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We consider an effective Minimal Left–Right Symmetric Model. Instead
of engaging all the dimension-6 operators, we choose only the relevant,
in the limit that right-handed symmetry breaking scale is larger than the
electroweak one, operators belonging to φ2X2 class. We adjudge the impact
of those operators on the spectrum and vertices of the model, and then
capture their contributions to the low-energy observables, e.g., ρ, GF, ΘW ,
and oblique parameters S, T, U .
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1. Introduction

We expect the discovery of new particles in the collider experiments in
near future. This will inevitably lead us to access energy scales where new
particles and new degrees of freedom (DOF) will be produced on-shell or
indirectly seen in the precision studies.

There are several options being considered for future electron colliders [1],
namely, FCC (Future Circular Collider) [2, 3], CLIC (Compact Linear Col-
lider) [4, 5] — both at CERN, the ILC (International Linear Collider) [6–8].
The CEPC (Chinese Electron Positron Collider) [9, 10] in China is of the
circular type and similarly to FCC is expected to collide electrons with
positrons at 90–365 GeV centre-of-mass energies. The ILC collider planned
in Japan could reach centre-of-mass collision energies of 1 TeV, while CLIC
would cover the energies between 380 GeV and 3 TeV. In the case of FCC-
ee, four running stages are considered [2, 11, 12], with a focus on Z, W, H,
and top-quark production. With new colliders and physics opportunities
at hand, it may happen that to capture new physics, the Standard Model
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Effective Field Theory (SMEFT) will not be sufficient. It will become perti-
nent that we extend the set of lighter DOFs beyond the SM ones by adding
these newly discovered particles. This will also bring into picture new ef-
fective operators along with SMEFT ones. These new operators will also
provide contributions to the low-energy observables, and thus it will be nec-
essary to recompute these observables extending the SM electroweak pseudo-
observable studies [13–15].

In this work, we consider the Minimal Left–Right Symmetric Model
(MLRSM) itself as an effective theory, and compute the complete and in-
dependent set of dimension-6 effective operators using GrIP [16]. Then we
invoke the following sequence of spontaneous symmetry breaking SU(2)L ×
SU(2)R×U(1)B−L → SU(2)L×U(1)Y → U(1)em. We compute the modified
gauge boson spectrum and the modified interaction vertices after incorpo-
rating the dimension-6 operators.

In Section 2, we outline the full MLRSM Lagrangian highlighting its rich
scalar sector, describe the pattern of symmetry breaking, and elucidate the
computation of tree-level masses of the gauge bosons. This is followed by a
discussion on dimension-6 operators and the field re-definitions necessitated
by their incorporation in Section 3. Finally, in Section 4, we shed light
on the procedure for recomputing low-energy observables once dimension-6
operators have been taken into account.

2. The MLRSM Lagrangian and model parameters

2.1. Model details

The renormalizable Lagrangian for the Minimal Left–Right Symmet-
ric Model (MLRSM) can be divided into the kinetic, scalar-potential, and
Yukawa sectors [17–22]

Lkin = −1

4
Tr[GµνGµν ]− 1

4
Tr[Wµν

L Wµν,L]− 1

4
Tr[Wµν

R Wµν,R]− 1

4
(BµνBµν)

+Tr
[
(Dµ∆L)† (Dµ∆L)

]
+ Tr

[
(Dµ∆R)† (Dµ∆R)

]
+ Tr

[
(DµΦ)† (DµΦ)

]
+L̄Li /DLL + L̄Ri /DLR + Q̄Li /DQL + Q̄Ri /DQR . (1)

The internal symmetry group is SU(3)C × SU(2)L× SU(2)R×U(1)B−L and
the corresponding field strength tensors are following [21, 22]:

GAµν = ∂µG
A
ν − ∂νGAµ + g3f

ABCGBµG
C
ν ,

W I
L,µν = ∂µW

I
L,ν − ∂νW I

L,µ + gLε
IJKW J

L,µW
K
L,ν ,

W I
R,µν = ∂µW

I
R,ν − ∂νW I

R,µ + gRε
IJKW J

R,µW
K
R,ν ,

Bµν = ∂µBν − ∂νBµ .
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The fermion sector includes leptons and quarks (SU(3) triplets). These
can be further subdivided into left- and right-handed fields, where the former
transform as doublets under SU(2)L, while the latter transform as doublets
under SU(2)R. Each of these fields has non-trivial U(1)B−L charges. Based
on this, their covariant derivatives assume the following form [21, 22]:

DµLL,R =

(
∂µ − igL,R

τ I

2
W I,µ
L,R − ig̃

Y

2
Bµ

)
LL,R, (2)

DµQL,R =

(
∂µ − ig3

TA

2
GAµ − igL,R

τ I

2
W I,µ
L,R − ig̃

Y

2
Bµ

)
QL,R . (3)

The scalar sector consists of a bi-doublet Φ, (transforms as a doublet
under SU(2)L as well as SU(2)R), an SU(2)L triplet ∆L, and an SU(2)R
triplet ∆R. The bi-doublet transforms trivially under U(1)B−L, whereas
each of the triplets has 2 units of charge. The corresponding covariant
derivatives are given as [21, 22]

DµΦ = ∂µΦ− igLW I,µ
L

τ I

2
Φ+ igRΦ

τ I

2
W I,µ
R ,

Dµ∆L,R = ∂µ∆L,R − igL,R
[
τ I

2
W I,µ
L,R, ∆L,R

]
− ig̃Bµ∆L,R . (4)

The scalar potential has a rich structure which is highlighted below

V (∆L, ∆R, Φ) = −µ2
1

(
Tr
[
Φ†Φ

])
− µ2

2

(
Tr
[
Φ̃Φ†

]
+ Tr

[
Φ̃†Φ

])
−µ2

3

(
Tr
[
∆L (∆L) †

]
+ Tr

[
∆R (∆R) †

])
+ λ1Tr

[
ΦΦ†

]2

+λ2Tr
[
Φ̃Φ†

]2
+ λ3Tr

[
Φ̃Φ†

]
Tr
[
Φ̃†Φ

]
+ λ2Tr

[
Φ̃†Φ

]2

+λ4Tr
[
ΦΦ†

] (
Tr
[
Φ̃Φ†

]
+ Tr

[
Φ̃†Φ

])
+ρ1

(
Tr
[
∆L (∆L) †

]
2 + Tr

[
∆R (∆R) †

]
2
)

+ρ2

(
Tr [∆R∆R] Tr

[
(∆R) † (∆R) †

]
+ Tr [∆L∆L] Tr

[
(∆L) † (∆L) †

])
+ρ3Tr

[
∆L (∆L) †

]
Tr
[
∆R (∆R) †

]
+ρ4

(
Tr [∆R∆R] Tr

[
(∆L) † (∆L) †

]
+ Tr [∆L∆L] Tr

[
(∆R) † (∆R) †

])
+α1

(
Tr
[
ΦΦ†

]
Tr
[
∆L (∆L) †

]
+ Tr

[
ΦΦ†

]
Tr
[
∆R (∆R) †

])
+α2

(
Tr
[
ΦΦ̃†

]
Tr
[
∆R (∆R) †

]
+ Tr

[
Φ†Φ̃

]
Tr
[
∆L (∆L) †

]
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+ Tr
[
Φ†Φ̃

]
Tr
[
∆R (∆R) †

]
+ Tr

[
Φ̃†Φ

]
Tr
[
∆L (∆L) †

])
+α3

(
Tr
[
ΦΦ†∆L (∆L) †

]
+ Tr

[
Φ†Φ∆R (∆R) †

])
+β1

(
Tr
[
Φ∆RΦ

† (∆L) †
]

+ Tr
[
Φ†∆LΦ (∆R) †

])
+β2

(
Tr
[
Φ̃∆RΦ

† (∆L) †
]

+ Tr
[
Φ̃†∆LΦ (∆R) †

])
+β3

(
Tr
[
Φ†∆LΦ̃ (∆R) †

]
+ Tr

[
Φ∆RΦ̃

† (∆L) †
])

. (5)

The Yukawa sector describes interaction between the fermion and scalar
sectors. It consists of both the Dirac-like and Majorana-like terms. It is
interesting to note that there is no interaction between the quarks and the
triplet scalars

LY = −
{
yD L̄LΦLR + ỹD L̄LΦ̃LR + h.c.

}
−
{
yqQ̄LΦQR + ỹqQ̄LΦ̃QR + h.c.

}
−yM

{
LTLCiτ2∆LLL + LTRCiτ2∆RLR + h.c.

}
. (6)

2.2. Symmetry breaking in MLRSM

Symmetry breaking occurs in two steps with SU(2)R×U(1)B−L → U(1)Y
occurring first, followed by SU(2)L×U(1)Y → U(1)em. During the course of
these events, the neutral scalars encapsulated within the multiplets acquire
vacuum expectation values (vevs) and fluctuations around the vevs can be
represented as

Φ =

(
(κ1 + h1 + ia1)/

√
2 φ+

1

φ−2 (κ2 + h2 + ia2)/
√

2

)
,

∆L,R =

(
δ+/
√

2 δ++(
v + δ0r + iδ0i

)
/
√

2 −δ+/
√

2

)
L,R

. (7)

2.3. Gauge boson mass spectrum

The charged and neutral gauge boson mass matrices have the forms

m̃2
W =

g2

4

(
κ2

+ + 2v2
L − 2κ1κ2

−2κ1κ2 κ2
+ + 2v2

R

)
, (8)

m̃2
0 =

1

2


1
2g

2
(
κ2

+ + 4v2
L

)
− 1

2g
2κ2

+ − 2gg̃v2
L

−1
2g

2κ2
+

1
2g

2
(
κ2

+ + 4v2
L

)
− 2gg̃v2

R

−2gg̃v2
L − 2gg̃v2

R 2g̃2
(
v2
L + v2

R

)
 . (9)
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Here, κ2
± = κ2

1 ± κ2
2. To find the physical basis corresponding to SU(2)L,R,

U(1)B−L gauge bosons, we need to diagonalize the mass matrices. The fol-
lowing rotation matrices connect the physical (charged: W±µ1 ,W±µ2 , neutral:
Zµ1 , Z

µ
2 , A

µ), and unphysical basis of gauge bosons

(
W±µL
W±µR

)
= Ra

(
W±µ1

W±µ2

)
,

W
µ
3L

Wµ
3R

Bµ

 = Rb

Z
µ
1

Zµ2
Aµ

 . (10)

Here, W±µL,R = 1√
2

(
W 1µ
L,R ∓ iW

2µ
L,R

)
. The rotation matrices are given as

Ra=

(
cos ξ sin ξ
− sin ξ cos ξ

)
,

Rb=

 cos θW cos θ2 cos θW sin θ2 sin θW
− sin θW sin θ1 cos θ2−cos θ1 sin θ2 − sin θW sin θ1 sin θ2+cos θ1 cos θ2 cos θW sin θ1
− sin θW cos θ1 cos θ2+sin θ1 sin θ2 − sin θW cos θ1 sin θ2−sin θ1 cos θ2 cos θW cos θ1

 .

(11)

The angles ξ, θW , θ1, and θ2 can be described in terms of the model param-
eters as

cos θ1 =

√
cos 2θW
cos θW

, sin θ1 = tan θW , g =
e

sin θW
,

g̃ =
e√

cos 2θW
, tan 2ξ =

−2κ1κ2

v2
R − v2

L

, tan 2θ2 =
a

b
, (12)

where

a=

(
1

4
g2κ2

+ − g̃2v2
L

)√
cos 2θW , (13)

b=

(
1

4
g2κ2

+ sin2 θW +
1

2
g2v2

L−
1

2
g̃2v2

L sin2 θW−
1

2

(
g2+g̃2

)
v2
R cos2 θW

)
.(14)

Note: θW is the SM weak mixing angle. The physical gauge boson
spectrum can be written as [21–23]

M2
W1,2

=
g2

4

[
κ2

+ + v2
L + v2

R ∓
√(

v2
R − v2

L

)2
+ 4κ2

1κ
2
2

]
, (15)

M2
Z1,2

=
1

4
g2κ2

+ +
1

2

(
g2 + g̃2

) (
v2
L + v2

R

)
∓ 1

cos2 θW

√
a2 + b2 . (16)



2-A9.6 U. Banerjee et al.

3. Effective operators of dimension-6

We had delineated an elegant procedure for constructing higher mass di-
mensional operators in [16]. Treating MLRSM itself as an effective theory
in [22], we then utilized the method to explicitly construct and classify a
complete set of independent operators of mass dimension-6.

The basis of operators can be broadly subdivided into the following eight
classes at mass dimension-6:

φ6 , X3 , φ2X2 , φ4D2 , ψ2φ2D , ψ2φX , ψ2φ3 , ψ4 . (17)

The impact of the operators of each class on the mass spectra, low-energy
observables, and their contribution to rare processes has been discussed in
meticulous detail in [22]. In this article, however, we devote our attention
to a specific subset of the φ2X2 class of operators and study how these op-
erators necessitate the re-definition of gauge bosons and ultimately offer Λ2

suppressed corrections to observables such as the weak mixing angle (θW ),
ρ-parameter, the Fermi constant (GF), and the oblique (S, T, U) parame-
ters [24].

We also work within the approximation that vR � vL, κ1,2, which means
we will only treat vR as non-zero, while setting all other vacuum expectation
values to zero. With this in mind, the relevant dimension-6 operators of the
φ2X2 class are the following:

ORrWLWL
∆W : Tr

[
∆†R∆RWLµνW

µν
L

]
, ORrWRWR

∆W : Tr
[
∆†R∆RWRµνW

µν
R

]
,

ORWRrWR
∆W : Tr

[
∆RWRµν∆

†
RW

µν
R

]
, ORr∆WRB

: Tr
[
∆†RW

µν
R ∆R

]
Bµν ,

ORr∆B : Tr
[
∆†R∆R

]
BµνB

µν . (18)

In the above equation, the naming scheme for the operators and the
corresponding Wilson coefficients have been borrowed from Ref. [22]. Since
the operators contain a trace over the matrix product of ∆L,R, ∆

†
L<R and

WL,R fields, the symbols in the superscript describe the order in which the
2×2 matrices appear in the product. More specifically, R is a mnemonic for
∆†R, whereas r represents ∆R, with WL or WR referring to the gauge boson
involved in the operator. If the operator involves a Bµν , we add no symbol
for that, since it is not a 2 × 2 matrix. The subscript highlights the scalar
and the gauge boson involved in the operator, this was important because
in [22], we had additional operators involving the scalar bidoublet Φ.
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3.1. Gauge field redefinitions due to φ2X2 operators

The gauge kinetic terms, Eq. (1), get modified in the presence of φ2X2

operators as

L(4)+(6)
gauge,kin = −

(
∂µW

−
Lν ∂µW

−
Rν

)(1− 2ΘWLL
Λ2 0

0 1− 2ΘWRR
Λ2

)(
∂µW+ν

L
∂µW+ν

R

)

−1

2

∂µW3Lν

∂µW3Rν

∂µBν

T 1− 2Θ3L3L
Λ2 0 0

0 1− 2Θ3R3R
Λ2 −2Θ3RB

Λ2

0 −2Θ3RB
Λ2 1− 2ΘBB

Λ2

∂µW ν
3L

∂µW ν
3R

∂µBν

 .

Here, the parameters are given as

ΘWLL
= v2

RC
RrWLWL
∆W , Θ3R3R = v2

R

(
CRrWRWR

∆W − CRWRrWR
∆W

)
,

ΘWRR
= v2

RC
RrWRWR
∆W , Θ3RB = −1

2
v2
RCRr∆WRB

,

Θ3L3L = v2
RC

RrWLWL
∆W , ΘBB = v2

RCRr∆B . (19)

The Cis are Wilson coefficients corresponding to the operators listed in
Eq. (18). The redefined gauge fields are written as

W±µL →
(

1 +
ΘWLL

Λ2

)
W±µL , Wµ

3R →
(

1 +
Θ3R3R

Λ2

)
Wµ

3R +
Θ3RB

Λ2
Bµ ,

W±µR →
(

1 +
ΘWRR

Λ2

)
W±µR , Bµ →

(
1 +

ΘBB
Λ2

)
Bµ +

Θ3RB

Λ2
Wµ

3R ,

Wµ
3L →

(
1 +

Θ3L3L

Λ2

)
Wµ

3L . (20)

4. Impact on low-energy observables

In Table 1, we show the observables we aim to study within our effective
operators framework. Their exact dependence on the leading Λ scale is given
in the formulas gathered below.

4.1. Weak mixing angle

The weak mixing angle θW is measured using low-energy data of nucleon–
neutrino scattering → scattering driven by charged and neutral currents.
One can define R̂ as [25]

R̂ =
σνNC − σν̄NC

σνCC − σν̄CC
, (21)
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Table 1. Low-energy observables and their origin in effective Lagrangian influenced
by φ2X2 operators.

Observables Contributing terms

θW , GF, ρ Lkin
ψ

(
ψ,A′µ

)
Oblique parameters (S, T, U) Lkin

A

(
A′µ
)

+ Lkin
φ

(
φ′, A′µ

)
+ 1

Λ2φ
2X2

This can be recast in terms of the weak mixing angle [25]

R̂ =
1

2
− sin2 θ̄w . (22)

To examine the σν(ν̄)NC and σν(ν̄)CC → cross sections of neutrino (anti-
neutrino)–nucleon scattering through neutral (NC) and charged (CC) cur-
rents, the effective NC and CC Lagrangians must be defined.

Lagrangian containing charged current interactions is

LCC
νQ ⊃

g2

2M2
W1,2

ēLγ
µνL

(
ε1,2(eν)L∗(ud)L

ūLγ
µdL + ε1,2(eν)L∗(ud)R

ūRγ
µdR

)
+ h.c.

(23)
Here, ε1,2(eν)L∗(ud)L

= ε1,2(eν)L
· ε1,2(ud)L

and ε1,2(eν)L∗(ud)R
= ε1,2(eν)L

· ε1,2(ud)R
with

ε1(eν)L
, ε1(ud)L

= cos ξ

(
1 +

ΘWLL

Λ2

)
, ε2(eν)L

, ε2(ud)L
= sin ξ

(
1 +

ΘWLL

Λ2

)
,

ε1(eν)R
, ε1(ud)R

=− sin ξ

(
1 +

ΘWRR

Λ2

)
, ε2(eν)R

, ε2(ud)R
= cos ξ

(
1 +

ΘWRR

Λ2

)
.

(24)

Lagrangian containing neutral current interactions is

LNC
νQ ⊃

g2

4 cos2 θWM2
Z1,2

ν̄Lγ
µνL

×
(
ζ1,2
νL∗uL ūLγ

µuL+ζ1,2
νL∗uR ūRγ

µuR+ζ1,2
νL∗dL d̄Lγ

µdL+ζ1,2
νL∗dR d̄Rγ

µdR

)
. (25)

Here, ζ1,2
νL∗f = ζ1,2

νL · ζ
1,2
f , with f ∈ {uL, uR, dL, dR} and

ζ1
fL

=
[
afL cos θ2 + bfL sin θ2

]
, f = ν, e, u, d ,

ζ1
fR

=
[
afR cos θ2 + bfR sin θ2

]
, f = e, u, d ,

ζ2
fL

=
[
afL sin θ2 − bfL cos θ2

]
, f = ν, e, u, d ,

ζ2
fR

=
[
afR sin θ2 − bfR cos θ2

]
, f = e, u, d . (26)
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The “a” and “b” parameters can be factored into parts derived from the
renormalizable Lagrangian and those derived from the effective Lagrangian
as follows:

afL =
(
afL

)
tree

[
1+

1

Λ2

(
afL

)
eff

]
, bfL =

(
bfL

)
tree

[
1+

1

Λ2

(
bfL

)
eff

]
,

afR =
(
afR

)
tree

[
1+

1

Λ2

(
afR

)
eff

]
, bfR =

(
bfR

)
tree

[
1+

1

Λ2

(
bfR

)
eff

]
, (27)

(
afL

)
tree

=
(
AfL1 cos2 θW −AfL2 sin2 θW

)
,(

bfL

)
tree

= AfL2

sin2 θW√
cos 2θW

,(
afR

)
tree

= −
(
AfR1 +AfR2

)
sin2 θW ,(

bfR

)
tree

=

(
−AfR1

√
cos 2θW +AfR2

sin2 θW√
cos 2θW

)
, (28)

(
afL

)
eff

=
AfL1 cot2 θWΘ3L3L −AfL2

(
sin θW√
cos 2θW

Θ3RB +ΘBB

)
AfL1 cot2 θW −AfL2

, (29)

(
bfL

)
eff

= ΘBB −
√

cos 2θW
sin θW

Θ3RB , (30)(
afR

)
eff

=

AfR1

(
Θ3R3R+csc θW

√
cos 2θWΘ3RB

)
+AfR2

(
sin θW√
cos 2θW

Θ3RB+ΘBB

)
AfR1 +AfR2

, (31)

(
bfR

)
eff

=
AfR1

(
−
√

cos 2θW Θ3R3R + sin θW Θ3RB

)
−AfR1

√
cos 2θW +AfR2

sin2 θW√
cos 2θW

+
AfR2

(
− sin θW Θ3RB + sin2 θW√

cos 2θW
ΘBB

)
−AfR1

√
cos 2θW +AfR2

sin2 θW√
cos 2θW

, (32)

where

AiL,R1 = 2T i3L,R , AiL,R2 = 2
(
Qi − T i3L,R

)
; i = u, d, ν, e . (33)

T3L, T3R, and Q are quantum numbers of the fermions corresponding to the
SU(2)L, SU(2)R, and U(1)em gauge groups respectively.
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Incorporating all these corrections, we can express R̂ as

R̂ =
4M4

W1

cos4 θWM4
Z1


(
ζ1
νL∗uL

)2
+
(
ζ1
νL∗dL

)2
−
(
ζ1
νL∗uR

)2 − (ζ1
νL∗dR

)2

(
ε1(νe)L∗(ud)L

)2
−
(
ε1(νe)L∗(ud)R

)2

 .
(34)

To express the corrected quantities as a sum of the tree-level result and
a Λ2 suppressed correction, we express each quantity on the right-hand side
of Eq. (34) in terms of the sum of the tree-level value and the corresponding
correction due to dimension-6 operators.

We must emphasize again that we are only taking into account the impact
of φ2X2 class of operators and we are using the approximation vR � vL, κ1,2,
due to which we have set vL, κ1,2 to zero. This allows us to write1

M2
W1

= M2
W1

[
1+

1

Λ2
T1

]
, T1 =

v2
R

M2
W1

g2ΘWRR
sin2 ξ ,

M2
Z1

= M2
Z1

[
1+

1

Λ2
T2

]
, T2 =

v2
R

M2
Z1

(
t(1)ΘBB+t(2)Θ3RB+t(3)Θ3R3R

)
,

(35)

where

t(1) = −gg̃ f2(θW , θ1, θ2) + 2g̃2 f3(θW , θ1, θ2) ,

t(2) = −2gg̃ (f1(θW , θ1, θ2) + f3(θW , θ1, θ2))+
(
g2 + g̃2

)
f2(θW , θ1, θ2) ,

t(3) = 2g2 f1(θW , θ1, θ2)− gg̃ f2(θW , θ1, θ2) . (36)

Here, fi(θW , θ1, θ2) are trigonometric functions given as

f1(θW , θ1, θ2) = cos2 θ1 sin2 θ2 +
1

2
sin θW sin 2θ1 sin 2θ2

+ sin2 θW sin2 θ1 cos2 θ2 ,

f2(θW , θ1, θ2) = − sin 2θ1 sin2 θ2 + sin θW cos 2θ1 sin 2θ2

+ sin2 θW sin 2θ1 cos2 θ2 ,

f3(θW , θ1, θ2) = sin2 θ1 sin2 θ2 −
1

2
sin θW sin 2θ1 sin 2θ2

+ sin2 θW cos2 θ1 cos2 θ2 .

(37)
1 The full expressions for each of the above quantities taking into account the effect
of all dimension-6 operators and also using non-zero vL, κ1,2 have been discussed in
great detail in [22]. In a full analysis, the angles ξ and θ2 also receive corrections due
to the inclusion of dimension-6 operators, but those corrections are further weighted
by a factor of 1

Λ2 , hence we have ignored them here.
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For the term inside [· · · ] on the right-hand side of Eq. (34), the denominator
can be recast into(

ε1(νe)L∗(ud)L

)2
−
(
ε1(νe)L∗(ud)R

)2
= cos2 ξ cos 2ξ

[
1 +

T3

Λ2

]
, (38)

with

T3 =

(
1 + 2 cos 2ξ

cos 2ξ

)
ΘWLL

−
(

1− cos 2ξ

2 cos 2ξ

)
ΘWRR

. (39)

To simplify the numerator, we first substitute Eq. (27) into Eq. (26) to
rewrite

ζ1
fL

=
(
ζ1
fL

)
tree +

1

Λ2

(
ζ1
fL

)
eff , (40)

where (
ζ1
fL,R

)
tree

=
(
afL,R

)
tree

cos θ2 +
(
bfL,R

)
tree

sin θ2 ,(
ζ1
fL,R

)
eff

=
(
afL,R

)
eff

cos θ2 +
(
bfL,R

)
eff

sin θ2 . (41)

After some simplification, we can rewrite(
ζ1
νL∗uL

)2
+
(
ζ1
νL∗dL

)2 − (ζ1
νL∗uR

)2 − (ζ1
νL∗dR

)2
=(

ζ1
νL

)2
tree

[(
ζ1
uL

)2
tree +

(
ζ1
dL

)2
tree −

(
ζ1
uR

)2
tree −

(
ζ1
dR

)2
tree

] [
1 +

T4

Λ2

]
, (42)

with

T4 = 2

 (
ζ1
νL

)
eff(

ζ1
νL

)2
tree

+

(
ζ1
uL

)
eff +

(
ζ1
dL

)
eff
−
(
ζ1
uR

)
eff −

(
ζ1
dR

)
eff(

ζ1
uL

)2
tree +

(
ζ1
dL

)2

tree
−
(
ζ1
uR

)2
tree −

(
ζ1
dR

)2

tree

 . (43)

Substituting Eqs. (35), (38), and (42) into Eq. (34), we can express R̂ as a
sum of the tree-level value and a Λ2 suppressed correction as follows:

R̂ = R×
[
1 +

1

Λ2
T1

]2 [
1 +

1

Λ2
T2

]−2 [
1 +

1

Λ2
T3

]−1 [
1 +

1

Λ2
T4

]
' R×

[
1 +

1

Λ2
(2T1 − 2T2 − T3 + T4)

]
. (44)

The term inside the parenthesis can ultimately be expressed as a function of
Wilson coefficients. From this, we can obtain the expression for the corrected
weak mixing angle as

sin2 θ̄w =
1

2
− R̂ =

(
1

2
−R

)[
1 +

T5

Λ2

]
= sin2 θW

[
1 +

T5

Λ2

]
. (45)

Here, T5 = −R csc2 θW (2T1 − 2T2 − T3 + T4).
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4.2. Fermi constant

(GF)EFT =
g2

4
√

2M2
W1

[
ε1,e(1,e)L

+ ε1,e(1,µ)L

]
= GF ×

[
1 +

ΘWLL

Λ2

] [
1 +

T1

Λ2

]−1

' GF ×
[
1 +

ΘWLL
− T1

Λ2

]
. (46)

4.3. ρ parameter

ρ̄ =
M2

W1

M2
Z1

(
1− sin2 θ̄w

)
= ρ×

[
1 +

1

Λ2
T1

] [
1 +

1

Λ2
T2

]−1 [
1− tan2 θW

Λ2
T5

]−1

' ρ×
[
1 +

1

Λ2

(
T1 − T2 + tan2 θW T5

)]
. (47)

4.4. Oblique parameters

The two-point vector boson correlation functions are [24, 26, 27]

iΠµν
ViVj

(
p2
)

= i

(
gµν − pµpν

p2

)
ΠViVj

(
p2
)

+

(
i
pµpν

p2
terms

)
, (48)

where Vi ∈ {W1,W2,W3, B} or {W,Z, γ} (unphysical or physical basis) and
pµ is the external momentum. Here, γ represents the photon field Aµ.

Expanding ΠViVj (p
2) as a polynomial in external momentum (p2)

[24, 26, 27],

ΠViVj

(
p2
)

=
[
Π0 +Π2p

2 +Π4p
4 +O

(
p6
)]
ViVj

. (49)

Oblique parameters S, T, U encapsulate the radiative corrections to the
tree-level correlation functions [24]. These can be defined in both unphysical
and physical gauge boson basis as [24, 26–28]
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S = −4 cos θW sin θW
α

Π ′W3B(0)

= −4 cos2 θW sin2 θW
m2
Zα

[
ΠZZ

(
m2
Z

)
−ΠZZ(0)−Πγγ

(
m2
Z

)
−cos2 θW − sin2 θW

cos θW sin θW

(
ΠγZ

(
m2
Z

)
−ΠγZ(0)

) ]
, (50)

T =
1

αm2
W

(ΠW1W1(0)−ΠW3W3(0))

=
1

α

[
ΠWW (0)

m2
W

− ΠZZ(0)

m2
Z

−
2 sin θWΠγZ(0)

cos θWm2
Z

]
, (51)

U =
4 sin2 θW

α

(
Π ′W1W1

(0)−Π ′W3W3
(0)
)

= −4 sin2 θW
α

[(
ΠWW

(
m2
W

)
−ΠWW (0)

m2
W

)

− cos2 θW

(
ΠZZ

(
m2
Z

)
−ΠZZ(0)

m2
Z

)

−2 cos θW sin θW

(
ΠγZ

(
m2
Z

)
−ΠγZ(0)

m2
Z

)
−sin2 θW

Πγγ

(
m2
Z

)
m2
Z

]
,(52)

where α = e2/4π is the fine-structure constant.
Here, for unphysical basis

Π ′ViVj (0) =
dΠViVj

dp2

∣∣∣∣
p2=0

, ΠW1W1

(
p2
)

= ΠW2W2

(
p2
)
,

and for physical basis, we have

Π ′ViVj (0) =

(
ΠViVj

(
p2
)
−ΠViVJ (0)

p2

)∣∣∣∣∣
p2=0

, Πγγ(0) = ΠγZ(0) = 0 .

Through the redefinition of gauge fields, the φ2X2 operators provide
contributions to the oblique parameters. In the unphysical basis, we compute

ΠWLWL

(
p2
)

= p2

(
1 + 2

ΘWLL

Λ2

)
, (53)

ΠWRWR

(
p2
)

= p2

(
1 + 2

ΘWRR

Λ2

)
+

1

Λ2
g2v2

RΘWRR
, (54)
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ΠW3LW3L

(
p2
)

= p2

(
1 + 2

Θ3L3L

Λ2

)
, (55)

ΠW3RW3R

(
p2
)

= p2

(
1 + 2

Θ3R3R

Λ2

)
+

2v2
R

Λ2

(
g2Θ3R3R − gg̃Θ3RB

)
, (56)

ΠW3RB

(
p2
)

= p2Θ3RB

Λ2
− gg̃v2

R

−
v2
R

Λ2

(
gg̃Θ3R3R −Θ3RB

(
g2 + (g̃)2

)
+ gg̃ΘBB

)
, (57)

ΠBB

(
p2
)

= gg̃v2
R −

g̃v2
R

Λ2
(2gΘ3RB − 2g̃ΘBB) . (58)

Using the rotation matrices Ra,b, see Eq. (11), we can define these
ΠViVj (p

2) in the physical basis as follows:

ΠW1W1 = ΠWLWL

(
R11
a

)2
+ΠWRWR

(
R21
a

)2
,

ΠW1W2 = ΠWLWL
R11
a Ra12 +ΠWRWR

Ra21Ra22 ,

ΠW2W2 = ΠWLWL
(Ra12)2 +ΠWRWR

(Ra22)2 ,

ΠZ1Z1 = ΠBB

(
Rb31

)2
+ΠW3LW3L

(
Rb11

)2
+ 2ΠW3RBR

b
21Rb31

+ΠW3RW3R

(
Rb21

)2
,

ΠZ2Z2 = ΠBB

(
Rb32

)2
+ΠW3LW3L

(
Rb12

)2
+ 2ΠW3RBR

b
22Rb32

+ΠW3RW3R

(
Rb22

)2
,

ΠZ1Z2 = ΠBBRb31Rb32 +ΠW3LW3L
Rb11Rb12 +ΠW3RB

(
Rb21Rb32 +Rb22Rb31

)
+ ΠW3RW3R

Rb21Rb22 ,

Πγγ = ΠBB

(
Rb33

)2
+ΠW3LW3L

(
Rb13

)2
+ 2ΠW3RBR

b
23Rb33

+ ΠW3RW3R

(
Rb23

)2
,

ΠZ1γ = ΠBBRb31Rb33 +ΠW3LW3L
Rb11Rb13 +ΠW3RB

(
Rb21Rb33 +Rb23Rb31

)
+ ΠW3RW3R

Rb21Rb23 ,

ΠZ2γ = ΠBBRb32Rb33 +ΠW3LW3L
Rb12Rb13 +ΠW3RB

(
Rb22Rb33 +Rb23Rb32

)
+ ΠW3RW3R

Rb22Rb23 . (59)

The oblique parameters (S, T, U) for MLRSM-EFT can be constructed by
substituting Eq. (59) into Eqs. (50), (51), (52).
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5. Conclusions

In this article, we have considered the MLRSM as an effective theory.
Instead of studying the impact of the full dimension-6 effective operator
basis on the mass spectra and observables, we have focused on a subset
of the φ2X2 class of operators. We have computed the corrected values
of low energy observables such as ρ, GF, ΘW , oblique parameters (S, T, U).
Working under the assumption that the right-handed symmetry breaking
scale is larger than the electroweak ones, i.e., vR � κ1,2, vL, we have noted
that only five operators belonging to the φ2X2 class are relevant. We have
invoked symmetry breaking in a cascade and computed the spectrum and
modifications in the renormalized vertices due to these effective operators.
Employing that, we have calculated the corrections to our chosen set of
observables, up to 1/Λ2.

Our further aim is to perform a fitting to adjudge the allowed ranges of
Wilson coefficients associated with the considered relevant effective opera-
tors.

The research has been co-financed by the Polish National Agency for
Academic Exchange and DST/INT-POL-P-53/2020.
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