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Abstract We consider a simple extension of the Standard
Model (SM) with a vector-like lepton and a local U (1)" sym-
metry, motivated by the recent experimental anomalies in
the muon g — 2 and the W boson mass. The U (1)’ symme-
try is spontaneously broken by the VEVs of the dark Higgs
scalar and the second Higgs doublet, giving rise to the mixing
between the muon and the vector-like lepton. As a result, we
obtain the desirable corrections to the muon g — 2 and the W
boson mass simultaneously, dominantly due to the Z’ gauge
interactions for the vector-like lepton and the second Higgs
doublet, respectively. We also discuss the consistency of the
model with the Z boson decay width, the Higgs couplings
and the dilepton bounds.

1 Introduction

The Standard Model (SM) has been well tested by elec-
troweak precision measurements at collider and intensity
experiments and its success has culminated with the discov-
ery of the Higgs boson, being consistent with the predicted
couplings in the SM. Thus, any new physics scenario beyond
the SM must pass the precision tests for electroweak inter-
actions and Higgs couplings, before it becomes meaningful
for a further investigation.

Recently, however, there have been several interesting
hints for new physics in some of the precision observables
in the SM. The long-standing anomaly in the muon g — 2
observed by Brookhaven E821[1] has been confirmed by
Fermilab E989 [2], and the combined significance for the
deviation from the SM prediction [3] is at 4.20. Further-
more, another interesting observation for the W boson mass
has been very recently made by the CDF II experiment at
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Fermilab Tevatron [4], with the measured value,
MGPI — 80.4335GeV + 9.4 MeV. 1)

This result shows that its deviation from the SM prediction
[5] is highly significant at the level of 7.00, before com-
bination with the previous results from LEP and LHC and
the former results in Tevatron experiments [6]. These two
anomalies, the muon g — 2 and the W boson mass, may call
for a simultaneous explanation from a new physics scenario.
This is the topic of interest in this article.

We consider an extension of the SM with an SU (2), sin-
glet vector-like lepton, which is charged under a local U (1)’
symmetry as introduced in Refs. [7,8]. We assume that the
SM particles are neutral under the U (1)’ but the second Higgs
doublet carrying the U (1)’ charge is introduced for the mix-
ing between the muon and the vector-like lepton. After the
electroweak symmetry and the U (1)’ symmetry are broken
spontaneously, we obtain a small seesaw muon mass and a
desirable correction to the muon g — 2 at the same time.
Moreover, a nonzero mixing for the left-handed muon mod-
ifies the charged current interaction for the muon as well as
the W boson self-energy, but it leads to small corrections to
the W boson mass, due to the lepton flavor universality for
the Z boson decay width. Instead, a nonzero VEV of the sec-
ond Higgs gives rise to a sizable correction to the W boson
mass at the tree level. We show the correlation between the
seesaw muon mass, the muon g — 2 and the W boson mass
in our model.

The paper is organized as follows. We first describe the
model setup with the vector-like lepton and the U (1)’ sym-
metry. Then, we show how the lepton masses and mixings are
generated by a seesaw mechanism in our model and present
the modified new interactions for Z’ and electroweak gauge
bosons. Next we discuss the main results of our work on the
corrections to the muon g — 2 and the W boson. Finally,
conclusions are drawn.
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2 The model

We introduce an SU (2) singlet vector-like lepton, E, with
charge —2 and a dark Higgs field ¢ with charge —2 under the
U (1)’ gauge symmetry [7,8]. We also have a Higgs doublet
H’ with the same quantum numbers as the SM Higgs H,
except the charge +2 under the U (1)'. We assume that the
SM Higgs doublet H and the SM fermions are neutral under
the U(1)’. The assignments for U (1)’ charges are given in
Table 1. Here, we chose the U(1)" charges to be £2, but if
chosen differently, we only have to rescale the U (1)’ gauge
coupling accordingly, without changing the results.

The Lagrangian for the SM Yukawa couplings including
7', dark Higgs ¢, and the vector-like lepton is

1 1 .
L= —ZF;“)F/’“’ -5 singF),, B"" + |Dy¢|* + |Dy H'|?
_V(¢7 H, H/) + -Efermions (2)

with
Lfermions = Z ilﬁiV‘LDlﬂpi — YaqrdrH — YMQLMRI:I
i=SM,E
—yilLerH
—MEEE — )»EQbELeR — yEl_LERH/ +h.c..
(3)
Here, H = ioc2H*, F;/w = 7z, — 8VZ;L, By, is the
field strength tensor for the SM hypercharge, the covari-
ant derivatives are D¢ = (9, + 2igzZ,)¢, DyH' =
(O — 2igzZ), — 3igyBy — 5igt' W) H', DyE = (3, +
2ingZ;L +igyBy)E, and sin& is a gauge kinetic mixing.
Moreover, V (¢, H, H') is the gauge-invariant scalar poten-
tial for the singlet scalar ¢, the leptophilic Higgs H' and the
SM Higgs H, given by
Vg, H H)=piH H+ 1 3H H — (u3¢H'H' +h.c)
+r(H H)Y? +20(H H')?
+A3(H H)Y(H'H')
FUgd D + hp (3 $) + AupH He*¢
+hgeH H'¢*¢ )
The U (1) symmetry and electroweak symmetry are bro-

ken by the VEVs of the dark Higgs and the Higgs doublets,
(p) = vy, (H) = \L@vl and (H') = \L@vg.Then, the squared

mass of the Z’ gauge boson becomes mzz, = g%,(Své +4v%),
before the mass mixing between neutral gauge bosons is

Table 1 The U (1)’ charges

qr ur dp I er H H E. Ep ¢

ulay o 0 0 0o 0 0 +2 -2 =2 =2

@ Springer

taken into account. Moreover, we get the masses for elec-
troweak gauge bosons as Mz = %,/g2 + g%, vand My =

%gv, with v = /v? + v3.

The second Higgs doublet H' couples to the leptons in
association with the vector-like lepton, due to the nonzero
charge under the U (1)’. Then, the mixing masses between
the leptons and the vector-like lepton are generated by the
VEVs of the singlet scalar and the leptophilic Higgs dou-
blet, modifying the physical lepton masses and mixings. In
order to avoid flavor changing neutral currents at tree level
and the collider bounds on light resonances, we assume that
the vector-like lepton couples strongly to the muon but very
weakly to the other leptons, in particular, to the electron,
for instance, to be consistent with the bound from LEP. For
instance, in models with extra dimensions on orbifolds [9],
if the SM leptons are localized at different fixed points and
the vector-like lepton is localized at the fixed point where
the muon is localized, it is possible to explain the muon-
specific couplings for the vector-like lepton while the other
couplings to electron and tau are suppressed by the volume
of the extra dimension. However, extra vector-like leptons
can be introduced to mix with the other leptons in the SM
with no problem for flavor changing neutral currents.

3 Lepton masses and mixings

Taking into account the mixing between the vector-like lep-
ton and one lepton, (which is muon for the later discussion
on the muon g — 2), we first enumerate the mass terms for
the lepton sector as

LL,mass = —MEEE — mgee — (mRELeR +mrer EgR +h.c.)

= —@L, E)M,, (Zf;) +he. 5)
where
_ [ mo mL
My = (mR ME>, (©)

with m being the bare lepton mass given by my = % yivy,
and mpg, m being the mixing masses, given by mg = Agvg
and m; = \/Li YE V2, respectively.

By making a bi-unitary transformation with the rotation
matrices for the right-handed leptons and the left-handed lep-
tons, as follows [10],

er \ _ hr €R \ lir
<EL>_UL<12L)’ (ER>_UR<12R>’ @
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with
[ cosfp sinff

UL = (—sin@L cos9L> ’ ®)
[ cosOg sinfg

Ur = (—sinGR cos@R> ’ ®)

we can diagonalize the mass matrix for the vector-like lepton
and the lepton as

A_ 0
Ui MLUg = ( 0 /\+)' (10)

Here, we get the mass eigenvalues for leptons [10],

1
2= 5(m%+M%+m%+m§e

qt\/(M%; + m% - m% - m%g)z +4(mpMg + mLmo)z)
=mj ;. (11)

and the mixing angles as

2(Mgmpg +momp,)

sin(26g) = ) (12)
b
2(M
sin(26y) = 2EmL £ MomR) (13)
L~ My
With A_ = my, and A = my, obtained after diagonaliza-

tion, the lepton masses in Eq. (5) take the following form,
L mass = —my L1y — mp,bly. (14)

From Eq. (11), we note that the mass eigenvalues satisfy the
following simple relation,

mymp, = Mpmo —mgmyp,. (15)
Thus, taking m;, ~ Mg for mo, mg, m; < Mg, we obtain
the lighter lepton mass as

nmpegnyj,

A= ~ — . 16
my, A mg Mg (16)

Therefore, the seesaw contribution from the heavy vector-
like lepton is naturally small, because it needs m 7# 0 and
mpg # 0, which come from a simultaneous breaking of the
electroweak symmetry and the U (1)’ symmetry with the sec-
ond Higgs doublet and the dark Higgs. As far as m( > m@’;’L ,
1

we find that the lighter lepton mass eigenvalue is positive.
Otherwise, in order to get a correct sign for the lepton mass
term, we need to make field redefinitions such as /;;, — i1
and /g — —I[|g. For the later discussion, we assume that
mo > m[ﬁ[—’ZL without loss of generality.

! The connection between the seesaw lepton mass and the muon g — 2
was discussed in Ref. [8], but the bare lepton mass larger than the seesaw
lepton mass is required for a correct sign of the correction to the muon
g—2.

For Mg > momyp /mpg, mompg/mp, the mixing angles in
Egs. (13) and (12) also get simplified to

2MEmRg N 2mp

sin(20g) ~ 5 7 = , a7
mj, —mj, ME
. 2Mgmy, 2my,
sin(260y) >~ ~ . 18
Qo) = —E = S (18)

L~ "

Then, if m}&’;’L < my and mg,mp, K Mg, we get my, ~
% ~ QRQLME, or QRQL ~ mll/ME.

Consequently, the mixing between the lepton and the
vector-like lepton leads to the effective interactions of leptons
to Z’ and weak gauge bosons, as follows,

Lyett = —2872/2), (C%Ey"PRE + 5% Iy* PRl
—srcp(Ey* Pl + Iy* PRE)
+cj Ey*PLE +s7Iy" Pl
—speL(EyPPLL+ Zy“PLE))

8
+ﬂzu(vl +ay)

(c%l_y“PLl tspep(Ey* Pl + Ty  PLE)
—|—s%Ey“PLE) n ﬁ Zu (v — ap)
(l_y“PRl —{—S%I_VMPLI —spep(Ey* Pl +1y* PLE)
+Ey*PRE + ciEyMPLE)

+% Wl;(cLl_y"PLv—}—sLEy“PLv)+h.c., (19)
with sg = sinfg, cg = cosOgr, s; = sinfr,c; = cosb,
and v; = %(—1 + 4s%[,) and q; = —%. Here, we used the
same notations for mass eigenstates as those for interaction
eigenstates, suchasl, E, Z, Z'.

We remark that the mass mixing between Z and Z’ gauge
bosons leads to the following extra gauge interactions for the
SM fermions and the vector-like lepton, which are separable
for small 67 g, as follows,

Lz mix = —287/((ct = VZ), — s¢ Z,)(EY"E)

e
> (scZ), 4 (cc = DZy)
f=SM,E

<[ fria =25k 00 /] 20)

2cwsw

where Q y is the electromagnetic charge operator, 73 is the
third Pauli matrix, and ¢; = cos ¢, s; = sin¢. Here, ¢ is the
mixing angle between Z and Z’ gauge bosons [8,11], given
by

2 (g2 2
2my,(M7z, — M7)

2 2 7
(M7, — Mz)2 —mp

tan2¢ = 21

@ Springer
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where M% = (g% + glz/)v2 /4, and the mass eigenvalues for
Z-like and Z’-like neutral gauge bosons are

1
M3, = 5 (M3 +mhy T 0L — )2 +amy) @)

2
where
2 _ 2,2 2202 88z
myy =mz[c; + Mzsyle| 1z sin” B |, (23)
Ce8y
4s /
mly = Myswis — — 2 M2 sin® p, 24)

withsin 8 = vy /v, e = tan&, cg = cos &. Here, we note that
the gauge kinetic mixing, sin &, also contributes to the mixing
between Z and Z’ gauge bosons [8,11]. But, we can ignore
the gauge kinetic mixing for |tan£| < 4(gz/gy)sin® B.
Otherwise, the gauge kinetic mixing should be taken into
account for the mass mixing between Z and Z’ gauge bosons
and the new Z’ interactions to the electromagnetic current,
being proportional to the gauge kinetic mixing [8, 11]. As will
be discussed in the later section, the mass mixing between
Z and Z' gauge bosons is important for explaining the W
boson mass, so it is interesting to consider the effects of the
Z' and Z gauge bosons at the LHC, in particular, due to the
interactions to the quarks.

We also discuss the SM Higgs Yukawa interactions in the
presence of the mixing between the lepton and the vector-like
lepton. Considering the mixing angle o between the CP-even
neutral Higgs scalars belonging to H and H' [8] but ignoring
the mixing with the dark Higgs coming from ¢, we get the
effective lepton Yukawa interaction to the SM Higgs #, as
follows,
my sin

- inOg )i Igh + h.c.
sin 8 st R>LR +he

1 (mgcosa
Lhy=——
H v\ cosp

(25)

where cos B = vy /v. Thus, we take the alignment limit for
the extra neutral Higgs with « = 8 and sinfp =~ 1’('4—’; from
Eq.(17)formpg, m; < MEg. As aresult, from the lighter lep-
ton mass eigenvalue in Eq. (16), the above effective Yukawa
interaction for the lepton coincides with the one for the SM.
Similarly, in the alignment limit, the Higgs Yukawa couplings
to quarks are also the same as in the SM [8].

In passing, we present the symmetry argument for the
alignment limit for the Higgs sector with « = B in our
model. First, we can take vanishing mixing angles between
the CP-even scalar coming from the singlet ¢ and two CP-
even Higgs scalars, for Agy = p3tan 8/(2vy) and Ay =
w3 cot B/(2vg). Then, we find the squared mass matrix for
two CP-even Higgs scalars as

2 2
v s —sgC 2M1¢5 A3sge
SgCp Sep - Cg 3SBCB 258

(26)

@ Springer

Next, diagonalizing the above mass matrix by the rotation
matrix with mixing angle ¢ = §, we obtain

cg S cg —S AC
(o)) =(25)
Sg Cp s Cp
with
A =2(hich + dasgsg + Maspv’, (28)
U
B =" 103300 + ko — aan?, (29)
SgCp
C = (A3 — 2M1)chsp + (20 — A3)sjcp. (30)

Therefore, we get C = 0 for arbitrary sin 8, as far as the
Higgs quartic couplings satisfy the following relations,
M=y =23 31

1=h == (€29)
This case corresponds to SO (5) =~ Sp(4)/Z, [12] for two
Higgs doublets in the conformal sector of the scalar poten-
tial in Eq. (4). In other words, if the relations in Eq. (31)
or SO(5) ~ Sp(4)/Z, symmetry are violated in the Higgs
potential, there is no alignment limit, so the effective lep-
ton Yukawa couplings in Eq. (25) and the quark Yukawa
couplings deviate from those in the Standard Model, being
constrained by Higgs data.

We remark that there are also Yukawa interactions
between the lepton and the vector-like lepton via the dark
Higgs boson as well as extra Higgs bosons coming from the
second Higgs doublet [8]. But, we assume that the extra Higgs
scalars coming from the second Higgs doublet are decoupled
[8]. On the other hand, a nonzero mixing between the dark
Higgs and the SM Higgs could modify the Higgs data and
introduce a new Higgs decay channel if the dark Higgs is
light enough, namely, the SM Higgs decaying into a pair of
dark Higgs scalars. For a vanishing mixing of the dark and
extra Higgs scalars with the SM Higgs boson, we can ignore
the effects of the extra scalars in the following discussion on
the muon g — 2 and the W boson mass.

4 Corrections to muon g — 2 and W-boson mass

We discuss the results for the corrections to the muon g —
2 due to the Z’ gauge interactions induced by the mixing
between the vector-like lepton and the muon. Then, we also
show the model prediction for the W boson mass due to
the same lepton mixing and consider the consistency of the
results with the Z boson decay width.

4.1 Muon g — 2

The combined average for the muon g — 2 with Fermilab
E989 [2] and Brookhaven E821 [1], the difference from the
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p p
ZI

v

Fig. 1 Feynman diagrams for one-loop corrections to the muon g — 2,
with extra gauge boson Z’ on left and extra scalars 4; on right

SM value becomes

exp

Aay = a,® —aSM =251(59) x 10711, (32)

which shows a 4.20 discrepancy from the SM [3].

Furthermore, there are measurements for the anomalous
magnetic moment of electron [13,14] and the experimen-
tal measurements in the cases of Cs atoms [15,16] and Rb
atoms[17], which are consistent with the SM prediction,
although there is a need of confirmation for the deviation
in the fine structure constant measured with the Rb data.

In our model, as shown in the left Feynman diagram in
Fig. 1, the one-loop diagrams with the vector-like lepton and
the Z’ gauge boson contribute dominantly to the muon g — 2
[8], as follows,

2 .2 1
g,m 2MEg
Aa, = iﬂzl‘ /0 dx |:c%, {x(l — x)(x + e 2)

n
1 3 2 2202 2 Mg }
- xX(Mg —my)”+x"(Mg —m;)(1 — —
e (5 M = Fomi(1-25))
+ci{ME — —ME}}
2.2 2 2 2.\ 7!
x(mux +m7 (1 —x)—i—x(ME—mM)) (33)
where
1
cy = E(sin 20g + sin26;), (34)
1
cA = E(sin 20k —sin26p). (35)

On the other hand, as shown in the right Feynman diagram
in Fig. 1, other one-loop diagrams containing the dark Higgs
boson and the extra scalars, /;, with the muon and the vector-
like lepton give rise to subdominant contributions to the muon
g —2[8].
For a better understanding, we can make an approximation
for the corrections to the muon g — 2 in Eq. (33) [8] as
2

8, Mgmy,

1Z(m2m2/ (cy —ca)s Mg > my,
Aay = o, 7 (36)

8 7! Mgm n 2 2

(cy —cx)ymy K Mg L mgz.

4n2mé,

Then, since cy > c4 from Egs. (34) and (35), we find that
the correction to the muon g — 2 is positive, namely, Aa,, >

0. For the small mixing angles for the lepton, we can take
¢l — > 40.0p ~ j%f from Eqs. (17) and (18) with
seesaw mass m,, ~ mgmy /Mpg. We find that there is a non-
decoupling effect of the vector-like lepton for the muon g —
2, because the large chirality-flipping effect from Mg [18]
is cancelled by the small mixing angles such that Aag, o
g%,mi / mzz,, being almost independent of Mg .

In the left plot of Fig. 2, we depict the deviation of the
muon g — 2 as a function of the VEV of the dark Higgs v
in our model with mz = 500 GeV. We took the VEV of
the second Higgs to sin § = 0.18 to get AMy = 76.5MeV
obtained from the Fermilab CDFII experiment [4]. On the
other hand, in the right plot of Fig. 2, we also showed the
parameter space in m s versus gz for explaining the anoma-
lies of the muon g —2 and the W boson mass simultaneously.
The region between the black(blue) lines in the right plot of
Fig. 2 is consistent with the deviation of the muon g — 2 at
lo(20) level [2].

For both plots in Fig. 2, we fixed Mg = 1000 GeV and
took the mixing angles of the vector-like lepton to sinf;, =
0.010 to be consistent with the lepton flavor universality for
the Z boson decay width. Then, we chose sin 6z = 0.011 for
taking the seesaw lepton mass to the muon mass.

4.2 W-boson mass

The theoretical value of the W boson mass can be derived
from the muon decay amplitude, which relates My to the
Fermi constant G, the fine structure constant «, and the Z
boson mass Mz [19]. In our model, the charged current for
the muon is modified due to the mixing between the muon and
the vector-like lepton, so the W boson mass is determined by
the experimental inputs with the following modified formula,

M} w A
M$V<1 _ —‘;“> _ T« c059L<1 + = > 37)
M2 V26, cos .
where Ar encodes the loop corrections in the SM and the
contributions from new physics. We note that Ar = 0.0381

in the SM with cos 87 = 1, which leads to the SM prediction
for the W boson mass, as follows [5,6],

MM = 80.357GeV + 6 MeV. (38)

On the other hand, the world average for the measured W
boson mass in PDG [6] is given by

MPS =80.379 GeV + 12 MeV. (39)

Thus, the SM prediction for the W boson mass is consistent
with the PDG value within 20. However, according to the
Fermilab CDFII experiment [4], as shown in Eq. (1), the
newly measured value for the W boson mass is deviated from
the SM prediction at 7.00 .

@ Springer
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Fig. 2 (Left) Aay, as a function
of vy in red line, in comparison
to 1o (20) bands for the

Mg=1000GeV, m,=500GeV, sinf3=0.18
sinBr=0.011, sin6,=0.010

Mg=1000GeV

deviation of the muon g — 2 in

yellow(green). We chose "
mz = 500GeV and 10 \

sinBg=0.011, sin6,=0.010

T T T T

—T

sin 8 = 0.18. (Right) Parameter
space in mz versus gz for

explaining the muon g — 2 10°°
within 1o(20'), shown between Aay
black(blue) lines. For both plots,

we fixed Mg = 1000 GeV and

\ o

107 E

103k Ll

V¢[GeV]

-10
the mixing angles of the 10
vector-like lepton to
sinf;, = 0.010 and
sinfg = 0.011 107"
160 260
w E 1%
W= |\ % w3 w3
v i
E
B, 7'
w3 w3 W3~ T3
E

(HY (B (HY) (HY)

Fig. 3 Feynman diagrams for the self-energy corrections for elec-
troweak gauge bosons

The new physics contribution to the W boson mass can be
approximated to

1 s
AMy = My Y (1= cos6, = (Arpew ), (40)
2 Cw — S

which is related to the corrections to the p parameter by

2
(A)new = =Y (App + Apw). (41)
Sw
We now discuss several contributions to the p parameter
in our model in order. First, as shown in the first three loop
diagrams (two plots in the upper panel and the left plot in
the lower panel) in Fig. 3, the p parameter is modified by
the mixing between the lepton and the vector-like lepton, as
follows [8,20],

2 2

Api © _ sin? @[ﬂ = (cos? 0,04 (2, z,»}
16753, ¢%, MZ M’
(42)
with zg = M%/Mz, Iy = mi/M2, and
2ab
0o, b)=a+b— -2 ml 43)
a—b b

@ Springer

Lol o and
10 102 108
my[GeV]

400 500

N

For Mg 2 Mz, we can make an approximation of the vector-
like lepton contribution to the p parameter to

2
aMy

.4

~ —— = —5in" 0, 44)
2 .2 2

16nchWMZ

Apr

which is positive definite, but limited due to the lepton flavor
universality from the Z boson width, as will be discussed in
the next subsection.

Secondly, as shown in the tree-level diagram (in the right
plot in the lower panel) in Fig. 3, the VEV of the second
Higgs leads to an additional contribution to the p parameter
due to the mass mixing between the Z boson and the Z’ gauge
boson [8,11], which is given by

2 5,2
msgL%ng—} sin® B, mz > Mz,

v (45)
sin4/3, my <K My.

APH >~

Here, we note that a nonzero gauge kinetic mixing, sin &,
leads to a negative contribution to the p parameter [8,11],
so we took sin&é = 0 to maximize the new physics contri-
bution to the p parameter. In this case, there is a possibility
to increase the W boson mass for mz > M, which is cru-
cial to obtain the desirable correction to the W boson mass
in our model. On the other hand, in the opposite case with
mz &K Mz, we can take sin 8 < 0.14/gy /g7 to suppress
the negative contribution from the second Higgs. We note
that there is an important difference from the case where the
U(1) charge of the SM Higgs is shifted to a gauge kinetic
mixing in Ref. [21], because there are two Higgs doublets
with different U (1)’ charges in our model.

It is worthwhile to comment on the correlation of the cor-
rection to the p parameter with the effective electroweak mix-
ing angle for leptons [22], as follows,

S
Asin® 0P = _CW—W Ap, (46)
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Fig. 4 AMy as a function of
sin 8 in black lines. We took

Mg=1000GeV, sin6,;=0.010

Mg=1000GeV, sin8,=0.010

Mg = 1000 GeV and

sin@;, = 0.010, in common, and 120

vy = 150(200) GeV

mz = 500(1000) GeV on 100¢

left(right). The differences of CDFII
the W boson mass from the SM 80+

prediction in the experimental
values obtained from the
Fermilab CDFII measurement
and the PDG world average are
shown within 1o errors, in
orange and blue regions,
respectively. All the regions are
consistent with the Z boson
decay width

AMy/[MeV]
3

o
o
T

20

0

vp=150GeV, mz=500GeV

v$=200GeV, mz=1000GeV
120" ‘ ‘ ‘ ‘

100+

CDFII

[e ]
o
T

AMy[MeV]
3

0.00 005 0.10

sin
so it is anti-correlated with the correction to the W boson
mass. The world average of the LEP and SLD experi-
ments and the SLD measurement for sin’ 9:;? " are given by
sin2 07" = 0.23153 4 0.00016 and sin? 67" = 0.23098 +
0.00026, respectively [23]. On the other hand, the SM predic-
tion for sin> 9;? is given by sin’ 9;? = 0.23153 £ 0.00004
[6]. Then, for Ap = 1.3 x 1072 favored by the Fermi
CDFII results on the W boson mass, we get A sin’ 9:;? ‘=
—0.00043, which is in a tension with with the world aver-
age at about 2.50 but consistent with the SLD measurement.
In the following discussion, we don’t impose the constraint
from sin? Gi?t in our model, because the large deviation in
the W boson mass with a small uncertainty dominates in
determining the parameter space.

In Fig. 4, we showed the correction to the W boson mass
as a function of sin B in solid line in our model. We compared
the deviations from the SM prediction of the W boson mass
in the experimental values obtained from the Fermilab CDFII
measurement [4] and the PDG world average [6] within 1o
errors, as shown in orange and blue regions, respectively.
Together with Fig. 2, our result shows that there is a set of
the parameters for which the muon g —2, the Fermilab CDFII
results for the W boson mass and the seesaw lepton mass can
be explained simultaneously. We chose the lepton mixing
angle to sin 87 = 0.010 to be consistent with the bound from
the Z boson width.

We comment on the LHC bounds on the mass mixing
between the Z boson and the Z’ gauge boson, which is impor-
tant for explaining the W boson mass. In our model, there are
also Z’ gauge interactions to the quarks from Eq. (20), so the
dilepton production from g§ — Z' — Il is relevant at LHC.
But, since its cross section scales by sin* £ =52x 1079
from Eq. (21) for mz = 500GeV, vy = 150GeV and
sin 8 = 0.2 for the W boson mass, we can evade the LHC
bounds on heavy dilepton resonances [24,25]. Moreover, in
our model, up to the contributions from the lepton mixing

0.15 0.20 0.00 0.05 0.10 0.15 0.20

sinf

with 6 ~ 61 ~ 0.01, which are sudominant as compared to
those from the Z boson mixing, we obtain the typical effec-
tive operator due to the Z’ gauge boson, which is relevant for
qq — Z' — 11, as follows,

Cup - -
Logn = —3- Ly ur) @y er) (47)
with the Wilson coefficient given by
2 2
v es¢ 2 4,
Cyy = — 1-2 1—- . 48
ur mzz/ (ZSWCW> ( Sw)( 3sw> (43)

Then, we get |Cy, | = 3.1 x 10~8 for my = 1000 GeV,
vy = 200GeV and sin 8 = 0.2. Therefore, our model is
also compatible with the current best bound coming from
the high-pr tail dileptons, |C,,, | < 1074 [26].

4.3 Higgs couplings and Z boson width

First, we remark that the vector-like lepton couples to the
SM Higgs boson, modifying the diphoton decay mode of the
Higgs boson [8]. But, in the alignment limit for two Higgs
doublets, it is sufficient to take sin 67 < 0.5 to be compatible
with Higgs data [8].

More importantly, the Z boson width can be modified due
to the mixing between the lepton and the vector-like lepton.
The partial decay width for Z — pu in our model is given
by

_ (v; 4+ a; cos 29L)2 + (v — a1)2
D(Z = pp) = 5 5
(v +a)= + (v — ap)
I'(Z — pi)sm

(49)
where I'(Z — pup)sm is the partial decay width in the SM.

The measured total width for the Z boson [6] is given by
'z = 2.4952 + 0.0023 GeV, and the ratios of the leptonic
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branching ratios for the Z boson are measured [23] to be

BR(Z — up)
— = =1.0009 £ 0.0028, (50)
BR(Z — ee)
BR(Z — t7)
——— =1.0019 4= 0.0032. (51
BR(Z — ee)

As aresult, we find that the lepton mixing is constrained by
the total Z boson width to sinf; < 0.114(0.162) at 16 (20)
level, which is consistent with the desirable correction to the
W boson mass. On the other hand, the lepton flavor univer-
sality from the Z boson decays constrains the lepton mixing
more strongly to sinf; < 0.030(0.047) at 1o (20) level,
for which the contribution of the vector-like lepton to the
W boson mass is limited to AMy < 7.04(17.3) MeV for
Mg 2 1 TeV. We took into account the bounds from the lep-
ton flavor universality for the W boson mass in the previous
subsection.

Finally, we comment on a similar test of the lepton fla-
vor universality from the W boson decays. In our model, the
leptonic decay, W — uv is modified by the lepton mixing
angle, cosfr. We first note that BR(W — tv) measured
by LEP was consistently higher than BR(W — ev, uv) by
R/ = 1.070£0.026 [27], but the LHC data show the con-
sistency with the SM, from R/, = 0.992£0.013 at ATLAS
[28] and R/, = 0.985 £ 0.020 at CMS [29]. Similarly, the
other ratios of the branching ratios for the leptonic decays of
the W boson are measured to be R/, = 0.993 4= 0.019 at
LEP, R, /o = 1.00340.010 and 1.00940.009 at ATLAS and
CMS, respectively. The experimental uncertainties for the W
boson decays are much larger than those for the Z boson
decays, so it is sufficient to consider the Z boson decays to
constrain the lepton mixing angle as above.

5 Conclusions

We presented a simultaneous solution with the vector-like
lepton to the anomalies in the muon g — 2 and the W boson
mass, which have recently drawn a lot of attention in particle
physics community. The U (1)’ symmetry and electroweak
symmetry are spontaneously broken by the VEVs of the dark
Higgs and the second Higgs doublet, giving rise to nonzero
mixing angles between the muon and the vector-like lepton
and the tree-level mass mixing between the neutral gauge
bosons. Thus, we showed that the small seesaw muon mass
and the desirable corrections to the muon g — 2 and the W
boson mass are generated simultaneously even for a heavy
vector-like lepton beyond TeV scale. A relatively light Z’
and a heavy vector-like lepton and the modified neutral and
charged currents for the muon can be smoking gun signals
in the LHC Run 3 and future experiments.
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