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We explore the possibility of explaining the W boson mass with an extra gauge boson mixing with the
Z boson at tree level. Extra boson mixing with the Z boson will change the expression of the Z boson mass,
thus altering the W boson mass. We explore two models in this work. We find that in the derivative portal
dark matter model there are parameter spaces which can give the observed W boson mass, as well as the
observed dark matter, relic density. These parameters’ spaces can also fulfill the constraints from the
electroweak oblique parameters and dark matter indirect detection. In the U(1) extension model, the kinetic
mixing between extra boson and B boson can also give the observedW boson mass. However, to fulfill the
electroweak oblique parameters’ fit, the kinetic mixing in the U(1) model can only contribute about
27 MeVextra mass to the Standard ModelW boson mass. Both models indicate the extra vector boson with
the best fit mass around 120 GeV.
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I. INTRODUCTION

Recently, the Collider Detector at Fermilab (CDF)
Collaboration has measured the mass of the W boson to
be 80.4335� 0.0094 GeV [1], which is deviated from the
Standard Model (SM) prediction of 80.357�0.006GeV [2]
and which seems to indicate new physics beyond the SM.
There are lots of works which have appeared to discuss this
topic [3–57]. In this work we will explore physics beyond
the SM, which can give the observed mass of theW boson at
tree level.
In the SM, the mass of the W boson and the Z boson are

given by the Higgs mechanism. Since the Z boson is a
combination of the B boson and the W3 boson, which is a
component of the gauge tripletWi, the mass of theW boson
and the Z boson are connected. Therefore, it is difficult to
solely change the mass of theW boson. Oneway to alter the
mass of the W boson is to mix the Z boson with an extra
vector boson. Mixing the Z boson with another boson will
inevitably alter the mass expression of the Z boson, which
may alter the value of the SUð2ÞL gauge coupling and thus

the mass of the W boson. There are usually two kinds of
mixing: direct mixing in mass matrix and kinetic mixing.
Though the normalization of the kinetic mixing terms will
result in mass mixing, we will consider two models in this
work: the derivative portal dark matter (DPDM) model [58]
and the U(1) model [59,60]. In these two models, the extra
gauge bosons are connected to the SM through kinetic
mixing to the Z boson and the B boson, respectively. The
kinetic mixing will alter the mass expression of the Z boson
and thus the mass of the W boson at tree level. Since
electroweak oblique parameters have a strong constraint on
electroweak physics, we will consider the electroweak
oblique parameters’ constraint on these models. For the
DPDM model, we also consider constraints from the
observed dark matter (DM) relic density and DM indirect
detection.
This work is structured as follows: In Sec. II we generally

discuss the mechanism whereby the mixing between an
extra boson and the Z boson changes the mass of the W
boson. In Sec. III we explore two models and discuss their
capability of altering the W mass. We also explore con-
straints from electroweak oblique parameters, DM relic
density, and DM indirect detection. We conclude in
Sec. IV.

II. GENERAL DISCUSSION OF THE PREDICTION
OF THE MASS OF THE W BOSON

In this section we will discuss, in general, how an extra
boson mixing with the Z boson changes the mass of the
W boson. To see this we first write down the mass of the
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W boson mW and the mass of the Z boson mZ given by
the SM:

m2
W ¼ 1

4
g2v2; m2

Z ¼ 1

4
ðg2 þ g02Þv2; ð2:1Þ

where g and g0 are the gauge couplings of SUð2ÞL and
Uð1ÞY gauge symmetry, and v is the vacuum expectation
value (VEV) of the Higgs boson. When choosing the
Fermi coupling constantGF, the Z boson massmZ, and the
fine-structure constant α as input parameters, the W boson
mass will then be determined because the parameters
involved in the W boson mass can be determined by
adding the following equations:

GF ¼ 1ffiffiffi
2

p
v2

; e ¼
ffiffiffiffiffiffiffiffi
4πα

p
¼ gg0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ g02
p : ð2:2Þ

Going beyond the SM, we will mix the Z boson with
another vector boson. After that the real mass of the Z will
be the square root of one of the eigenvalues of the
following mass matrix:� 1

4
ðg2 þ g02Þv2 b

b a

�
; ð2:3Þ

where we have used a and b to denote some general mass
terms. The eigenvalues of the mass matrix can be written
as follows:

m2
Z;Z0 ¼ 1

2

�
1

4
ðg2þ g02Þv2þa

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

4
ðg2þ g02Þv2þa

�
2

−aðg2þ g02Þv2þ 4b2

s �
:

ð2:4Þ
Defining c ¼ 1

4
ðg2 þ g02Þv2, then we will get the compact

form of m2
Z;Z0 ¼ 1

2
ðaþ c�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða − cÞ2 þ 4b2

p
Þ. We can see

the heavier mass of mZ;Z0 will be bigger than both a and c,
and the lighter mass of mZ;Z0 will be smaller than both a
and c. Therefore, in order to have a bigger c, since
observation of the W mass indicates larger g, the value
of a must be lager than c. Therefore, the mass of the Z
boson should correspond to the minus sign in Eq. (2.4).
Adopting the input parameters as GF ¼ 1.1663787 ×
10−5 GeV−2; mZ ¼ 91.1876 GeV; α ≈ 1=128 [2], we can
draw a blue band which saturates the observed mass of the
W boson in the 3σ confidence level in Fig. 1.
Actually, we can calculate the analytic relation between

a and b by taking the mass of the W boson mW as an input
parameter. From Eq. (2.4) we can write

b2 ¼ cða −m2
ZÞ þm4

Z −m2
Za

¼ 4m4
W

4m2
W − e2v2

ða −m2
ZÞ þm4

Z −m2
Za: ð2:5Þ

Then we can give constraints on models beyond the SM
according to Eq. (2.5). Actually, the above discussion does
not take loop corrections from the SM into consideration.
Considering the loop corrections from the SM we should
replace mW in Eq. (2.5) with mW − δmW , where δmW
represents the loop corrections to mW from the SM.

III. MODELS BEYOND THE SM

In this section we will explore two models beyond the
SM which mix the Z boson with an extra vector boson and
might give the observed W boson mass. We also consider
other constraints like electroweak oblique parameters’
constraint, DM relic density constraint, and DM indirect
detection constraint.

A. Derivative portal dark matter

The DPDM model extends the SM with an extra vector
boson, which links the dark sector and the SM through its
kinetic mixing with the Z boson. The relevant Lagrangian
of the DPDM model can be written as [58] follows:

L ¼ −
1

4
ZμνZμν −

1

4
Z0μνZ0

μν −
ϵ

2
ZμνZ0

μν

þ
X
f

Zμf̄γμðgV − gAγ5Þf þ gχZ0
μχ̄γ

μχ

þ 1

2
m2

ZZμZμ þ 1

2
m2

Z0Z0
μZ0μ −mχ χ̄χ: ð3:1Þ

After normalization of the kinetic terms, the kinetic mixing
between Z and Z0 actually result in mass mixing between
them. The kinetic terms of the Lagrangian can be normal-
ized by

K ¼
�−k1 k2

k1 k2

�
; ð3:2Þ

FIG. 1. Band which gives the W mass between 80.4053 and
80.4617.
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where k1 ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 − 2ϵ

p
and k2 ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2ϵ

p
. The normali-

zation will result in the following mass matrix between the
two vector bosons:

�
k21M1 k1k2M2

k1k2M2 k22M1

�
; ð3:3Þ

where M1 ¼ m2
Z þm2

Z0 and M2 ¼ m2
Z0 −m2

Z. One can use
an orthogonal matrixO to diagonalize the mass matrix, and
O can be defined as

O¼
�

cosθ sinθ

−sinθ cosθ

�
; with tan2θ¼ 2k1k2M2

ðk22−k21ÞM1

: ð3:4Þ

Therefore, according to Eq. (2.5) we can give constraint on
mZ0 and ϵ as

k1k2M2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk21M1 −m2

Ẑ
Þðk22M1 −m2

Ẑ
Þ

q
; ð3:5Þ

where we have used mẐ to represent the experiment
observed mass of Z boson, which is meant to distinguish
from mZ. Also we can use the measured mass of Z0 boson
mẐ0 to reformulate Eq. (3.5):

m2
Z ¼

1

8k21k
2
2

ðm2
Ẑ
þm2

Ẑ0 Þ

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

64k41k
4
2

ðm2
Ẑ
þm2

Ẑ0 Þ2− 1

4k21k
2
2

m2
Ẑ
m2

Ẑ0

s
: ð3:6Þ

Apart from giving mass to the W boson, we will also
calculate the tree level S, T, U constraints on this model.
The neutral-current coupling between the Z boson and SM
fermions in the DPDM model can be written as follows:

LNC;Ẑff ¼
X
f

ð−k2 sin θ − k1 cos θÞẐμf̄γμðgV − gAγ5Þf

ð3:7Þ

¼
X
f

ð−k2 sinθ−k1cosθÞẐμf̄γμ
e

swcw

�
T3
f
1−γ5

2
−Qfs2w

�
f;

ð3:8Þ

where Ẑμ is the mass eigenstate of the Z boson. We see the
above coupling is the same as that in the SM except for an
extra factor ð−k2 sin θ − k1 cos θÞ, and the form of the
charged current in the DPDM is the same as that in the SM.
Using the effective-Lagrangian techniques given by [61],

LCC;Wff ¼ −
effiffiffi
2

p
ŝw

�
1 −

αS
4ðĉ2w − ŝ2wÞ

þ ĉ2wαT
2ðĉ2w − ŝ2wÞ

þ αU
8ŝ2w

�X
ij

Vijf̄iγμγLfjW
†
μ þ c:c: ð3:9Þ

LNC;Ẑff ¼
e

ŝwĉw

�
1þ αT

2

�X
f

f̄ γμ
�
T3
f
1 − γ5

2

−Qf

�
ŝ2w þ αS

4ðĉ2w − ŝ2wÞ
−
ĉ2wŝ2wαT
ĉ2w − ŝ2w

��
fẐμ;

ð3:10Þ

where ŝw ¼ sin θ̂w and ĉw ¼ cos θ̂w, and they are defined
by

ŝwĉwmẐ ¼ swcw
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2þ g02

q
v¼ 1

2
ev¼ swcwmZ: ð3:11Þ

Now we can write S, T, and U in the DPDM model as

αT ¼ 2

�
ŝwĉw
swcw

ð−k2 sin θ − k1 cos θÞ − 1

�
ð3:12Þ

αS ¼ 4ĉ2wŝ2wαT þ 4ðĉ2w − ŝ2wÞðs2w − ŝ2wÞ ð3:13Þ

αU ¼ 8ŝ2w

�
ŝw
sw

− 1þ αS
4ðĉ2w − ŝ2wÞ

−
ĉ2wαT

2ðĉ2w − ŝ2wÞ
�
: ð3:14Þ

Then we constrain the DPDM model with global fit results
given by Table V of Ref. [47]:

S¼0.005�0.097; T¼0.04�0.12; U¼0.134�0.087;

ð3:15Þ

with the correlation coefficient ρST ¼ 0.91; ρSU ¼ −0.65;
ρTU ¼ −0.88.
The DPDM model can naturally escape stringent con-

straint from DM direct detection due to a cancellation
mechanism [58,62]: the scattering between DM and SM
fermions mediated by the Z and Z0 bosons will cancel out
in the zero momentum transfer limit (i.e., the scattering
amplitude is proportional to the transferred momentum).
Since in t channel the derivative of mediators in momentum
space is proportional to the transferred momentum, models
where the dark sector is linked to the SM by the derivative
of mediators will possess the cancellation mechanism. In
the DPDM model both spin dependent and spin indepen-
dent direct detection interaction are mediated by the
derivative of mediators, therefore, both processes are sup-
pressed in the DPDM model. In Fig. 2 we have drawn the
constraints from observed DM relic density, the observed
W mass and the electroweak oblique parameters. In Fig. 2
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the red line gives the observed W boson mass solely. The
green line gives the observed W boson mass with SM loop
corrections taken into consideration. The dashed green lines
correspond to the 3σ mass deviated from theW boson mass
(i.e., 80.4335� 3 × 0.0094 GeV). The blue line saturates
the observed DM relic density, while the light blue area is
excluded by the Planck experiment [63]. The valley of the
blue line arises from the enhancement of the DM annihi-
lation by Z0 resonance. The DM relic density is calculated
in settings mχ ¼ 60 GeV; gχ ¼ 0.1 by numerical tools:
FeynRules 2 [64], MadGraph [65], and MadDM [66].

We use the following definition of χ2 to fit mẐ0 and ϵ
through STU:

χ2 ¼ XCov−1XT; ð3:16Þ

where

X ¼
�
S − 0.005 T − 0.04 U − 0.134

�
; ð3:17Þ

Cov ¼

0
B@

0.0972 ρST × 0.097 × 0.12 ρSU × 0.097 × 0.087

ρST × 0.097 × 0.12 0.122 ρTU × 0.12 × 0.087

ρSU × 0.097 × 0.087 ρTU × 0.12 × 0.087 0.0872

1
CA: ð3:18Þ

The degree of freedom of the χ2 is 3. The red star represents
the best fit of STU: mẐ0 ¼ 116.63 GeV; ϵ ¼ 0.025;
χ2 ¼ 3.21. Note that Δχ2 ¼ 6.18, with respect to the best
fit value, is denoted by the purple line. From Fig. 2 we see
that the red star lies in the area circled by green lines, which
means that the global fit of STU has encoded the informa-
tion of the W boson mass. Also it is clear that the best fit
point meets the observed DM relic density. The purple line
indicates there is a large area which can give explanation
to the W boson mass. To make the parameters fall into
the purple circle, mẐ0 should satisfy 102 GeV≲mẐ0≲
155GeV. To make the area where mẐ0 ≲ 114 GeV and

mẐ0 ≳ 132 GeV not be excluded by the Planck experiment,
one can change the DM mass mχ , and thus the annihilation
resonance area will move accordingly. On the other hand,
one can increase the extra gauge coupling gχ or simply not
introduce dark matter in this model. In the parameters’
setting adopted by Fig. 2, it is hard to find the area which is
not excluded by DM indirect detection. However, by
switching mχ and gχ into free parameters and fixing mẐ0

and ϵ, one can find large areas that escape constraints from
W boson mass, DM relic density, and DM indirect
detection at the same time. For example, fixing mẐ0

and ϵ to the best fit values obtained above (mẐ0 ¼
116.63 GeV; ϵ ¼ 0.025), we draw constraints on the
DPDM model from DM relic density and DM indirect
detection in Fig. 3. When the DM mass is larger than theW
boson mass, DM annihilates largely into W bosons. When
the DM mass is smaller than the W boson mass, DM
annihilates largely into s quarks. Therefore, we use these
two annihilation channels to show the DM indirect detection
constraints on the DPDMmodel. The DM annihilation cross
section and DM indirect detection constraints are obtained
from MadDM and the Fermi-LAT experiment [66,67].
In Fig. 3 the light blue areas and the yellow area are
excluded by the Planck experiment and Fermi-LAT experi-
ment, respectively, and the blue lines correspond to the
observed DM relic density.
Note that collider experiments have set strong constraints

on extra vector bosons [2,68,69]. For mẐ0 < 209 GeV, the
large electron positron-II (LEP) experiment implies
the couplings between Z0 boson and the SM fermions
are smaller than or of order 10−2 [2]. The couplings
between the Z0 boson and the SM fermions in the
DPDM model can be written as follows:

LNC;Ẑ0ff ¼
X
f

Ẑ0
μf̄γμðg0V − g0Aγ

5Þf ð3:19Þ

FIG. 2. The light blue area is excluded by the Planck experi-
ment [63]. The blue line gives the observed DM relic density. The
red line gives the observed W at tree level. The green line has
taken the SM model loop corrections into consideration and gives
the observed W mass, with the dashed green lines corresponding
to the 3σ upper and lower deviation. The red star gives the best fit
of electroweak oblique parameters’ STU, and the purple line
corresponds to Δχ2 ¼ 6.18 with respect to the best fit.
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¼
X
f

ð−k1 sinθþ k2 cosθÞẐ0
μf̄γμðgV − gAγ5Þf ð3:20Þ

¼
X
f

ð−k1 sinθ

þ k2 cosθÞẐ0
μf̄γμ

e
swcw

�
T3
f
1− γ5

2
−Qfs2w

�
f: ð3:21Þ

Taking f to be the electron, we can calculate g0V ¼ 0.0005
and g0A ¼ 0.0073 for mẐ0 ¼ 116.63 GeV; ϵ ¼ 0.025.

Therefore, in the parameters’ setting we considered the
DPDM model is safe from the LEP constraint. For hadron
colliders the upper limits of couplings between the Z0 boson
and quarks are of order 10−1 (see summary of bounds in
Fig. 88.2 of Ref. [2]), which are relatively weaker con-
straints since the Z0 coupling to the leptons and quarks are
similar and of the same order.
For clarity, we take mẐ0 ¼ 116.63 GeV; ϵ ¼ 0.025;

mχ ¼ 1000GeV; gχ ¼ 0.21 as a benchmark point and
summarize phenomenological constraints for the bench-
mark point in Table I, where the direct detection constraint
on DM-xenon scattering events is calculated with the same
procedure as Ref. [70]. Here, for illustration, we only
considered the spin-independent direct detection scattering
events, which is extremely small as expected by the
cancellation mechanism of the DPDM model.

B. U(1) model

In the U(1) model there is a gauge boson of an extra
Uð1ÞX gauge symmetry which connects to the gauge boson
of SM Uð1ÞY symmetry through kinetic mixing. In this
section we will adopt the same model setting as Ref. [60].
Then the kinetic mixing terms can be written as

LK ¼ −
1

4
BμνBμν −

1

4
XμνXμν −

ϵ

2
BμνXμν; ð3:22Þ

where Bμ and Xμ are the gauge fields of Uð1ÞY and Uð1ÞX
gauge symmetry. After electroweak phase transition, there
will be mass mixing between Bμ and W3

μ bosons, and the
mass matrix of ðW3

μ; Bμ; XμÞ can be denoted as

1

2

�
W3μ Bμ Xμ

�0B@
g2v2=4 −gg0v2=4 0

−gg0v2=4 g02v2=4 0

0 0 g2xv2s

1
CA
0
B@

W3
μ

Bμ

Xμ

1
CA

¼ 1

2

�
W3μ Bμ Xμ

�
K−1TOOTKT

0
B@

g2v2=4 −gg0v2=4 0

−gg0v2=4 g02v2=4 0

0 0 g2xv2s

1
CAKOOTK−1

0
B@

W3
μ

Bμ

Xμ

1
CA

¼ 1

2

�
Aμ Ẑμ Ẑ0μ

�0B@
0 0 0

0 m2
Ẑ

0

0 0 m2
Ẑ0

1
CA
0
B@

Aμ

Ẑμ

Ẑ0
μ

1
CA; ð3:23Þ

where gx is the gauge coupling of the Uð1ÞX gauge symmetry, and vs is the VEVof a dark scalar, which gives mass to Xμ. In
Eq. (3.23) we have used K to normalize the kinetic terms of Bμ and Xμ and used O to diagonalize the mass matrix and
transform the fields to their mass eigenstates. The masses of the two massive vector bosons Ẑ and Ẑ0 are

m2
Ẑ;Ẑ0 ¼ 1

8
ðg2v2 þ g02k21v

2 þ g02k22v
2 þ 4g2xk21v

2
s þ 4g2xk22v

2
s

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg2v2 þ ðk21 þ k22Þðg02v2 þ 4g2xv2sÞÞ2 − 16g2xv2v2sðg2ðk21 þ k22Þ þ 4g02k21k

2
2Þ

q
Þ; ð3:24Þ

FIG. 3. Constraints from DM relic density and DM indirect
detection, where light blue areas are excluded by the Planck
experiment [63] and the yellow area is excluded by the Fermi
Large Area Telescope (LAT) experiment [67]. Blue lines corre-
spond to the observed DM relic density.
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where we denote the masses and mass eigenstates with the
hat in order to keep consistent with the DPDMmodel. Note
that the kinetic mixing between Bμ and Xμ will not change
the form of the electric charge e. The definition of electric
can be extracted from couplings between the photon and
the Higgs doublet, which in this model will be

e¼ g½KO�11 ¼ g0½KO�21 ¼
2g0k2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4g02k2
2

g2 þ k2
2

k2
1

r ¼ gg0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p ;

ð3:25Þ

where ½KO�ij represents the element which lies in the ith
row and the jth column of matrix KO. The neutral-current
coupling between Z boson and SM fermions in the U(1)
model can be written as

LNC;Ẑff ¼
X
f

Ẑμf̄γμðgV − gAγ5Þf; ð3:26Þ

with gV ¼ gA þ g0½KO�22Qf;

gA ¼ T3
f

2
ð−g0½KO�22 þ g½KO�12Þ: ð3:27Þ

From the above expression, we can read S, T, U as follows:

αT ¼ 2ŝwĉwð−g0½KO�22 þ g½KO�12Þ
e

− 2 ð3:28Þ

αS ¼ −4g0½KO�22ðĉ2w − ŝ2wÞ
−g0½KO�22 þ g½KO�12

− 4ŝ2wðĉ2w − ŝ2wÞ þ 4ĉ2wŝ2wαT

ð3:29Þ

αU ¼ 8ŝ2w

�
ŝw
sw

− 1þ αS
4ðĉ2w − ŝ2wÞ

−
ĉ2wαT

2ðĉ2w − ŝ2wÞ
�
: ð3:30Þ

Now we can give a line which predicts the observed
W boson mass in this model in Fig. 4. In Fig. 4 we also use
the red dashed line to show that the U(1) model can solely
give the observed mass of the W boson. The green line
takes the SM loop corrections into consideration and gives
the observed W boson mass, with the dashed green lines
corresponding to the 3σ upper and lower deviation. We use
the same definition of χ2 as Eq. (3.16). The red star being
the best fit of electroweak oblique parameters’ STU:mẐ0 ¼
133.65 GeV; ϵ ¼ 0.048; χ2 ¼ 24.94, with the purple lines
corresponding to Δχ2 ¼ 6.18. From Fig. 4 we see that the
electroweak oblique parameters’ results do not fall into the
area circled by the green lines, which represents the direct
calculation of mW . This means that the parameters’ space
which gives the observed W boson mass cannot give
corresponding electroweak couplings that fit the electro-
weak oblique parameters nicely. Our results shows that the
best fit of the U(1) model can only give about 27 MeVextra
mass to the SM W boson mass. See the Appendix for
comparison of electroweak oblique parameters between the
DPDM model and the U(1) model.

IV. CONCLUSION

In this work we have explored the possibility of altering
the W boson mass at tree level through mixing between an
extra gauge boson and the Z boson. We first gave a general
discussion of the effects from the mixing extra vector boson

TABLE I. Summary of phenomenological constraints for the benchmark point mẐ0 ¼116.63GeV;ϵ¼0.025;
mχ ¼1000 GeV; gχ ¼ 0.21.

mW χ2 of STU ΩDMh2

Model value constraint 80.4136 3.21 0.1235
80.4335� 0.0094 GeV [1] d:o:f ¼ 3 0.1200� 0.0012 [63]

hσannvi Z0-electron couplings DM-Xe scattering events
Model value constraint 4.5 × 10−26 cm3=s g0V ¼ 0.0005 and g0A ¼ 0.0073 1.2 × 10−9

2.3 × 10−25 cm3=s [66,67] ∼Oð10−2Þ [2] 7.9 [71]

FIG. 4. The red line gives the observed W boson mass at tree
level. The green line has taken the SM loop corrections into
consideration and gives the observed W boson mass, with the
dashed green lines corresponding to the 3σ upper and lower
deviation. The red star gives the best fit of the electroweak oblique
parameters’ STU, and the purple lines correspond to Δχ2 ¼ 6.18.
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with the Z boson, then explored two realistic models: the
DPDM model and the U(1) model. In the DPDM model
the extra gauge boson mixes with the Z boson through
the kinetic mixing between the extra boson and the Z
boson, while in the U(1) model the extra gauge boson
mixes with the Z boson through the kinetic mixing
between the extra boson and the B boson. Apart from
giving the W boson mass, we also discussed the electro-
weak oblique parameters’ constraints for both models and
explored DM relic density and DM indirect detection
constraints for the DPDM model. We find that in both
models the best fit value for the extra vector boson mass
is around 120 GeV. While the best fit of the U(1) model
can only contribute 27 MeV extra mass to the SM W
boson mass, the best fit of the DPDM model can give the
observed W boson mass, as well as the observed DM,
relic density. The DPDM model can also escape stringent
DM direct detection and the best fit of the DPDM can
saturate the constraints from DM indirect detection and
rough estimation of collider bounds. Detailed collider
search for the DPDM model seemed interesting and is left
for future works.
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Note added.—Recently, we noticed that Ref. [7] appeared
on arXiv. Reference [7] discusses an explanation of the W
boson mass with the U(1) dark matter model, as well as
several phenomenology constraints on DM. Our work
discusses models with an extra gauge boson, which can
explain the W boson mass. Apart from the DPDM model,
we also discussed the U(1) model but in different scenarios.

APPENDIX: COMPARISON OF STU BETWEEN
THE DPDM MODEL AND THE U(1) MODEL

To see why the STU behave differently in the DPDM
model and the U(1) model analytically, we compare the
expression and structure of the STU between these two
models in this section.
In Sec. III B we gave the general expression of STU of

the U(1) model; here we will show the exact expression of
these variables. To do this we take K in Eq. (3.23) as

K ¼

0
B@

1 0 0

0 1 −tϵ
0 0 1=cϵ

1
CA; ðA1Þ

where cϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
and tϵ ¼ ϵ=cϵ. Then O in Eq. (3.23)

can be denoted as

O ¼ OwOξ ¼
0
@

sw −cw 0

cw sw 0

0 0 1

1
A
0
@

1

cξ sξ
−sξ cξ

1
A; ðA2Þ

where sw, cw, sξ, and cξ are shorthand notations for
sin θw; cos θw; sin ξ, and cos ξ, respectively. Substituting
K and O into the expression of the STU of the U(1)
model and after simplification we arrive at

αT ¼ −2cξ
swcw
ŝwĉw

− 2; ðA3Þ

αS ¼ 4ðĉ2w − ŝ2wÞ
�
s2w − ŝ2w þ s2wc2w − ŝ2wĉ2w

s2w

�
þ 4ĉ2wŝ2wαT;

ðA4Þ

αU ¼ 8ŝ2w

�
ŝw
sw

− 1þ αS
4ðĉ2w − ŝ2wÞ

−
ĉ2wαT

2ðĉ2w − ŝ2wÞ
�

ðA5Þ

¼8ŝ2w

�
ŝw
sw

−1þ
�
s2w− ŝ2wþ

s2wc2w− ŝ2wĉ2w
s2w

��
−4ŝ2wĉ2wαT:

ðA6Þ

For comparison, we write down the STU of the DPDM
model:

αT ¼ 2

�
ŝwĉw
swcw

ð−k2 sin θ − k1 cos θÞ − 1

�
; ðA7Þ

αS ¼ 4ĉ2wŝ2wαT þ 4ðĉ2w − ŝ2wÞðs2w − ŝ2wÞ; ðA8Þ

αU ¼ 8ŝ2w

�
ŝw
sw

− 1þ αS
4ðĉ2w − ŝ2wÞ

−
ĉ2wαT

2ðĉ2w − ŝ2wÞ
�

ðA9Þ

¼ 8ŝ2w

�
ŝw
sw

− 1þ ðs2w − ŝ2wÞ
�
− 4ŝ2wĉ2wαT: ðA10Þ

We see that the STU expression of these two models is
similar. Knowing that Δs ¼ ŝw − sw is small, we can
expand S and U to OðΔsÞ and neglect the higher-order
terms. Then for the U(1) model,

αT ¼ −2cξ
swcw
ŝwĉw

− 2; ðA11Þ

αS ¼ −8ĉ2wðĉ2w − ŝ2wÞ
Δs
ŝw

þ 4ĉ2wŝ2wαT; ðA12Þ

αU ¼ −8ŝ2wðĉ2w − ŝ2wÞ
Δs
ŝw

− 4ŝ2wĉ2wαT; ðA13Þ
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while for the DPDM model,

αT ¼ 2

�
ŝwĉw
swcw

ð−k2 sin θ − k1 cos θÞ − 1

�
; ðA14Þ

αS ¼ 4ĉ2wŝ2wαT − 8ŝwðĉ2w − ŝ2wÞΔs; ðA15Þ

αU ¼ 8ŝwðĉ2w − ŝ2wÞΔs − 4ŝ2wĉ2wαT: ðA16Þ

It is interesting to see that the first-order expressions of S
and U in the DPDM model are the opposite of each other.
Actually, ŝw and ĉw can be calculated from Eq. (3.11),
therefore, we can further simplify the expression of the
STU as

T ¼ −
2cξswcw
αŝwĉw

−
2

α
;

S ¼ −866.17Δsþ 0.716T;

U ¼ −263.76Δs − 0.716T; ðA17Þ

and

T ¼
�
2ŝwĉwð−k2 sin θ − k1 cos θÞ

swcwα
−
2

α

�
; ðA18Þ

S¼ 0.716T−263.76Δs; U¼ 263.76Δs−0.716T:

ðA19Þ

Note that Δs represents the deviation of sw from its SM
value ŝw. Taking sw ¼ 0.48269, which gives the desired g
(thus the desired mW), we can obtain Δs ¼ 0.00046.
Therefore, the S and U of the U(1) model and the
DPDM model can be written as S¼0.716T−0.398;U¼
−0.716T−0.121 and S¼0.716T−0.121;U¼−0.716Tþ
0.121, respectively. From Eq. (A3) we see the T in the U(1)
model will always be negative, which means in the U(1)
model the Swill be smaller than −0.398 when theW boson
mass is satisfied. In this case the S deviates largely from its
central value 0.005, therefore, to fulfill the electroweak
oblique parameters’ fit the region of large W boson mass
enhancement will be disfavored (as we see in Fig. 4 that the
best fit of the U(1) model can only provide about 27 MeV
extra mass to the SMW boson mass). As a comparison, the
S of the DPDM model does not deviate too much from its
central value. Also the U of the DPDM model has positive
value, and thus, it is easier to approach its large central
value 0.134. Therefore, it is reasonable to see the DPDM
model fulfills the oblique electroweak parameters’ fit and
the W boson mass, simultaneously.
To further understand why the contours of these two

models behave differently, we further write down the T of
the U(1) model as

T ¼ 2

α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2ϵs2w

ðx2 − 1Þ2 þ t2ϵs2w

s
x −

2

α
; ðA20Þ

where x ¼ swcw
ŝwĉw

. Noticing ðx2 − 1Þ2 is much smaller than

t2ϵs2w in the region we studied, we can expand T toOððx2−1Þ2t2ϵs2w
Þ

as follows:

T ¼ 2

α

�
1 −

1

2

ðx2 − 1Þ2
t2ϵs2w

�
x −

2

α
: ðA21Þ

From Fig. 4 we see that the upper purple line is similar and
close to the lower dashed green line. All points in the lower
dashed green line give the same W boson mass, which
means the same g and the same sw. Therefore, we expect
points in the purple line to have similar sw. If, along the
purple line, the T are almost the same, then S and U will
also have little changes along the purple line since they are
determined by sw and T. Then it is reasonable to see the χ2

contour (the purple line) and the mW contour (the dashed
green line) behave similarly. Taking sw ¼ 0.48286 (the
lower dashed green line value) as an approximation and

ϵ ¼ 0.2 as a benchmark, we obtain 1
2

ðx2−1Þ2
t2ϵs2w

¼ 3.64 × 10−5

and x ¼ 1–4.21 × 10−4. We see T can be rewritten as
follows:

T ¼ 2

α

�
−
1

2

ðx2 − 1Þ2
t2ϵs2w

− ð1 − xÞ þ 1

2

ðx2 − 1Þ2
t2ϵs2w

ð1 − xÞ
�

ðA22Þ

≈
2

α

�
−
1

2

ðx2 − 1Þ2
t2ϵs2w

− ð1 − xÞ
�
: ðA23Þ

Note that 1
2

ðx2−1Þ2
t2ϵs2w

decreases as ϵ increases, and when ϵ ¼
0.5 it decreases to 4.55 × 10−6. We see the T do change
little when sw is fixed and ϵ increases. When ϵ decreases,
1
2

ðx2−1Þ2
t2ϵs2w

can be comparable or larger than 4.21 × 10−4,

therefore, to keep χ2 unchanged, sw should change accord-
ingly. From Fig. 4 it is obvious to see sw in the lower left
part of the upper purple line that it increases. For the DPDM
model, T can be written as follows:

T ¼ 2

α

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðx2−1Þ2

t2ϵ

q x −
2

α
: ðA24Þ

The expression of T in the DPDM model is similar to that
of the U(1) model, however, theΔχ2 of the DPDMmodel is
different from that of the U(1) model, which means in the
case of the DPDM model the minor change of the T will
affect the χ2 value distinctively. To see this clearly, we will
write down the expression of χ2 explicitly:
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χ2 ¼ 1494.83S2 þ Sð−3620.67T − 2228.11U þ 428.445Þ þ 2500.26T2 ðA25Þ

þ Tð3445.65U − 643.634Þ þ 1415.9U2 − 506.147U þ 45.7134: ðA26Þ

We see χ2 ¼ 45.7134 corresponds to the SM case. For the U(1) model the χ2 can be approximated as

χ2 ¼ 7.10963 × 108Δs2 þ Δsð−53071T − 237605Þ ðA27Þ

þ 75.2286T2 þ 25.5335T þ 45.7134; ðA28Þ

while for the DPDM model, the χ2 can be approximated as follows:

χ2 ¼ 3.57505 × 108Δs2 þ Δsð−77147.6T − 246508Þ ðA29Þ

þ 75.2286T2 þ 25.5335T þ 45.7134: ðA30Þ

We see the χ2 in the DPDM model depends more on T than that of the U(1) model. Also the χ2 value of the contour in the
DPDM model is one third of that in the U(1) model. Therefore the χ2 in the DPDM model will vary more drastically as T
varies than that in the U(1) model, resulting in a different contour shape.
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