab. Depending upon triplet and vector-like fermion dou-
blet couplings to right handed neutrinos, we find that additional
effective relativistic degrees of freedom Neg can be generated in
the early universe either thermally or non-thermally. While Planck
2018 data already constrains such enhancement in Neg, future
CMB experiments will be able to prove most part of the parameter
space, providing a complementary probe of the model. We then
discuss a radiative version of the same Dirac seesaw model af-
ter including additional scalar doublets and fermion singlets which
also leads to the realisation of singlet-doublet Dirac fermion dark
matter phenomenology. The model can also accommodate anoma-
lous magnetic moments of electron and muon provided the re-
spective Yukawa couplings are of order one in order to remain
consistent with other phenomenological requirements. The pro-
posed scenarios provide interesting phenomenology and comple-
mentary probes of real scalar triplet origin of W-mass anomaly in
the context of tree level and radiative Dirac seesaw. Apart from
the rich phenomenology provided by the radiative model, it also
has the potential to reduce the tension between W mass and pre-
cision measurement of Ay, which exist in the pure triplet origin of
W mass anomaly. Incorporating comparable contribution of scalar
doublets at one loop and scalar triplet at tree level to W mass
should be able to relax this condition. A detailed exploration of
such a possibility along with the change in DM, g-2 results is left
for future studies.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing in-
terests:



D. Borah, S. Mahapatra, D. Nanda et al.

Narendra Sahu reports financial support, equipment, drugs, or
supplies, and travel were provided by India Department of Atomic
Energy.

Acknowledgements

DN would like to thank Sanjoy Mandal for useful discussions.
The work of DN is supported by National Research Foundation of
Korea (NRF)'s grants, grants no. 2019R1A2C300500913. SM would
like to thank Purusottam Ghosh for useful discussion. NS acknowl-
edges the support from Department of Atomic Energy (DAE)- Board
of Research in Nuclear Sciences (BRNS), Government of India (Ref.
Number: 58/14/15/2021- BRNS/37220).

References

[1] T. Aaltonen, et al., CDF, Science 376 (2022) 170.
[2] J. Fan, L. Li, T. Liu, K.-F. Lyu, arXiv:2204.04805, 2022.
[3] E. Bagnaschi, ]. Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You, arXiv:2204.
05260, 2022.
[4] J. de Blas, M. Pierini, L. Reina, L. Silvestrini, arXiv:2204.04204, 2022.
[5] A. Strumia, arXiv:2204.04191, 2022.
[6] P. Asadi, C. Cesarotti, K. Fraser, S. Homiller, A. Parikh, arXiv:2204.05283, 2022.
[7] C-T. Lu, L. Wu, Y. Wu, B. Zhu, arXiv:2204.03796, 2022.
[8] Y.-Z. Fan, T.-P. Tang, Y.-L.S. Tsai, L. Wu, arXiv:2204.03693, 2022.
[9] C.-R. Zhu, M.-Y. Cui, Z-Q. Xia, Z-H. Yu, X. Huang, Q. Yuan, Y.Z. Fan, arXiv:
2204.03767, 2022.
[10] B.-Y. Zhu, S. Li, ].-G. Cheng, R.-L. Li, Y.-F. Liang, arXiv:2204.04688, 2022.
[11] J. Kawamura, S. Okawa, Y. Omura, arXiv:2204.07022, 2022.
[12] K. Nagao, T. Nomura, H. Okada, arXiv:2204.07411, 2022.
[13] X. Liu, S.-Y. Guo, B. Zhu, Y. Li, arXiv:2204.04834, 2022.
[14] K. Sakurai, F. Takahashi, W. Yin, arXiv:2204.04770, 2022.
[15] G. Cacciapaglia, F. Sannino, arXiv:2204.04514, 2022.
[16] H. Song, W. Su, M. Zhang, arXiv:2204.05085, 2022.
[17] H. Bahl, J. Braathen, G. Weiglein, arXiv:2204.05269, 2022.
[18] Y. Cheng, X.-G. He, Z.-L. Huang, M.-W. Li, arXiv:2204.05031, 2022.
[19] K.S. Babu, S. Jana, V. PK,, arXiv:2204.05303, 2022.
[20] Y. Heo, D.-W. Jung, J.S. Lee, arXiv:2204.05728, 2022.
[21] Y.H. Ahn, S.K. Kang, R. Ramos, arXiv:2204.06485, 2022.
[22] M.-D. Zheng, E-Z. Chen, H.-H. Zhang, arXiv:2204.06541, 2022.
[23] PE Perez, H.H. Patel, A.D. Plascencia, arXiv:2204.07144, 2022.
[24] S. Kanemura, K. Yagyu, arXiv:2204.07511, 2022.
[25] XK. Dy, Z. Li, F. Wang, Y.K. Zhang, arXiv:2204.04286, 2022.
[26] T.-P. Tang, M. Abdughani, L. Feng, Y.-L.S. Tsai, Y.-Z. Fan, arXiv:2204.04356,
2022.
[27] J.M. Yang, Y. Zhang, arXiv:2204.04202, 2022.
[28] P. Athron, M. Bach, D.HJ. Jacob, W. Kotlarski, D. Stockinger, A. Voigt, arXiv:
2204.05285, 2022.
[29] A. Ghoshal, N. Okada, S. Okada, D. Raut, Q. Shafi, A. Thapa, arXiv:2204.07138,
2022.
[30] G.-W. Yuan, L. Zu, L. Feng, Y.-F. Cai, Y.-Z. Fan, arXiv:2204.04183, 2022.
[31] P. Athron, A. Fowlie, C.-T. Lu, L. Wu, Y. Wu, B. Zhu, arXiv:2204.03996, 2022.
[32] M. Blennow, P. Coloma, E. Fernindez-Martinez, M. Gonzdlez-L6pez, arXiv:
2204.04559, 2022.
[33] JJ. Heckman, arXiv:2204.05302, 2022.
[34] H.M. Lee, K. Yamashita, arXiv:2204.05024, 2022.
[35] L. Di Luzio, R. Gréber, P. Paradisi, arXiv:2204.05284, 2022.
[36] A. Paul, M. Valli, arXiv:2204.05267, 2022.
[37] T. Biekotter, S. Heinemeyer, G. Weiglein, arXiv:2204.05975, 2022.
[38] R. Balkin, E. Madge, T. Menzo, G. Perez, Y. Soreq, ]. Zupan, arXiv:2204.05992,
2022.
[39] K. Cheung, W.-Y. Keung, P.-Y. Tseng, arXiv:2204.05942, 2022.
[40] XK. Du, Z. Li, F. Wang, Y.K. Zhang, arXiv:2204.05760, 2022.
[41] M. Endo, S. Mishima, arXiv:2204.05965, 2022.
[42] A. Crivellin, M. Kirk, T. Kitahara, F. Mescia, arXiv:2204.05962, 2022.
[43] K.S. Babu, X.G. He, Mod. Phys. Lett. A 4 (1989) 61.
[44] ].T. Peltoniemi, D. Tommasini, .W.F. Valle, Phys. Lett. B 298 (1993) 383.
[45] Y. Farzan, E. Ma, Phys. Rev. D 86 (2012) 033007, arXiv:1204.4890.
[46] S. Centelles Chulia, E. Ma, R. Srivastava, JW.E. Valle, Phys. Lett. B 767 (2017)
209, arXiv:1606.04543.
[47] E. Ma, N. Pollard, R. Srivastava, M. Zakeri, Phys. Lett. B 750 (2015) 135, arXiv:
1507.03943.
[48] M. Reig, JW.F. Valle, CA. Vaquera-Araujo, Phys. Rev. D 94 (2016) 033012,
arXiv:1606.08499.
[49] C. Bonilla, J.W.E. Valle, Phys. Lett. B 762 (2016) 162, arXiv:1605.08362.
[50] C. Bonilla, E. Ma, E. Peinado, ] W.E. Valle, Phys. Lett. B 762 (2016) 214, arXiv:
1607.03931.

Physics Letters B 833 (2022) 137297

[51] E. Ma, O. Popov, Phys. Lett. B 764 (2017) 142, arXiv:1609.02538.
[52] E. Ma, U. Sarkar, Phys. Lett. B 776 (2018) 54, arXiv:1707.07698.
[53] D. Borah, Phys. Rev. D 94 (2016) 075024, arXiv:1607.00244.
[54] D. Borah, A. Dasgupta, J. Cosmol. Astropart. Phys. 1612 (2016) 034, arXiv:1608.
03872.
[55] D. Borah, A. Dasgupta, ]. High Energy Phys. 01 (2017) 072, arXiv:1609.04236.
[56] D. Borah, A. Dasgupta, ]. Cosmol. Astropart. Phys. 1706 (2017) 003, arXiv:1702.
02877.
[57] S. Centelles Chulid, R. Srivastava, J.W.F. Valle, Phys. Lett. B 773 (2017) 26,
arXiv:1706.00210.
[58] C. Bonilla, ].M. Lamprea, E. Peinado, ].W.F. Valle, Phys. Lett. B 779 (2018) 257,
arXiv:1710.06498.
[59] D. Borah, B. Karmakar, Phys. Lett. B 780 (2018) 461, arXiv:1712.06407.
[60] S. Centelles Chulid, R. Srivastava, J.W.E. Valle, Phys. Lett. B 781 (2018) 122,
arXiv:1802.05722.
[61] S. Centelles Chulia, R. Srivastava, J.W.F. Valle, arXiv:1804.03181, 2018.
[62] D. Borah, B. Karmakar, D. Nanda, J. Cosmol. Astropart. Phys. 1807 (2018) 039,
arXiv:1805.11115.
[63] D. Borah, B. Karmakar, Phys. Lett. B 789 (2019) 59, arXiv:1806.10685.
[64] S. Centelles Chulia, R. Cepedello, E. Peinado, R. Srivastava, ]. High Energy Phys.
10 (2019) 093, arXiv:1907.08630.
[65] S. Jana, V. PK,, S. Saad, arXiv:1910.09537, 2019.
[66] D. Borah, D. Nanda, A.K. Saha, arXiv:1904.04840, 2019.
[67] A. Dasgupta, S.K. Kang, O. Popov, Phys. Rev. D 100 (2019) 075030, arXiv:1903.
12558.
[68] E. Ma, arXiv:1907.04665, 2019.
[69] E. Ma, arXiv:arXiv:1905.01535, 2019.
[70] S. Saad, Nucl. Phys. B 943 (2019) 114636, arXiv:1902.07259.
[71] S. Jana, V. PK,, S. Saad, Eur. Phys. J. C 79 (2019) 916, arXiv:1904.07407.
[72] D. Nanda, D. Borah, arXiv:1911.04703, 2019.
[73] TA. Chowdhury, M. Ehsanuzzaman, S. Saad, arXiv:2203.14983, 2022.
[74] N. Narendra, N. Sahoo, N. Sahu, Nucl. Phys. B 936 (2018) 76, arXiv:1712.
02960.
[75] M.E. Peskin, T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964.
[76] M.E. Peskin, T. Takeuchi, Phys. Rev. D 46 (1992) 381.
[77] K.S. Kumar, S. Mantry, W.J. Marciano, P.A. Souder, Annu. Rev. Nucl. Part. Sci.
63 (2013) 237, arXiv:1302.6263.
[78] J.R. Forshaw, D.A. Ross, B.E. White, J. High Energy Phys. 10 (2001) 007, arXiv:
hep-ph/0107232.
[79] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, P.D. Serpico, Nucl. Phys. B
729 (2005) 221, arXiv:hep-ph/0506164.
[80] N. Aghanim, et al., Planck, arXiv:1807.06209, 2018.
[81] E. Grohs, G.M. Fuller, C.T. Kishimoto, M.W. Paris, A. Vlasenko, Phys. Rev. D 93
(2016) 083522, arXiv:1512.02205.
[82] PE. de Salas, S. Pastor, J. Cosmol. Astropart. Phys. 1607 (2016) 051, arXiv:1606.
06986.
[83] J. Avva, et al, SPT-3G, J. Phys. Conf. Ser. 1468 (2020) 012008, arXiv:1911.
08047.
[84] K.N. Abazajian, et al., CMB-S4, arXiv:1610.02743, 2016.
[85] K.N. Abazajian, J. Heeck, Phys. Rev. D 100 (2019) 075027, arXiv:1908.03286.
[86] P. Fileviez Pérez, C. Murgui, A.D. Plascencia, Phys. Rev. D 100 (2019) 035041,
arXiv:1905.06344.
[87] C. Han, M. Lépez-Ibafiez, B. Peng, ].M. Yang, arXiv:2001.04078, 2020.
[88] X. Luo, W. Rodejohann, X.-J. Xu, J. Cosmol. Astropart. Phys. 06 (2020) 058,
arXiv:2001.04078.
[89] D. Borah, A. Dasgupta, C. Majumdar, D. Nanda, Phys. Rev. D 102 (2020)
035025, arXiv:2005.02343.
[90] P. Adshead, Y. Cui, AJ. Long, M. Shamma, arXiv:2009.07852, 2020.
[91] X. Luo, W. Rodejohann, X.-J. Xu, arXiv:2011.13059, 2020.
[92] D. Mahanta, D. Borah, arXiv:2101.02092, 2021.
[93] Y. Du, J.-H. Yu, arXiv:2101.10475, 2021.
[94] A. Biswas, D. Borah, D. Nanda, J. Cosmol. Astropart. Phys. 10 (2021) 002, arXiv:
2103.05648.
[95] R. Mahbubani, L. Senatore, Phys. Rev. D 73 (2006) 043510, arXiv:hep-ph/
0510064.
[96] F. D’Eramo, Phys. Rev. D 76 (2007) 083522, arXiv:0705.4493.
[97] R. Enberg, PJ. Fox, LJ. Hall, A.Y. Papaioannou, M. Papucci, J. High Energy Phys.
11 (2007) 014, arXiv:0706.0918.
[98] T. Cohen, ]. Kearney, A. Pierce, D. Tucker-Smith, Phys. Rev. D 85 (2012)
075003, arXiv:1109.2604.
[99] C. Cheung, D. Sanford, J. Cosmol. Astropart. Phys. 1402 (2014) 011, arXiv:1311.
5896.
[100] D. Restrepo, A. Rivera, M. Sanchez-Peldez, O. Zapata, W. Tangarife, Phys. Rev.
D 92 (2015) 013005, arXiv:1504.07892.
[101] L. Calibbi, A. Mariotti, P. Tziveloglou, ]. High Energy Phys. 10 (2015) 116,
arXiv:1505.03867.
[102] G. Cynolter, ]. Kovacs, E. Lendvai, Mod. Phys. Lett. A 31 (2016) 1650013, arXiv:
1509.05323.
[103] S. Bhattacharya, N. Sahoo, N. Sahu, Phys. Rev. D 93 (2016) 115040, arXiv:1510.
02760.


http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE412A3CDA45D77E0FA988D9826DACD31s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2104F2D0925B86D02EDD6FED3F2A6C39s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE2F189A3869D650462109BA26D1D978Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE2F189A3869D650462109BA26D1D978Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibD44216F441F831CFE7EFCE0CE860BAD9s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF6AB5BA4A1C53687EF975B4E691CFCFEs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0B707301DE6AED144268F8DDA6A544CDs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib4D24F4E9AB76DC1E13AFE17DC68C4652s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2F7D2B8CCBDD7109AE83CE3B9FC0C3E7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib373C9DE78FD3701FC48D67AA542F685Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib373C9DE78FD3701FC48D67AA542F685Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib232A4D1E8D6683DBA419F68A01784D3Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE93E09B2BCAC6057B056C7B05EE88BE7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3CC7CC73E2DC4341A6DFEC1DECD24652s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0981BC8AA693F3619497F1913CDFA478s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF996988E1F8215FDC8FF6E659A49B45Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibA8969C51100AA02CA0D9ED67C4A9A419s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib7FE3167188E9FCDDE8AC5344600B9F39s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9C445B8F779E10812118890C861CC34Bs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF627A222EDAF888D06A4208ACBE18D64s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB21DA7DF5FAF49FD3813CE77A221296Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0719B7B9A673D80E54D72DEB6E7DF8B0s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib94B33570955441BFE73388551856303Bs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8B08689E7AD3446CE48AAEA028ACA49Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib71968F0429CD97CF926D1DBF83A23A70s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9F62A34142519C920C237B5AF1BBF909s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibFB0B812A2B5C67CDEC7C687B81EF393Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibD0048796EFB66B66EC536D52C9462AF3s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibD0048796EFB66B66EC536D52C9462AF3s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib898715D9235A8599A10ED77B0A1B199Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibDA202573BF9A30C183B164FAF756BA8As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibDA202573BF9A30C183B164FAF756BA8As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib6BE635D9B264428DD0696E9AF7437B96s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib6BE635D9B264428DD0696E9AF7437B96s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibCE5813419CAB430C84152845F15ACAE8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib023DED38A4AFA54E829017D4D2F5368Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8E8B23FE7DE3A04F5F4C43588B57DA64s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8E8B23FE7DE3A04F5F4C43588B57DA64s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEA1432892312B29E03DD39BF4FE8AC7Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9D01A0A26AF9F887FFA6C1EDACB20343s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9F4215F71FA416AA272F90F551C6D4DFs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB24ED6967AD2C0AC709E28D9440C61F0s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8ADAE49620C1E25A30E1AC5D0A3836AEs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB87DCD5CD918491C3C9643891C13F78Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB87DCD5CD918491C3C9643891C13F78Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9E9A1AC5508B3194B46482325723896Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib31EFBCBC067A8DB89A4A5845FE5585EDs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib5698E129AD9E41741DD3DE74499F67A2s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibD4274478E4DD922042B10B59B92C8B1Bs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib91A92321A8046821769997BEDD259A0Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib25D932B304BD14D3F9FDF1D0F73CD21Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB90BAB906B9CC934F06EE66D6A923746s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEF9CBF38CA0C877CC2E2923F200285F4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEF9CBF38CA0C877CC2E2923F200285F4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib09E8F39CCC029184CB5F097FE37659E7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib09E8F39CCC029184CB5F097FE37659E7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib669FC082243ABF39B4C5EB5F4C58B15As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib669FC082243ABF39B4C5EB5F4C58B15As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC4AA36CD64DC300E003117202B2E5506s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib68E8FEDFFAE2BB052313D46B6AF55F55s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib68E8FEDFFAE2BB052313D46B6AF55F55s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibFB4773F478272D998C3ED2A713ACFC85s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF90212F1FBA81EB7C2680A4C04ABD44As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib33CC546A4EDD4E31F445B344B58BB3F8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0B343A8D51ADAA023E3FB1230A19FF7Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0B343A8D51ADAA023E3FB1230A19FF7Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF9074683557DC2390AAF4AB8E92B84E3s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3A614EA9A524A09F6E31839079644BAFs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3A614EA9A524A09F6E31839079644BAFs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib920BCD77AFCCA9C3476A04AEEBDADA43s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib920BCD77AFCCA9C3476A04AEEBDADA43s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib1D8835FAC087E62D1C1561B8DD15382Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib1D8835FAC087E62D1C1561B8DD15382Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8FB1CA88A1FB7798DB2A6721E1B74777s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib7BEB325AA66C3C2D386FD16A1AE4A17Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib7BEB325AA66C3C2D386FD16A1AE4A17Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib869C09439D2C561A752686C531BA9B52s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibDBD50E1D1CE1B3D42863D526F60B0FA7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibDBD50E1D1CE1B3D42863D526F60B0FA7s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE67AD15057A24FF824D71B8C191F8E48s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3D48B3B6296CA4A0A8F63C2C9BB2C735s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3D48B3B6296CA4A0A8F63C2C9BB2C735s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB9C3F5DB90DF75D2186399D4624FCE8Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2F121EE9AEA98314B9C4A3B949D7DFA0s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib879AF8234FFE08820261D2D0F5CA0654s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib879AF8234FFE08820261D2D0F5CA0654s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8220F2F8A38B96DD014B600D05DD83A9s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibECF455D969EB7F9BCC06A16E7B2791CAs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE902CFF40C2E8C7EC4D51AEFC7648251s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib1A6BCCA8E56710BB4100FC702040C584s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib75E0389C9235578811BDE4B2354C4233s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib1D49F11D6DAA4D399C6F19A7A7C93D1As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib86E6D60CC57C9BBA4F85994AD7534D5As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib86E6D60CC57C9BBA4F85994AD7534D5As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8A5B74689FD4662213A1825F5FB3F389s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib5FAF488D8759C7F6ADD1AFEB32CA865Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibAC1A3D58DA71126F9E127F819506B2A4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibAC1A3D58DA71126F9E127F819506B2A4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE1D74DCB377C74A4908618679E5F3A35s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE1D74DCB377C74A4908618679E5F3A35s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3F354A2B58B02AE4A51C6091B171763As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib3F354A2B58B02AE4A51C6091B171763As1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib30B9B72CD5039DCB195373EE3DEF3DF0s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC893AC6C9125875DAEF931CE8C656883s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC893AC6C9125875DAEF931CE8C656883s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC7C2232B638533635E25513FD4906D8Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC7C2232B638533635E25513FD4906D8Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib643223BAF301E9910729C7A46593FFDDs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib643223BAF301E9910729C7A46593FFDDs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2D43CB96B4207571FD9B676E1B9BD509s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib51F9904B7D895C26ED76FAB2BF68AC36s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibBF4D4042BEFE076A1C4EC9570A1EB433s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibBF4D4042BEFE076A1C4EC9570A1EB433s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibFF9A1FF1D692E6E8FCAE8E9F1ECA9BE2s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE780BCA414DB7143A561CB4C31404769s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE780BCA414DB7143A561CB4C31404769s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF6E6AF8C0947E06161218CFE4783F0F4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF6E6AF8C0947E06161218CFE4783F0F4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib13BD9E769F0DBB7BF5EB71FBD67785FBs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib5CB3A98D16EC7328C1F16EA2BF49674Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibB71316B0B1643A64E25D2F8B64E0280Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib40745AC77E28E2B03C5E1E4299A6EC8Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibBBE34DF6E762D4EA6044EDAC0E97E634s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibBBE34DF6E762D4EA6044EDAC0E97E634s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEC6C4B90ACFB9331DCD0974CA62EEB57s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEC6C4B90ACFB9331DCD0974CA62EEB57s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib51E8E97FFE15F5780E4921DC6BB5C00Cs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8118E666855B53A06C74FA78D6EC8D7Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib8118E666855B53A06C74FA78D6EC8D7Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib7A5C54AE18AFB5222FAE897D62AA9279s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib7A5C54AE18AFB5222FAE897D62AA9279s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE800A3CF1FE094B1CD6B3ECF37595774s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE800A3CF1FE094B1CD6B3ECF37595774s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE8CBD4AD0D30B43C1056A790697FF321s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibE8CBD4AD0D30B43C1056A790697FF321s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib69F22C8E667F58CCFC6C89BD6796CB96s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib69F22C8E667F58CCFC6C89BD6796CB96s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib16F7D9110DC1BCA798BB61FBD7FA28B8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib16F7D9110DC1BCA798BB61FBD7FA28B8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2EE8D6D997D27A96CC3B54A7A7A0E321s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2EE8D6D997D27A96CC3B54A7A7A0E321s1

D. Borah, S. Mahapatra, D. Nanda et al.

[104] S. Bhattacharya, N. Sahoo, N. Sahu, Phys. Rev. D 96 (2017) 035010, arXiv:1704.
03417.

[105] S. Bhattacharya, P. Ghosh, N. Sahoo, N. Sahu, arXiv:1812.06505, 2018.

[106] S. Bhattacharya, P. Ghosh, N. Sahu, J. High Energy Phys. 02 (2019) 059, arXiv:
1809.07474.

[107] A. Dutta Banik, A.K. Saha, A. Sil, Phys. Rev. D 98 (2018) 075013, arXiv:1806.
08080.

[108] B. Barman, S. Bhattacharya, P. Ghosh, S. Kadam, N. Sahu, arXiv:1902.01217,
2019.

[109] S. Bhattacharya, B. Karmakar, N. Sahu, A. Sil, J. High Energy Phys. 05 (2017)
068, arXiv:1611.07419.

[110] L. Calibbi, L. Lopez-Honorez, S. Lowette, A. Mariotti, ]. High Energy Phys. 09
(2018) 037, arXiv:1805.04423.

[111] B. Barman, D. Borah, P. Ghosh, A.K. Saha, arXiv:1907.10071, 2019.

[112] M. Dutta, S. Bhattacharya, P. Ghosh, N. Sahu, J. Cosmol. Astropart. Phys. 03
(2021) 008, arXiv:2009.00885.

Physics Letters B 833 (2022) 137297

[113] D. Borah, M. Dutta, S. Mahapatra, N. Sahu, Phys. Rev. D 105 (2022) 015029,
arXiv:2109.02699.

[114] D. Borah, M. Dutta, S. Mahapatra, N. Sahu, arXiv:2112.06847, 2021.

[115] D. Borah, S. Mahapatra, N. Sahu, arXiv:2204.09671, 2022.

[116] G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Comput. Phys. Commun. 180
(2009) 747, arXiv:0803.2360.

[117] M.W. Goodman, E. Witten, Phys. Rev. D 31 (1985) 3059.

[118] R. Essig, Phys. Rev. D 78 (2008) 015004, arXiv:0710.1668.

[119] B. Abi, et al., Muon g-2, Phys. Rev. Lett. 126 (2021) 141801, arXiv:2104.03281.

[120] R.H. Parker, C. Yu, W. Zhong, B. Estey, H. Miiller, Science 360 (2018) 191, arXiv:
1812.04130.

[121] L. Calibbi, R. Ziegler, J. Zupan, J. High Energy Phys. 07 (2018) 046, arXiv:1804.
00009.

[122] S. Jana, PK. Vishnu, W. Rodejohann, S. Saad, Phys. Rev. D 102 (2020) 075003,
arXiv:2008.02377.

[123] X.-F. Han, F. Wang, L. Wang, ].M. Yang, Y. Zhang, arXiv:2204.06505, 2022.


http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF824D2DD440505BCB8F95078C528A772s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF824D2DD440505BCB8F95078C528A772s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEC8316359577DD90CB04546F854D1B52s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib723B9B810F0203D638072DD770819D93s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib723B9B810F0203D638072DD770819D93s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib539D88501F145F341F8F0B1203430454s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib539D88501F145F341F8F0B1203430454s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2C9754C71050520B73711BE3B40BB14Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2C9754C71050520B73711BE3B40BB14Es1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib23D07505A07D30249D0465DE8DFFD165s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib23D07505A07D30249D0465DE8DFFD165s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib02648350E8BF8FA9D74FDFBE7C4D2AC8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib02648350E8BF8FA9D74FDFBE7C4D2AC8s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib2BBE2A2C9BE66BA54C19D399654EED40s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib72AD647F0C4CD17C5AEA9359D325CB8Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib72AD647F0C4CD17C5AEA9359D325CB8Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEE8D46475A145BF3463B74C51DBC78F1s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEE8D46475A145BF3463B74C51DBC78F1s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib9D1798DD3E78D786D5B6C93216E873C6s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibFC5ECD78D8039462BBB76FDF24695083s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib87A114290E93CCD3B2D304137F582978s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib87A114290E93CCD3B2D304137F582978s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibEEFB5636CEC412CA84D5C1F6DE1C2D1Ds1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib0F4D7A1C8F035EC4C36A8FC5202D8705s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibC6AD2B3FCE1E00F4AC2685FC21B587F3s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibAC31F81F49FABF7EFB9E22AE859EBE3Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibAC31F81F49FABF7EFB9E22AE859EBE3Fs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib47FE11658A6720C1CBCB0D4776F0F4E4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bib47FE11658A6720C1CBCB0D4776F0F4E4s1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF75640067F914D321DBD7F6DCAB18BAAs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibF75640067F914D321DBD7F6DCAB18BAAs1
http://refhub.elsevier.com/S0370-2693(22)00431-2/bibDA66016F57366F8B742012A48871B4A2s1

	Type II Dirac seesaw with observable ∆Neff in the light of W-mass anomaly
	1 Introduction
	2 Tree level Dirac seesaw
	3 W boson mass
	4 Observable ∆Neff
	5 Radiative Dirac seesaw
	6 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


