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We enumerate various effective couplings that contribute to the mixings between an exotic vector
boson Z0 and the neutral electroweak vector bosons. The miscellaneous mixing patterns can be evaluated
perturbatively. The effective oblique parameters S0, T 0, and U0 are calculated to compare with the
electroweak precision test results. With the contributions to the non-negligible U0 parameter from the ϵB;W
parameters and the aid of some other parameters to cancel the negative T 0, the recent CDFW-mass anomaly
can therefore be explained.
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I. INTRODUCTION

Besides searching for new particles by straightforwardly
producing them at the colliders, detecting the tiny devia-
tions of the measured standard model (SM) parameters
from their theoretical predicted values is also an important
approach to new physics (NP) beyond the SM. In the
literature, the Peskin-Takeuchi oblique parameters S, T,
and U [1,2] are usually applied to test the SM. These
parameters are extracted from the self-energy diagrams
of the electroweak (EW) vector bosons, and contribute to
EW precision observables, such as the Z-pole parameters
and the masses of the Z and W bosons [3]. Higher-order
parameters such as V, W, X, and Y are introduced in
Ref. [4]. In particular, when the traditional S, T, and U
parameters are absent, they can dominate the NP contri-
butions to the EW observables.
Recently, the CDF Collaboration published a high-

precision measurement of the W boson mass mW based
on the 8.8 fb−1 of data collected by the CDF II detector at
the Tevatron collider [5],

mW ¼ 80.4335� 0.0094 GeV: ð1Þ

This result indicates a ∼7σ deviation from the SM
prediction mSM

W ¼ 80.3545� 0.0057 GeV given by the

global fit of the EW precision measurements [6]. Such
an anomaly had drawn quite a lot of attention and had been
considered to originate from NP contributions [7–72].
A wide class of NP effects might contribute to oblique

parameters, and thus shift theW bosonmass correspondingly.
The EW global fits with the CDF mW data considered
have been performed in Refs. [9,12,14,22,27,30,33,42]. An
appropriate loop-level NP contribution implies the corre-
sponding NP scale to be around a few hundred GeV, easily to
conflict with current collider bounds, while the tree-level NP
scale for interpreting it can be as high as multi-TeV [12].
Tree-level corrections to the oblique parameters may come

from an exotic neutral vector boson Z0, which naturally
appears in many SM extensions, such as grand unified
theories [73], little Higgs models [74], extra dimensions
[75], and a lot of Uð1Þ0 gauge models motivated by various
problems [76,77]. These NP models generally introduce
kinetic and mass mixings between the Z and Z0 bosons,
which contribute to the oblique parameters at tree level
[78,79]. Therefore, an exotic Z0 boson could be responsible
for the CDFmW anomaly, as discussed in some recent studies
[12,30,53,61,65,69,80]. Note that from the effective field
theory (EFT) point of view, kinetic mixings between gauge
bosons contribute to thep4 terms in the vaccuum polarization
amplitudes of the EW gauge fields, leading to higher-order
parameters V, W, X, and Y. However, combined with the
traditional S, T, andU, all of these parameters are redundant
in fitting theEWprecision data at theZ-pole, theWmass, and
the Fermi constant. Therefore, we can define three effective
oblique parameters S0, T 0, and U0 which include all order
effects and then compare them with the most recent global fit
results of S, T, and U from Ref. [14].
In addition to the well-known kinetic mixing between

the Uð1ÞY vector boson B and the Z0 boson, loop-level
diagrams might also induce the kinetic mixing terms
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between the W3 and Z0 bosons as well as various mass
mixing terms. Besides S0 and T 0, a non-negligible U0
parameter due to the mixings could also contribute to
the W mass, as evaluated in Refs. [65,69] with some
specific conditions. [Note that the effectiveU0 can originate
from higher-order corrections such as V, W, X. See
Eq. (A27) and related discussion.] In this paper, a more
general case described by an effective Lagrangian is
considered. We will present the perturbative corrections
to the S0, T 0, and U0 parameters originating from the kinetic
and mass mixings between the Z0 and the SM gauge
bosons, in addition to three traditional SMEFT operators.
Our strategy of calculating the effective oblique parameters
is directly diagonalizing the kinetic and mass matrices. In
principle, this procedure automatically includes the cor-
rections from all ðp2Þi orders due to the mixings.
This paper is organized as follows. In Sec. II, we briefly

introduce the effective Lagrangian for an exotic Z0 boson.
In Sec. III, the effective oblique parameters S0, T 0, and U0
are calculated perturbatively, and the analytical results are
presented. In Sec. IV, we estimate the constraints for the Z0
boson from collider experiments. The numerical results as
well as some corresponding discussions have been pre-
sented in Sec. V, and then we finalize this paper in Sec. VI.
An EFTanalysis is also provided in the Appendix for cross-
checking our calculation.

II. EFFECTIVE LAGRANGIAN

Besides the SM fields, we introduce an exotic vector
field Ẑ0μ, with kinetic and mass terms given by

L ⊃ −
1

4
Ẑ0
μνẐ

0μν þ 1

2
m̂2

Z0 Ẑ0
μẐ

0μ; ð2Þ

where Ẑ0
μν ≡ ∂μẐ

0
ν − ∂νẐ

0
μ. The Ẑ0 boson can be either a

fundamental gauge boson of an exotic U(1) gauge group, or
a component from a gauge boson multiplet in the frame-
work of a non-Abelian gauge group. The mass term might
originate from the vacuum expectation value (VEV) of a
Higgs sector, or directly acquired from the Stueckelburg
mechanism in the U(1) case.
In this paper, we focus on the corrections to the oblique

parameters originated from the mixing effects, and there-
fore we enumerate all the possible mixing terms up to order
of p2. The Ẑ0 boson might mix with the electroweak gauge
bosons through the following kinetic mixing terms in the
effective Lagrangian,

Leff ⊃ −
ϵB
2
Ẑ0
μνBμν −

1

2Λ2
W
Ẑ0
μνWaμνH†σaH

−
1

2Λ2
BW

BμνWaμνH†σaH

−
1

4Λ4
WW

WaμνH†σaHWb
μνH†σbH; ð3Þ

where H indicates the SM Higgs doublet, and the ϵB term
can be created straightforwardly in the U(1) case, or can
arise together with other ΛW, ΛBW , and ΛWW terms through
higher-order corrections. Besides the kinetic mixing terms,
corrections on the mass terms as well as the exotic mixings
among the SM sector can also arise, formulated as

Leff ⊃
1

Λ2
HD

ðH†DμHÞ†ðH†DμHÞ

þ Ẑ0μ½iλHZ0 ðDμHÞ†H þ H:c:�: ð4Þ

All three terms can arise from the loop effects. The λHZ0

term might originate from something like Φ†D0μΦ
where Φ indicates an exotic Higgs field to break the
gauge group corresponding to Ẑ0, or a dummy vZ0eiϕðxÞ
field in the Stueckelberg mechanism. The Uð1ÞY × SUð2ÞL
covariant derivative for the Higgs doublet is Dμ ¼
∂μ − iĝ0YBμ=2 − iĝσaWa

μ=2, where the hatted parameters
ĝ0 and ĝ are the “original” coupling constants.
In (3) and (4), we have included the well-known SMEFT

operators that contribute straightforwardly to the S, T, and
U parameters. The operators involving the exotic Z0 boson
are selected by the criterion that they are gauge invariant,
of the lowest order, and in a minimal set to induce and
enumerate all the possible mixing terms that will be
described below. Some higher-order operators inducing
the higher-order derivative terms like ð∂ρBμνÞ2, ðDρWa

μνÞ2,
and ∂ρBμν∂

ρZ0μν might exist. However, their contributions
are either in higher orders or sheer off our motivation and
techniques to manipulate the mixing effects, and therefore
they are neglected.
Before proceeding, we would like to make some com-

ments on the possible UV completion of the model. The
S, T, and U parameters corresponds to three SMEFT
operators, BμνWaμνH†σaH, jH†DμHj2, and jH†WμνHj2,
which can be easily generated by introducing some
fermionic [81] or scalar [82] EW multiplets. For example,
Ref. [82] had shown that in a dark matter model with a
singlet and a doublet scalars, a significant T parameter can
be obtained. In particular, when the ratio of the parameters
jλ2=λ3j<0.5, the T parameter is positive, and thus the W
boson mass can be raised.
The kinetic mixing between Z0

μ and the SM Bμ field, i.e.,
the ϵB term, can be put by hand, since it relates to a gauge-
invariant renormalizable operator. It can also be generated
by loops of some NP fields carrying both Uð1ÞY and new
U(1) charges. A sizable kinetic mixing between Z0

μ and the
SM W3

μ field, which is corresponding to the ΛW term, can
be realized at loop level with a number of additional
SUð2ÞL multiplet fields charged under the new U(1).
However, these SUð2ÞL multiplets usually contribute to
the S, T, andU parameters at one-loop level by themselves.
If one wants to eliminate S, T, and U without sup-

pressing the Z0-W3 kinetic mixing, the couplings in the
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potential terms should be somehow tuned. Such a contriv-
ance can be eased by assuming specific symmetries in the
tree-level potential. A simple realization is to introduce 2n
scalar SUð2ÞL quadruplet fields, X1;2;…;2n, carrying the
same new U(1) charge. A custodial symmetry (correspond-
ing to a condition jλ−=λ3j ¼ 2 in Ref. [82]) would eliminate
T andU. The opposite Uð1ÞY charge settings for X1;…;n and
Xnþ1;…;2n with a Z2 symmetry by exchanging Xi ↔ Xnþi

(i ¼ 1; 2;…; n) impose a degenerate mass spectrum
between these two sectors, eliminating S. On the other
hand, denoting gD to be the new U(1) gauge coupling, a
significant effective Z0-W3 kinetic mixing parameter,
jϵW j ¼ jv2=ð2Λ2

WÞj ∼ 0.01 · ngDv2=m2
X [the definition of

ϵW will be given later in (6)], can be achieved when
ngD is sizable.
Note that both the custodial symmetry and the Z2

symmetry are only approximately valid in the tree-level
potential. They are explicitly violated by gauge interactions
and SM Yukawa interactions. These violations can con-
tribute to the S, T, and U parameters at higher orders,
effectively generating the ΛBW , ΛHD, and ΛWW terms.
These additional contributions can help us fit the data, as
will be described in Sec. V.
After the SM Higgs field H acquires the VEV v̂as usual,

H ¼
 

iϕþ

v̂þhþiϕ0ffiffi
2

p

!
; ð5Þ

where v̂ ≈ 246 GeV, the kinetic mixing terms can be
reparametrized to be

Leff ⊃ −
ϵB
2
Ẑ0
μνBμν −

ϵW
2
Ẑ0
μνW3μν

−
ϵBW
2

BμνW3μν −
ϵWW

4
W3μνW3

μν; ð6Þ

where ϵW ≡ −v̂2=ð2Λ2
WÞ, ϵBW ≡ −v̂2=ð2Λ2

BWÞ, and ϵWW ≡
v̂4=ð4Λ4

WWÞ. Besides the kinetic mixing terms above, the
vector bosons might also receive the mass corrections
induced by

Leff ⊃ δm2ðĝ0Ẑ0
μBμ − ĝẐ0

μW3μÞ

þ 1

8
ðv̂2 þ δv̂2Þðĝ02BμBμ − 2ĝĝ0BμW3μ þ ĝ02W3

μW3μÞ;
ð7Þ

where δm2≡−λHZ0 v̂2=2 and δv2 ≡ v̂4=ð2Λ2
HDÞ. Combined

with (2), all the mass terms are given by

Lmass ¼
1

2
ð Ẑ0

μ; Bμ; W3
μ ÞM2

V

0
B@

Ẑ0μ

Bμ

W3μ

1
CA; ð8Þ

M2
V ¼

0
BB@

m̂2
Z0 ĝ0δm2 −ĝδm2

ĝ0δm2 ĝ02
4
ðv̂2þδv2Þ − ĝ0ĝ

4
ðv̂2þδv2Þ

−ĝδm2 − ĝ0ĝ
4
ðv̂2þδv2Þ ĝ2

4
ðv̂2þδv2Þ

1
CCA: ð9Þ

Before diagonalizing the mass-squared matrix (9), we have
to diagonalize the kinetic terms

Lkin ¼ −
1

4
ð Ẑ0

μν; Bμν; W̃3
μν ÞKV

0
B@

Ẑ0μν

Bμν

W̃3μν

1
CA; ð10Þ

where W̃3
μν ¼ ∂μW3

ν − ∂νW3
μ, and

KV ¼

0
B@

1 ϵB ϵW

ϵB 1 ϵBW

ϵW ϵBW 1þ ϵWW

1
CA: ð11Þ

To achieve this, we initially use a congruent trans-
formation matrix composed of three elementary trans-
formation matrices,

VC ¼ V1V2V3; VT
CKVVC ¼ I3×3; ð12Þ

where

V1 ¼

0
B@

1 −ϵB −ϵW
0 1 0

0 0 1

1
CA; V2 ¼

0
B@

1 0 0

0 1 −ϵBWþϵBϵW
1−ϵ2B

0 0 1

1
CA;

V3 ¼

0
BBB@

1 0 0

0 1ffiffiffiffiffiffiffiffi
1−ϵ2B

p 0

0 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ϵ2B

1þϵWW−ϵ2B−ϵ
2
W−ϵ2BW−ϵ

2
BϵWWþ2ϵBϵWϵBW

r
1
CCCA:

ð13Þ

Correspondingly, the mass-squared matrix becomes

ðV1V2V3ÞTM2
VV1V2V3: ð14Þ

Since

det½ðV1V2V3ÞTM2
VV1V2V3�

¼ detðM2
VÞ detðV1V2V3Þ2 ¼ 0; ð15Þ

we have one massless eigenstate identified to be exactly the
physical photon.
Then we are going to diagonalize the mass-squared

matrix (14). Since the analytic solution is too difficult
for one to manipulate, though it does exist, we utilize a
perturbative method to deal with it. We use the familiar EW
rotation matrix
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VSM ¼

0
BBB@

1 0 0

0 − ĝ0ffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p ĝffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p

0 ĝffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p ĝ0ffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p

1
CCCA ð16Þ

to operate (14),

ðV1V2V3VSMÞTM2
VV1V2V3VSM ¼ M2

0d þ δM2; ð17Þ

where

M2
0d ¼ diag

�
m̂2

Z0 ; ðĝ2 þ ĝ02Þ v̂
2 þ δv2

4
; 0

�
; ð18Þ

whose nonzero diagonal elements are much larger than the
elements in δM2. Up to the second order of the perturba-
tion theory, we have

Vf;ii ≃ 1 −
X
i≠j

δM2
ijδM

2
ji

2ðM2
0d;jj −M2

0d;iiÞ2
; ð19Þ

and

Vf;ij ≃
δM2

ji

M2
0d;ii −M2

0d;jj

þ
X
k≠i;j

δM2
ikδM

2
ki

ðM2
0d;ii −M2

0d;jjÞðM2
0d;ii −M2

0d;kkÞ

−
δM2

iiδM
2
ji

ðM2
0d;ii −M2

0d;jjÞ2
ð20Þ

for i ≠ j. Finally, we acquire a transformation matrix

V ¼ V1V2V3VSMVf ð21Þ

to diagonalize M2
V ,

VTM2
VV ¼ diagðm2

Z0 ; m2
Z; 0Þ; ð22Þ

where

m2
Z0 ¼ m̂2

Z0 þOðϵW;B;BW;WW; δv2; δm2Þ;

m2
Z ¼ ðĝ2 þ ĝ02Þ v̂

2 þ δv2

4
þOðϵW;B;BW;WW; δv2; δm2Þ

ð23Þ

are physical masses squared for the mass eigenstates Z0
and Z.

III. EVALUATIONS OF OBLIQUE S0, T0,
AND U0 PARAMETERS

Usually, one regards the Fermi constant GF, QCD
coupling constant αsðmZÞ defined at the Z boson mass
scale, the fine structure constant αðmZÞ, the Z boson pole
mass mZ, the top quark pole mass mt, and the Higgs boson
pole mass mh as the basic input parameters to the
electroweak theories. The W boson mass mSM

W and the Z
boson decay parameters RSM

e;μ;τ, ASM
e;μ;τ, and ΓSM

Z are then
predicted for comparing with the experimental results. The
deviation between the theoretical predictions and exper-
imental results due to EW oblique corrections are usually
summarized to be the three oblique parameters S, T, and U
[see the definitions in Eq. (A2)] [1,2]. However, the
original S, T, U only include the zeroth and first p2-order
corrections of the vacuum polarizations, which cannot fully
describe the deviation induced by the mixings of Z0. From
the EFT point of view, we can integrate out the Z0 boson at
scales much lower than its mass and generate some dim-6,
dim-8, and even dim-10 SMEFT operators which signifi-
cantly distort the vacuum polarizations of EW gauge fields.
We leave more detailed discussion of EFT in the Appendix.
Before evaluating the effective S0, T 0, and U0, we need to

clarify the definition of three “physical” quantities in this
work. The “physical” value of the Weinberg angle θw is
defined by [3,79]

s2wc2w ¼ παffiffiffi
2

p
m2

ZGF

; ð24Þ

where sw ≡ sin θw and cw ≡ cos θw. The physical value
of mZ has been defined in Eq. (23). The fine structure
constant α is extracted from the effective coupling constant
between the massless vector boson (photon) and the
charged particles,

α ¼ e2

4π
;

e ¼ ĝ0

2
V23 þ

ĝ
2
V33: ð25Þ

The Fermi constant is defined as

GF ¼ 1ffiffiffi
2

p
v2

; ð26Þ

which is the only parameter that receives no new physics
contribution in this paper.
Usually the effective S0, T 0, and U0 parameters can be

extracted by directly calculating the self-energy diagrams
of the EW gauge bosons. In this paper, we use another
equivalent method. The neutral current (NC) and the
charged current (CC) parameters extracted from the experi-
mental results can be adopted for comparing with the
theoretical predictions to work out the oblique parameter
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values. Following the steps in Ref. [3], one can acquire
S0, T 0, and U0 from the NC and CC coefficients. Expressed
by the mixing parameters, the results of the S0 and T 0
parameters are given by

αS0 ¼ 4

�
−
V22

V23

swcw
1þ αT 0=2

− s2wðc2w − s2wÞ þ s2wc2wαT 0
�
;

ð27Þ

αT 0 ¼ 2swcw

�
V32

V33

−
V22

V23

�
− 2: ð28Þ

The U0 parameter should be extracted from the charged
current coupling constants. However, equivalently it is
more convenient to look into the W boson mass [2]

mW ¼ mSM
W

�
1 −

α

4ðc2w − s2wÞ
�
S0 − 2c2wT 0 −

c2w − s2w
2s2w

U0
��

;

ð29Þ

where mW ¼ ĝv=2 is the physical W boson mass.
Neglecting the loop corrections, the SM prediction is

mSM
W ¼

ffiffiffiffiffiffi
4πα

p

2sw
ffiffiffiffiffiffiffiffiffiffiffi
2

p
GF

p . With the difference between mW and

mSM
W , and the S0, T 0 parameters acquired in Eqs. (27)

and (28), one can easily derive the U0 parameter.
Here we list the expressions of S0, T 0, and δm2

W ¼
m2

W − ðmSM
W Þ2 expanded up to the second order of the

parameter set ϵB;W;BW;WW , δm2, and δv2. The results are
given by

αS0 ¼ 4gg0

g2 þ g02
ϵBW −

g2g02v2ð4m2
Z0 − g2v2Þ

4ðg2 þ g02Þðm2
Z0 −m2

ZÞ2
ϵ2B þ gg0v2½4ðg2 þ g02Þm2

Z0 − ðg4 þ g04Þv2�
4ðg2 þ g02Þðm2

Z0 −m2
ZÞ2

ϵBϵW

−
g2g02v2ð4m2

Z0 − g02v2Þ
4ðg2 þ g02Þðm2

Z0 −m2
ZÞ2

ϵ2W þ g2g0½4m2
Z0 − ðg2 − g02Þv2�

ðg2 þ g02Þðm2
Z0 −m2

ZÞ2
ϵBδm2 −

gg02½4m2
Z0 þ ðg2 − g02Þv2�

ðg2 þ g02Þðm2
Z0 −m2

ZÞ2
ϵWδm2

þ 4g2g02ð6g2g02 − g4 − g04Þ
ðg4 − g04Þ2 ϵ2BW −

4gg03

ðg2 þ g02Þ2 ϵWWϵBW þ 8g3g03

ðg2 − g02Þ2ðg2 þ g02Þv2 ϵBWδv
2

þ 3g6g02 − 2g4g04 þ 3g2g06

ðg4 − g04Þ2v4 ðδv2Þ2 − 4g2g02

ðg2 þ g02Þðm2
Z0 −m2

ZÞ2
ðδm2Þ2; ð30Þ

αT 0 ¼ −
δv2

v2
−

m2
Z0v2

4ðm02
Z −m2

ZÞ2
ðg0ϵB − gϵWÞ2 þ

2m2
Z

ðm2
Z0 −m2

ZÞ2
ðg0ϵB − gϵWÞδm2 þ 3

4v4
ðδv2Þ2 þ 4ðm2

Z0 − 2m2
ZÞ

ðm2
Z0 −m2

ZÞ2v2
ðδm2Þ2; ð31Þ

δm2
W ¼ −

g3g0v2

2ðg2 − g02Þ ϵBW −
g4

4ðg2 − g02Þ δv
2 þ g2v2

4
ϵWW þ g4v4

16ðg2 − g02Þðm2
Z0 −m2

ZÞ
ðg0ϵB − gϵWÞ2

þ 2g4v2

4ðg2 − g02Þðm2
Z0 −m2

ZÞ
ðgϵW − g0ϵBÞδm2 −

g4ðg2 − 3g02Þðg2 þ g02Þv2
4ðg2 − g02Þ3 ϵ2BW þ g3g0ðg2 − 2g02Þv2

2ðg2 − g02Þ2 ϵBWϵWW

−
g2v2

4
ϵ2WW þ g4ðg2 − 2g02Þ

4ðg2 − g02Þ2 ϵWWδv2 þ
g4g04

4ðg2 − g02Þ3v2 ðδv
2Þ2 − g5g0ðg2 − 3g02Þ

2ðg2 − g02Þ3 ϵBWδv2

þ g4

ðg2 − g02Þðm2
Z0 −m2

ZÞ
ðδm2Þ2: ð32Þ

Originally, the above g, g0, v, etc. parameters should be
“hatted” and become ĝ, ĝ0, v̂, etc. However, since the shifts
of all these parameters from the physical ones are extremely
small, we can conveniently utilize the physical parameters
to evaluate the S0, T 0, and δm2

W instead.
Since the above formulas for evaluating the oblique

parameters are rather complicated, it is not essential to
perform a thorough fitting on all these parameters, so in the
rest of this paper we will focus on several specific cases.

IV. PHENOMENOLOGICAL DISCUSSIONS ON
Z0 COLLIDER BOUNDS AND THE OBLIQUE

PARAMETERS

A. Z0 collider bounds

In order to generate a significant positive U0 parameter,
the Z0 mass should lie within a range mZ < mZ0 ≲
400 GeV. Since Z0 couples to both leptons and quarks
due to its kinetic mixing with SM gauge fields, it can be
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produced both in lepton and hadron colliders. The neutral
current interactions with Z0 are

LZ0
μJ

μ
f
¼
X
f

f̄ γμ½gðVÞf þ gðAÞf γ5�fZ0
μ; ð33Þ

where f ¼ ui; di; νi; ei are SM fermions, and the couplings
are given by

gðVÞf ≈ e

�
Qf

swϵW þ ðcw − r=cwÞϵB þ twξ
r − 1

−
rðcwϵW − swϵBÞ þ ξ

2swcwðr − 1Þ T3
fL

�
; ð34Þ

gðAÞf ≈Qfe
rðcwϵW − swϵBÞ þ ξ

2swcwðr − 1Þ T3
fL
; ð35Þ

with tw≡ tanθw, r≡m2
Z0=m2

Z, and ξ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
δm2=m2

Z.
For mZ0 ≲ 209 GeV, Z0 may be directly produced at the

LEP collider with a significant signal. The null result of the
on-shell Z0 searches at the LEP either pushes the Z0 mass

heavier than 209 GeV, or suppresses the couplings gðV;AÞl to
leptons smaller than Oð10−2Þ [83]. For mZ0 > 209 GeV,
the LEP bound on the off-shell Z0 production can be

TABLE I. Global fit results of the oblique parameters S, T, and
U adopted from Ref. [14].

Result Correlation

S 0.005� 0.097 1.00
T 0.04� 0.12 0.91 1.00
U 0.134� 0.087 −0.65 −0.88 1.00

FIG. 1. Plots for mZ0 ¼ 220 GeV and δv2 ¼ ϵWW ¼ ϵBW ¼ δm2 ¼ 0 on the ϵB versus ϵW plain. The upper left panel shows the 1σ
(blue), 2σ (orange) regions calculated according to the global fit result in Ref. [14], as well as the contours of δmW ¼ mW −mSM

W also
displayed. The marks “0.02,” “0.04,” etc. correspond to δmW ¼ 0.02, 0.04 GeV, etc. The minimal chi-squared χ2min is indicated in the
plot title. The remaining three panels display the contours of S0, T 0, andU0. In all the panels, the ϵB=ϵW ¼ g=g0 and ϵB=ϵW ¼ −g=g0 lines
indicate the photon-Z0 and Z-Z0 mixings, respectively.
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interpreted to be mZ0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðLÞe gðLÞf

q
≳ 4 TeV [84], where

gðLÞf ¼ ðgðVÞf − gðAÞf Þ=2. In order to avoid the stringent on-
shell bound from the LEP, our only concern is the off-shell

range mZ0 > 220 GeV, so gðLÞf is calculated to be ≲0.03
within our interested parameter region jϵB;W j < 0.1 when ξ
is negligible. Therefore we do not have to worry about the
LEP bounds in this paper.
At the hadron colliders, Z0 might be probed through the

pp → Z0 → dijets searches. Current bounds on the univer-
sal vector-current coupling of Z0 to quarks is g0q ≲ 0.1 for
220 GeV≲mZ0 ≲ 400 GeV [85–87]. A more stringent
estimated bound g0q ≲ 0.05 can be acquired around
mZ0 ∼ TeV [88,89] (see Fig. 88.2 in Ref. [83] for a
summary of hadron collider bounds). Since our Z0-fermion
couplings are chiral, in order to compare with the g0q
bounds, we define an effective coupling

geffq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgðVÞq Þ2 þ ðgðAÞq Þ2

2

s
ð36Þ

as an estimate of our theoretical value for g0q. We find
that geffq ≲ 0.04 for jϵB;W j < 0.1 and mZ0 > 209 GeV with
negligible ξ is still consistent with the current LHC bounds.
Since the parameter regions of our interest are sufficiently
safe from the analysis of the collider constraints, we shall
neglect them in our following discussions.

B. Bounds on the oblique parameters W and Y

As will be discussed in the Appendix, the contributions
from the ϵW;B terms to S0, T 0, and U0 include the
contributions from V, W, X, and Y. (See their definitions
in Appendix) To constrain these parameters, one has to
study the low-energy experimental data as in Refs. [4,90],
or directly extract the shape of the vector boson
propagators through the collider data. In this paper we
only discuss the latter constraint, which is more stringent.
References [91,92] provided the proposal to utilize the
charged and neutral Drell-Yan differential cross-section
measurements to constrain the W and Y parameters. In
Ref. [93], the CMS Collaboration published a measurement
result W ¼ −1.2þ0.5

−0.6 × 10−4 through charged Drell-Yan

FIG. 2. Plots formZ0 ¼ 300 GeV and δv2 ¼ ϵWW ¼ ϵBW ¼ δm2 ¼ 0 on the ϵB versus ϵW plain. The symbols are the same as in Fig. 1.
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processes. Reference [12] applied the lþl− data presented in
Ref. [94] to constrain the Y parameter as jYj ≲ 2 × 10−4.
Such stringent bounds on W and Y naively exclude nearly
the whole interested parameter space. However, the fitting
results are actually based upon some assumptions which
are not the case in this paper.
In the above studies, the W parameter is extracted from

the charged Drell-Yan data, and the corresponding effective
operator is ðDρWa

μνÞ2, which affectW3 andW� universally.
This is eligible when V ¼ 0. In our paper, however,
the kinetic mixing term ϵW

2
Ẑ0
μνW3μν in the Lagrangian (6)

as well as its corresponding effective operator
1

2Λ2
W
Ẑ0
μνWaμνH†σaH in the Lagrangian (2) only affects

W3 without disturbingW�, resulting inW ¼ V. [We follow
Ref. [4] to define W by Π00

W3W3ð0Þ, and define V by
Π00

W3W3ð0Þ − Π00
WþW−ð0Þ.] Since in this case W does not

correct the charged Drell-Yan processes mediated by the

off-shell W�, the W bound presented in Ref. [93] can be
safely neglected.
Figure 8 in Ref. [91] showed the projected exclusion

regions of the W and Y parameters from both the neutral
and charged Drell-Yan measurements at 13 TeV LHC. As
we have mentioned, the charged result does not constrain
our case, so only the neutral results are effective. The
combined constraints on W and Y in Ref. [12] are also
based upon the V ¼ 0 assumption, and therefore become
invalid again.
In the Y ¼ 0 case at the 13 TeV LHC with an integrated

luminosity 100 fb−1, the neutral results in Ref. [91] pre-
dicted a 95% C.L. bound jWj≲ 0.4 × 10−3, which is
equivalent to jU0j≲ 0.1. One can verify from the figures
in the next section that such a projected bound is at the
brink of our desired parameter space to accommodate an
appropriate δm2

W when ϵB ¼ 0. However, this is only a
theoretical estimation, and up till now, we find no

FIG. 3. 1σ (blue) and 2σ (orange) regions of the fit and δmW contours for mZ0 ¼ 220 GeV (upper left), 300 GeV (upper right), and
400 GeV (lower) with δv2 ¼ −50 GeV2 and ϵWW ¼ ϵBW ¼ δm2 ¼ 0. The symbols are the same as in Fig. 1.
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extractions of the W, Y constraints merely from the neutral
Drell-Yan experimental data in the literature. Moreover,
moderate ϵB and ϵW should also give rise to a non-
negligible X, which modifies the neutral boson propagators
as well, but is simply discarded in all the references above.
Therefore all the existing collider bounds on the W and Y
parameters become inapplicable in our case, except for a
small region near ϵB ¼ 0. Thus, we neglect all of them in
our following discussions.

V. NUMERICAL RESULTS

In order to study the space of the parameters, we adopt
the “standard average” result of the S, T, U parameters
from the EW global fit with the recent CDF mW meas-
urement in Ref. [14], as tabulated in Table I. In Ref. [14]
only the measurements of the precision observables at
the EW scale and the Fermi constant GF are included,
permitting a straightforward comparison with our effective
S0, T 0 andU0. For each of the parameter points, we compute

the oblique parameters and then evaluate the corresponding
χ2 based on this result.
The kinetic mixing parameters ϵB and ϵW contribute

positive values to the U0 parameter, lifting the mass of the
W boson. However, from Eq. (31) we learn that the T 0
parameter simultaneously acquires a negative contribution.
Therefore, a tension arises when we try to fit with the
results in Table I in the case that all the other mixing
parameters disappear. In Figs. 1 and 2, we plot the fit results
on the ϵB versus ϵW plain formZ0 ¼ 220 GeV and 300 GeV,
respectively. The values of the oblique parameters are
also shown as contours. The non-negligible U0 parameter
plays an important role in accumulating the predicted mW .
However, when mZ0 increases, the negative T 0 values
become harmful in approaching the CDF measured
mCDF

W , so the best-fit χ2 arises swiftly, failing to give a
proper fit.
In the ϵB and ϵW parameter space there are two specific

combinations of the parameters: g0ϵB ¼ gϵW and gϵB ¼
−g0ϵW . The previous one is equivalent to the case that Z0

FIG. 4. Contours of S0 (upper left), T 0 (upper right), and U0 (lower) for mZ0 ¼ 300 GeV, δv2 ¼ −50 GeV2 and ϵWW ¼ ϵBW ¼
δm2 ¼ 0. The symbols are the same as in Fig. 1.
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only mixes with the photon, and g0ϵB − gϵW ¼ 0 results in
vanishing T 0 andU0 according to Eqs. (31) and (32). On the
contrary, when gϵB ¼ −g0ϵW , Z0 only mixes with the
SM Z boson, which had been discussed and evaluated in
Ref. [65], although here we perform a more general analytic
calculation.
If we turn on other parameters to contribute to S0 and T 0,

the tension with the global fit can be significantly relieved.
Besides the contribution to S0, the most urgent task is to
hoist the value of T 0 from the negative abyss. As we have
mentioned, a positive contribution to T can be realized by
adding some extra EW multiplets, e.g., those in the singlet-
doublet scalar dark matter model presented in Ref. [82].
From the EFT point of view, the new EW multiplets could
generate the jH†DμHj2 operator and hence δv2 at loop
level. Practically, a UV-complete model usually requires
additional sources of T to cancel the minus T 0 in order to
perfectly generate the observed W mass. However, just a
rough cancellation would suffice to fit the data. Both δv2

and δm2 contribute positively to T 0, while their contribu-
tions to S0 and U0 are suppressed. Since their impact on
S0, T 0, and U0 are similar, as an example, we choose to
switch on δv2, and choose δv2 ¼ −50 GeV2 as a simple
example. We present the results in Fig. 3.
From Fig. 3 one can easily reckon that the best-fit χ2

significantly lowers, and thus relatively heavier Z0 with
mZ0 ≳ 400 GeV can also explain the CDF result very well.
Comparing the S0, T 0, and U0 contours for mZ0 ¼ 300 GeV
in Fig. 4 with δv2 ¼ −50 GeV2 and Fig. 2 with δv2 ¼ 0,
we find that a positive T 0 can significantly improve the fit.

VI. SUMMARY AND FUTURE PROSPECT

We have enumerated the possible interactions involving
a Z0 field that induces its mixings with the neutral EW
gauge bosons. Both the ϵB and ϵW parameters contribute
positively to the non-negligibleU0 parameter, with the price
of lowering the T 0 parameter significantly. Appropriate

selections of the parameters such as δv2 or δm2 can
accumulate T 0 to relieve the tension between the global
fit results and our theoretical predictions. The sufficient
increase of the W-boson mass can be accomplished to
explain the W-mass anomaly measured by the CDF II
detector within the current collider bounds on the Z0 boson.
In this paper, we rely on effective field theory with

various nonrenormalizable operators listed in (3) and (4).
These operators can arise from charged particles running
inside the loops. Building an ultraviolet-complete model
inducing all of these terms with appropriate coupling
strengths will become an important task.
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APPENDIX: DEFINITIONS AND DISCUSSIONS
OF THE EFFECTIVE S0, T0 AND U0

Denote ΠIJðp2Þ to be the NP contribution to the gμν
coefficient of the vacuum polarization amplitude for
EW gauge fields I and J, and expand it around p2 ¼ 0,

ΠIJðp2Þ ≃ ΠIJð0Þ þ p2Π0
IJð0Þ þ

ðp2Þ2
2!

Π00
IJð0Þ

þ ðp2Þ3
3!

Πð3Þ
IJ ð0Þ þ � � � : ðA1Þ

Then the Peskin-Takeuchi oblique parameters [2] are
defined by

αS ¼ 4s2wc2w

�
Π0

ZZð0Þ −
c2w − s2w
swcw

Π0
ZAð0Þ − Π0

AAð0Þ
�
¼ 4swcwΠ0

W3Bð0Þ;

αT ¼ ΠWWð0Þ
m2

W
−
ΠZZð0Þ
m2

Z
¼ 1

m2
W
½ΠWþW−ð0Þ − ΠW3W3ð0Þ�;

αU ¼ 4s2w½Π0
WWð0Þ − c2wΠ0

ZZð0Þ − 2swcwΠ0
ZAð0Þ − s2wΠ0

AAð0Þ�
¼ 4e2½Π0

WþW−ð0Þ − Π0
W3W3ð0Þ�: ðA2Þ

It is well known that S, T, and U correspond to the
H†Wa

μνσ
aHBμν, H†DμHðDμHÞ†H, and H†Wa

μνσ
aHH†×

WbμνσbH operators, respectively. In the literature, their
effects on various EW precision observables are evaluated.

Comparing the evaluated results with the experimental
data, one can constrain the allowed region of S, T, and U.
However, other operators which do not contribute to

Eq. (A2) might also shift exactly the same observables to
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fake the effects of S, T, and U. The ϵB and ϵB terms
displayed in the effective Lagrangian (6) induce the
following operators:

O2i
BB¼Bμν∂

2iBμν; O2i
33¼W3

μν∂
2iW3μν; O2i

B3¼Bμν∂
2iW3μν;

ðA3Þ

by integrating out the heavy Z0 in the tree-level
B=W3-Z0-B=W3 oscillation diagrams shown in Fig. 5.
For the sake of the completeness of this paper, we also
list the following operator:

O2i
WW ¼ Wþμν

∂
2iW−

μν: ðA4Þ

These sets of operators correspond to the higher-order
derivatives of the vacuum polarization functions

ΠðiÞ
IJ ðp2Þjp2¼0 ∼O2i

IJ; ðA5Þ

where I; J ¼ B;W3;W�. When i ¼ 2, more oblique
parameters V, X, Y, and W can be defined to evaluate
the oblique corrections [4]. Their definitions are

V ¼ −
1

2
m2

W ½Π00
W3W3ð0Þ − Π00

WþW−ð0Þ�;

X ¼ −
1

2
m2

WΠ00
W3Bð0Þ;

Y ¼ −
1

2
m2

WΠ00
BBð0Þ;

W ¼ −
1

2
m2

WΠ00
W3W3ð0Þ: ðA6Þ

In the former studies, the vacuum polarization functions
ΠIJðp2Þ are expanded at most to the second order.
However, later we will see, the higher orders account for
parts of our results in this paper. Therefore we will give
more general discussions below. We should note that
alternative definitions of the S, T, U, V, W, X exist in
the literature (see Ref. [95] as an example) which are
somehow but incompletely equivalent with the definitions
that we adopt from Ref. [2,4]. More straightforward
comparisons between the oblique parameters and the
effective operators are the advantages of our selections
of the oblique parameter definitions.
For brevity of this appendix, let us only preserve the ϵB

and ϵW terms, and integrating out the Z0 boson. To the
lowest order, we have

ΠBBðp2Þ ¼ ϵ2Bp
4

p2 −m2
Z0
; ΠW3W3ðp2Þ ¼ ϵ2Wp

4

p2 −m2
Z0
;

ΠW3Bðp2Þ ¼ ϵBϵWp4

p2 −m2
Z0
: ðA7Þ

Immediately we obtain

ΠðiÞ
BBð0Þ ¼ −

i!ϵ2B
m2i−2

Z0
; ΠðiÞ

W3W3ð0Þ ¼ −
i!ϵ2W
m2i−2

Z0
;

ΠðiÞ
W3B

ð0Þ ¼ −
i!ϵBϵW
m2i−2

Z0
; ðA8Þ

for i ≥ 2, and ΠIJð0Þ ¼ Π0
IJð0Þ ¼ 0.

Let us define

αi ¼ −
ΠðiÞ

BB

i!
; βi ¼ −

ΠðiÞ
W3W3

i!
; γi ¼ −

ΠðiÞ
W3B

i!
; ðA9Þ

and the reciprocal of the resummed propagator (inverse
propagator) matrix for ðB;W3Þ regardless of the tensor part
is given by

Π2×2¼
 
p2− ĝ02

4
v̂2−ΠBBðp2Þ ĝĝ0

4
v̂2−ΠW3Bðp2Þ

ĝĝ0
4
v̂2−ΠW3Bðp2Þ p2− ĝ2

4
v̂2−ΠW3W3ðp2Þ

!

¼

0
BBB@
X∞
i¼2

αip2iþp2−
ĝ02

4
v̂2

X∞
i¼2

γip2iþ ĝĝ0

4
v̂2

X∞
i¼2

γip2iþ ĝĝ0

4
v̂2

X∞
i¼2

βip2iþp2−
ĝ2

4
v̂2

1
CCCA:

ðA10Þ

The physical Z and γ masses are related to the solution of
the equation detðΠ4×4Þ ¼ 0. Similar to the αi ¼ 0, βi ¼ 0,
γi ¼ 0 (i ≥ 2) case, we can turn to the mass eigenstates
through the EW rotation matrix

V2×2
SM ¼

0
B@− ĝ0ffiffiffiffiffiffiffiffiffiffi

ĝ02þĝ2
p ĝffiffiffiffiffiffiffiffiffiffi

ĝ02þĝ2
p

ĝffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p ĝ0ffiffiffiffiffiffiffiffiffiffi
ĝ02þĝ2

p

1
CA; ðA11Þ

so that

ðV2×2
SM ÞTΠ2×2V2×2

SM

¼

0
BBB@
X∞
i¼2

aip2i þ p2 − m̂2
Z

X∞
i¼2

cip2i

X∞
i¼2

cip2i
X∞
i¼2

bip2i þ p2

1
CCCA;

ðA12Þ

FIG. 5. Diagrams integrating out the Z0 boson to accommodate
the effective operators.
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where m̂2
Z ¼ ðĝ2 þ ĝ02Þv̂2=4, and
�
ai ci
ci bi

�
¼ ðV2×2

SM ÞT
�
αi γi

γi βi

�
V2×2
SM : ðA13Þ

Notice that there is a massless solution p2 ¼ 0 with the
eigenvector ð0; 1ÞT corresponding to the massless photon.
Another eigenvector can be parametrized as ð1; tÞT, so

we have to solve the equation

0
BBB@
X∞
i¼2

aip2i þ p2 − m̂2
Z

X∞
i¼2

cip2i

X
∞
i¼2

cip2i
X∞
i¼2

bip2i þ p2

1
CCCA
�
1

t

�
¼ 0:

ðA14Þ

When all ai; bi; ci ¼ 0, we derive t ¼ 0. If αim2i−2
Z ,

βim2i−2
Z , and γim2i−2

Z (or aim2i−2
Z , bim2i−2

Z , and cim2i−2
Z )

are considered to be of the same order which are much
smaller than 1 regardless of the power index, one can
expect that t ≪ 1 is also of the same order. Then we can
solve Eq. (A14) perturbatively by discarding all the higher-
order terms,

8>>><
>>>:

X∞
i¼2

aip2i þ t
X∞
i¼2

cip2i þ p2 − m̂2
Z ¼ 0;

X∞
i¼2

cip2i þ tp2 ¼ 0;

⇒

8>>><
>>>:

p2 ≃ m̂2
Z −

X∞
i¼2

aim̂2i
Z ;

t ≃ −
X∞
i¼2

cim2i−2
Z :

ðA15Þ

After rotating Π2×2 with

Vt ¼
�
1 t

0 1

�
; ðA16Þ

we acquire the “diagonalized” inverse propagator

Π2×2
M ¼ VT

t ðV2×2
SM ÞTΠ2×2V2×2

SM Vt: ðA17Þ

The element Π2×2
M;00ðp2Þ ≃P∞

i¼2 aip
2i þP∞

i¼2 cip
2i þ

p2 − m̂2
Z is the inverse propagator of the physical Z boson

near its pole, and the reciprocal of the residue of the pole is

∂Π2×2
M;00ðp2Þ
∂p2

����
p2¼m̂2

Z−
X∞
i¼2

aim̂2i
Z

≃ 1þ
X∞
i¼2

iaip2i−2: ðA18Þ

A complete calculation of the NC and CC terms requires
normalizing out this factor. Therefore, comparing (A15),
(A16) and (A18) with the corresponding terms of Eqs. (5)
and (6) in Ref. [3], we can see that the physical mass
shift −

P∞
i¼2 aim̂

2i
Z , the rotation parameter t, and the field

normalization factor
P∞

i¼2 iaip
2i−2 are equivalent to

ðz − CÞm̂2
Z, G, and C defined in Ref. [3], respectively.

Straightforwardly casting the symbols there, we have

ðz − CÞ ¼ −
X∞
i¼2

aim̂2i−2
Z ; G ¼ −

X∞
i¼2

cim̂2i−2
Z ;

C ¼
X∞
i¼2

iaim̂2i−2
Z : ðA19Þ

If the operator (A4) arises, the inverse propagator of the
W-boson regardless of the tensor part is given by

p2 − m̂2
W − ΠWþW−ðp2Þ ¼

X∞
i¼2

dip2i þ p2 − m̂2
W; ðA20Þ

where m̂W ¼ ĝv=2. Again, solving p2−m̂2
W−ΠWþW−ðp2Þ¼

0 gives the solution of the physical W-boson mass,

m2
W ¼ p2 ¼ m̂2

W −
X∞
i¼2

dim̂2i
W: ðA21Þ

The reciprocal of the residue of the propagator near the pole
accordingly becomes

1 −
∂ΠWþW−ðp2Þ

∂p2

����
p2¼m̂2

W−
X∞
i¼2

dim̂2i
Z

≃ 1þ
X∞
i¼2

idip2i−2:

ðA22Þ
Comparing with the corresponding terms of Eqs. (4) and (6)
in Ref. [3] and casting its symbols again similarly, we obtain

ðw − BÞ ¼ −
X∞
i¼2

dim̂2i−2
W ; B ¼

X∞
i¼2

idim̂2i−2
W : ðA23Þ

Therefore, if we follow Eqs. (27)–(29) to compute the
oblique parameters, we are actually substituting our effec-
tive B, C, G, w, and z into Eq. (2) in Ref. [3] to acquire the
effective S0, T 0, and U0 values. Before displaying the
results, we should note that the w parameter appeared in
Eq. (15) of Ref. [3] should be abolished in our case, since
GF is defined in the low-p2 limit so that all the dip2 terms
in Eq. (A20) become ineffective. Therefore, all the w
symbols corresponding to Eqs. (17) and (18) in Ref. [3]
should be discarded. Our S0 and T 0 in Eqs. (27) and (28) are
derived by matching Eq. (23) in Ref. [3], and w there comes
from Eq. (17), so it completely disappears. We also utilized
Eq. (20) in Ref. [3] to accommodate our definition of U0,

CAI, QIU, TANG, YU, and ZHANG PHYS. REV. D 106, 095003 (2022)

095003-12



and it is easily realized that w within A − C − wþ z
disappears again, and the remaining w there was
absorbed by U0. Therefore, Eq. (2) in Ref. [3] should be
adjusted to

αS0 ¼ 4s2wc2w

�
−C −

c2w − s2w
cwsw

G

�
;

αT 0 ¼ −z;

αU0 ¼ 4s4w

�
−

1

s2w
ðB − wÞ þ c2w

s2w
C −

2cw
sw

G

�
: ðA24Þ

IfS,T, andU defined in Eq. (A2) also exists, theywill also
contribute to S0, T 0 and U0, and Eq. (A24) then becomes

αS0 ¼ αSþ 4s2wc2w

�
−C −

c2w − s2w
cwsw

G

�
;

αT 0 ¼ αT − z;

αU0 ¼ αU þ 4s4w

�
−

1

s2w
ðB − wÞ þ c2w

s2w
C −

2cw
sw

G

�
: ðA25Þ

Expressing with αi, βi, γi, and di, we arrive at

αS0 − αS ¼
X∞
i¼2

4s2wc2wm2i−2
Z

�
½−ði − 1Þs2w − c2w�αi þ ½−ði − 1Þc2w − s2w�βi þ

s4w þ c4w þ ð2i − 2Þs2wc2w
swcw

γi

	
;

αT 0 − αT ¼ −
X∞
i¼2

ði − 1Þðαis2w − 2γiswcw þ βic2wÞm2i−2
Z ;

αU0 − αU ¼ −
X∞
i¼2

ði − 1Þdim2i−2
W

s2w
þ
X∞
i¼2

ic2w
s2w

m2i−2
Z ðαis2w − 2γiswcw þ βic2wÞ

þ
X∞
i¼2

2cw
sw

m2i−2
Z ½γiðc2w − s2wÞ þ βiswcw − αiswcw�: ðA26Þ

If we only preserve the i ¼ 2 terms, with the oblique
parameters defined in Eq. (A6), we derive

αS0 ≃ αSþ 4s2w

�
−Y −W þ sw

cw
X
�
;

αT 0 ≃ αT −
s2w
c2w

Y −W þ 2sw
cw

X;

αU0 ≃ αU − 4s2w

�
−W − V þ 2sw

cw
X

�
; ðA27Þ

which is exactly compatible with the expressions of ε1, ε2,
and ε3 in Ref. [4]. These εi parameters had originally been
suggested in Ref. [96], where they are considered to be
equivalent to the S and T parameters since the contributions
from higher derivatives of the gauge fields are neglected.
Reference [4] includes the influence from V, W, X, and Y
without giving the detailed derivations, which are contri-
butions at the p4 order. Besides these, below we will show
that the p6 order also arises.
When only the kinetic mixings between Z0 and the EW

gauge bosons are considered, the oblique parameters are
given by

S ¼ T ¼ U ¼ 0; V ¼ W ¼ ϵ2Wm
2
W

m2
Z0

;

Y ¼ ϵ2Bm
2
W

m2
Z0

; X ¼ ϵBϵWm2
W

m2
Z0

: ðA28Þ

Note that X and V arising from dim-8 and dim-10
SMEFT operators are usually expected to be negligible,
but they have the same order of magnitude as W
and Y in our model, since they are generated by the
mediation of a Z0 boson which is not much heavier
than the EW scale. Substituting Eq. (A28) into
Eq. (A27), we derive

αS0 ≃ −
g2g02v2ðϵ2B þ ϵ2WÞ
ðg2 þ g02Þm2

Z0
þ gg0v2ϵBϵW

m2
Z0

;

αT 0 ≃ −
ðg0ϵB − gϵWÞ2

4m2
Z0

;

αU0 ≃
2g02v2ðg2ϵ2W − gg0ϵBϵWÞ

ðg2 þ g02Þm2
Z0

: ðA29Þ

These reproduce S0 and T 0 given by expanding Eqs. (30)
and (31) to the m−2

Z0 order. Note that there is no ϵ2B term
in U0 if we only include the second order contribution,

Πð2Þ
BBðp2Þ (Y parameter). The leading ϵ2B contribution to U0

comes from Πð3Þ
BBð0Þ (coefficient of p6 term) and yields

αδU0 ¼ 4s4wc2wϵ2Bm
4
Z=m

4
Z0 , which reproduces the result

given in Ref. [78].
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