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Corrections to electroweak precision observables from mixings
of an exotic vector boson in light of the CDF W-mass anomaly

Chengfeng Cai,” Dayun Qiu®, Yi-Lei Tang,” Zhao-Huan Yu, and Hong-Hao Zhang

§

School of Physics, Sun Yat-Sen University, Guangzhou 510275, China

® (Received 9 May 2022; accepted 6 October 2022; published 2 November 2022)

We enumerate various effective couplings that contribute to the mixings between an exotic vector

boson Z’ and the neutral electroweak vector bosons. The miscellaneous mixing patterns can be evaluated

perturbatively. The effective oblique parameters S’, 7', and U’ are calculated to compare with the

electroweak precision test results. With the contributions to the non-negligible U’ parameter from the e
parameters and the aid of some other parameters to cancel the negative 77, the recent CDF W-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, 7,
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, 7', 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 my, based
on the 8.8 fb~! of data collected by the CDF II detector at
the Tevatron collider [5],

my = 80.4335 + 0.0094 GeV. (1)

This result indicates a ~7¢ deviation from the SM
prediction m{M = 80.3545 £ 0.0057 GeV given by the

“caichf3 @mail.sysu.edu.cn
Ttangylei @mail.sysu.edu.cn
*yuzhaoh5 @mail.sysu.edu.cn
$7hh98 @mail.sysu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/106(9)/095003(16)

095003-1

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 the W boson mass correspondingly.
The EW global fits with the CDF my, 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 Z’, which naturally
appears in many SM extensions, such as grand unified
theories [73], little Higgs models [74], extra dimensions
[75], and a lot of U(1)" gauge models motivated by various
problems [76,77]. These NP models generally introduce
kinetic and mass mixings between the Z and Z' bosons,
which contribute to the oblique parameters at tree level
[78,79]. Therefore, an exotic Z’ boson could be responsible
for the CDF my, 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 the p* 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, 7', and U, all of these parameters are redundant
in fitting the EW precision data at the Z-pole, the W mass, and
the Fermi constant. Therefore, we can define three effective
oblique parameters ', 7', and U’ 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 U(1)y vector boson B and the Z' boson, loop-level
diagrams might also induce the kinetic mixing terms

Published by the American Physical Society
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between the W? and Z' bosons as well as various mass
mixing terms. Besides §' and 7, a non-negligible U’
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 effective U’ 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 §’, T, and U’ parameters originating from the kinetic
and mass mixings between the Z’' 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 (p?)’ orders due to the mixings.

This paper is organized as follows. In Sec. II, we briefly
introduce the effective Lagrangian for an exotic Z’ boson.
In Sec. III, the effective oblique parameters S, T, and U’
are calculated perturbatively, and the analytical results are
presented. In Sec. IV, we estimate the constraints for the Z’
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 EFT analysis is also provided in the Appendix for cross-
checking our calculation.

II. EFFECTIVE LAGRANGIAN

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

1 u¥ u¥ 1 A A
LD =2, 2% + 5wy, 2,2, (2)

where Z),, = 9,2, — 0,Z),. The Z' 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 p?. The Z' boson might mix with the electroweak gauge
bosons through the following kinetic mixing terms in the
effective Lagrangian,

€ 2, 1 2 -
LoD -7 gw_ 7 wawHlgtH
e 5 “wv ZA%V v
1 .
-——B, W*H'¢c'H
2A%,
1

AN

W H c*HW?, H 6" H, (3)

where H indicates the SM Higgs doublet, and the e term
can be created straightforwardly in the U(1) case, or can
arise together with other Ay, Agy, and Ay 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

1 ;
L D on (H'D,H)"(H'D*H)
HD

+ ZM[idyy(D,H)'H + H.c.). (4)

All three terms can arise from the loop effects. The Ay,
term might originate from something like ®'D*®
where @ indicates an exotic Higgs field to break the
gauge group corresponding to Z’, or a dummy v, e'¢™)
field in the Stueckelberg mechanism. The U(1)y x SU(2),
covariant derivative for the Higgs doublet is D, =
0, — igyB,/2 — igo*W; /2, where the hatted parameters
g and § 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 Z’' 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 (9,B,,)?, (D,W4,)?,

pPuv
and d,B,, 0" Z"" might exist. However, their contributions

P2y
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, B,,W**H'c"H, |H'D,H|*, and |[H'W,H|?,
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 7 parameter can
be obtained. In particular, when the ratio of the parameters
|4:/243] <0.5, the T parameter is positive, and thus the W
boson mass can be raised.

The kinetic mixing between Z;, and the SM B,, field, i.e.,
the e 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 U(1)y and new
U(1) charges. A sizable kinetic mixing between Z), and the
SM W,3, field, which is corresponding to the Ay term, can
be realized at loop level with a number of additional
SU(2), multiplet fields charged under the new U(1).
However, these SU(2); multiplets usually contribute to
the S, T, and U parameters at one-loop level by themselves.

If one wants to eliminate S, 7, and U without sup-
pressing the Z’-W? 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 SU(2); quadruplet fields, X, ,,, carrying the
same new U(1) charge. A custodial symmetry (correspond-
ing to a condition |A_/43| = 2 in Ref. [82]) would eliminate
T and U. The opposite U(1)y charge settings for X, and
,,,,, on With a Z, symmetry by exchanging X; < X, ;
(i=1,2,...,n) impose a degenerate mass spectrum
between these two sectors, eliminating S. On the other
hand, denoting gp to be the new U(1) gauge coupling, a
significant effective Z’-W? kinetic mixing parameter,
lew| = |v2/(2A3,)| ~ 0.01 - ngpv?/m% [the definition of
ew will be given later in (6)], can be achieved when
ngp 1is sizable.

Note that both the custodial symmetry and the Z,
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, 7, and U parameters at higher orders,
effectively generating the Agy, Ayp, and Ayy 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 ?as usual,

ipt
H = d+h+ig® | (5)
V2

where » =246 GeV, the kinetic mixing terms can be
reparametrized to be

€p 2, €w 2, 3
Lo D _EZWBW - TZWW g

— BB, W - LW, (6)

where ey = —02/(2A3)), egw = -2/ (2A%y), and ey =
?*/(4A%,w). Besides the kinetic mixing terms above, the
vector bosons might also receive the mass corrections
induced by

'Ceff D 5m2(§’Z;B” - ‘QZLW3M)
1
+3 (0% + 60%)(9*B,B" — 209 B,W* + g2 W W),
(7)

where §m? = —1y,9%/2 and 5v* = 9*/(2A%,)). Combined
with (2), all the mass terms are given by

A
| BN
'Cmass E(Z,,u B#’ Wi )M%/ B P (8)
W

M= gom> L(2+52) —Li(32+50?) 9)
—gom* —20(3? 4602 3—2(@2—&—5@2)

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

Z/;w
1, 4 ~

Ekin = _Z(Z;lw B;u/’ Wiw )ICV B ’ (10)

W3/41/

where W3, = 9,W; — 0,W3, and
1 €p Ew
,CV = €p 1 €pw . (11)
ew €pw 1+ eww

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

Ve =V V,Vs, VERyVe = Iy, (12)
where
1 —ep —ey 1 0 0
Vi=|0 1 0 |, vy=[0 1 Tmmer)
0O O 1 0 0 1
1 0 0
0 1 - 0
V3— 1—63
1—€4
0 0 I+eww—eg—eg,—chy —€neww+2€epeyepy
(13)

Correspondingly, the mass-squared matrix becomes
(ViVaV3)TMGV V) Vs (14)
Since

det[(V,V,V3)T MGV, V) Vs
= det(M3) det(V,V,V3)? =0, (15)

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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1 0 0
__ g
Vom = Vir+3  iP+P (16)

g q
VIr+? PR
to operate (14),
(ViVaVaVem) T MGV Vo ViV = MGy + M2, (17)

where
. e DO
M3, = diag (m%/, (% + Q/Z)T,O) (18)

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

SMZS M,
Vigel= oot (19)
7 2(Mod,jj - M()d.ii)
and
v SM3;
LS a2
T Mg — Mgy
+ Z 5M12k5M%i
=y (Mg = M j7) (Mo ii = Mia i)
SMZSM:2.
_ i (20)

(M%d,n‘ - M%d.jj)z
for i # j. Finally, we acquire a transformation matrix
V=V,\V,VsVeuV (21)
to diagonalize M3,
VIMEV = diag(m2,. m3.0), (22)
where
m7, = 2, + O(ew. g sw ww. 6v%. 6m?),

. o 0P+ S0?
my = (8 +§%)—;—

1 + O(ew p pw ww. 6v*, 6m?)

(23)

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

III. EVALUATIONS OF OBLIQUE ', T’,
AND U’ PARAMETERS

Usually, one regards the Fermi constant G, QCD
coupling constant a,(my) defined at the Z boson mass
scale, the fine structure constant a(my), the Z boson pole
mass m, the top quark pole mass m;,, and the Higgs boson
pole mass m; as the basic input parameters to the
electroweak theories. The W boson mass myM and the Z
boson decay parameters RSY ., AN . and TSM 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, 7, and U
[see the definitions in Eq. (A2)] [1,2]. However, the
original S, 7, U only include the zeroth and first p?-order
corrections of the vacuum polarizations, which cannot fully
describe the deviation induced by the mixings of Z'. From
the EFT point of view, we can integrate out the Z’' 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 §', 77, and U’, we need to
clarify the definition of three “physical” quantities in this
work. The “physical” value of the Weinberg angle 6, is
defined by [3,79]

202"
wH=w 2 ’
\/szGF

where s, =siné,, and c,, = cos6,,. The physical value
of my has been defined in Eq. (23). The fine structure
constant « is extracted from the effective coupling constant
between the massless vector boson (photon) and the
charged particles,

(24)

_°
T
J g
e = §V23 +§V33. (25)

The Fermi constant is defined as

1
V2v?'

which is the only parameter that receives no new physics
contribution in this paper.

Usually the effective S’, T/, and U’ 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

Gy — (26)
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values. Following the steps in Ref. [3], one can acquire
S, T', and U’ from the NC and CC coefficients. Expressed
by the mixing parameters, the results of the S’ and 7’
parameters are given by

V SWC‘/V
o = |- S ) + o)
1)
al’ = 2s,,¢,, Vo _Va) _ 2. (28)
Viz Vo3

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

|

/ 22,2

4gq G 9P (4m, — g v?)

gg v 4P + g*)m?,

my =mM | ———— S’—ZCQT’—LV_S%VU’
v W 4(c% —s2) v 252, ’

(29)

where my = gv/2 is the physical W boson mass.
Neglecting the loop corrections, the SM prediction is
-
25,\/V2Gp
myM, and the §', T’ parameters acquired in Egs. (27)
and (28), one can easily derive the U’ parameter.
Here we list the expressions of §’, T’, and 5m%‘, =
m¥, — (myM)? expanded up to the second order of the
parameter set €z w gw.ww, om>, and Sv>. The results are

given by

With the difference between my and

— (g* + g*)?]

S =0
B TP T AP 1 P (mE —mE P

g g v*(4m3, — g*v?) g9 [4m3, —

92 gIZ 1)2]

€REw

A + g%)(m — m3)?

g [4m2, + (g* — g*)v

’]
egdm? —

— €
4+ g*)(m% —m3)* "
44°d*(64°9* — g* — g*) 499
(9" —g*)?
3g6g/2 _ 2949/4 + 39246

+

(¢* +g2)(m3 —m3

BW ( +g/2)2 ( 2

4929/2

€
2)? (¢* + g% (m2 — m%)?
8g3g/3
=g g+ g%

5 €BW51}2

gt T

5v? m2,v? ) 2m3
T T amg - I G gy

z z

3 7.2 4 2.2
v
512 + 7

(7> + %) (my — m3)?

3
) (Jep — gew)om* +-—;

7 (6m?)?, (30)

49"

W 4 Eww T
4g° - 97 4

16(¢”
2g*0? , G =392+ 9P,

g*v* )
~ P, )

] (gew — g'ep)om* —

g'g*

92 - g?)(my —m3
gt 5 gtgt - 297
T€WW +

4

TP =y )

+

- m3)

Originally, the above g, ¢, v, etc. parameters should be
“hatted” and become §, §/, D, 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 S, 7', and Sm3, 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.

2 99 =297 )
7 -9 g - )

—=— =€ 51}2—1—7( v) — =~ epwOV
4<gz _ ga)z ww 4(92 —g’2)3vz 2(92 _ g’2)3 BW

79 (5 —39?%)

(32)

IV. PHENOMENOLOGICAL DISCUSSIONS ON
Z' COLLIDER BOUNDS AND THE OBLIQUE
PARAMETERS

A. Z' collider bounds

In order to generate a significant positive U’ parameter,
the Z' mass should lie within a range my; < my <
400 GeV. Since Z' couples to both leptons and quarks
due to its kinetic mixing with SM gauge fields, it can be
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TABLEI. 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

produced both in lepton and hadron colliders. The neutral
current interactions with Z’ are

Lyr = Frig + 9/ vslf 2, (33)
g

where f = u;, d;, v;, e; are SM fermions, and the couplings
are given by

my =220 GeV, 6v% =0, x2,;, = 2.920

ey = epw =0m? =0
AR 3

0.10

/" / ,/
ll ’
;L
/&
RN
So®
A
/

/

0.05 -

Q
w
0.10 0.0
-0.1
0.05
-0.2
& 0.00 0.3
~0.4
-0.05
-0.5
-0.1 A -0.6
010 -0.05 0.00 0.05 0.10
ew

FIG. 1.

V) SywEw + (cw - r/Cw)eB + twg
gf ~ e Qf F—1
_ r(CWGW B SWEB) + §T3 i (34)
2s,,¢,(r—1) L

r(CW€W - sweB) + 5
2s,,¢,(r—1)

gj(,A) ~ Qe T3, (35)

with 7, =tan6,,, r = m2,/m%, and & = \/¢* + g?6m*/m7%.

For my <209 GeV, Z' may be directly produced at the
LEP collider with a significant signal. The null result of the
on-shell Z’ searches at the LEP either pushes the Z' mass

heavier than 209 GeV, or suppresses the couplings ggv’A) to

leptons smaller than O(1072) [83]. For myz > 209 GeV,
the LEP bound on the off-shell Z' production can be

S’ my =220 GeV,dv* =0
eww = €egw =0m>=0

0.10 :
0.0
0.05 “on
& 0.00 04 o
-0.6
~0.05
0.8
-0.10 010
€w
0.10
0.6
0.05 05
0.4
& 0.00 03 U’
02
~0.05
0.1
0.0

Plots for mz = 220 GeV and §1” = eyy = egy = 6m> = 0 on the e versus ey, plain. The upper left panel shows the 1o

(blue), 26 (orange) regions calculated according to the global fit result in Ref. [14], as well as the contours of dmy = my, — mjM also
displayed. The marks “0.02,” “0.04,” etc. correspond to Smy = 0.02, 0.04 GeV, etc. The minimal chi-squared x2, is indicated in the
plot title. The remaining three panels display the contours of §’, 77, and U’. In all the panels, the €5 /ey = g/¢ and ez /ey = —g/ ¢ lines

indicate the photon-Z’ and Z-Z' mixings, respectively.
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interpreted to be my/ ggL) g}L)

@) _ (W) _ A9 1n ord id the stri -
g; " =gy —g;"')/2. In order to avoid the stringent on
shell bound from the LEP, our only concern is the off-shell

range my > 220 GeV, so gj(tL) is calculated to be <0.03

within our interested parameter region |ep | < 0.1 when &
is negligible. Therefore we do not have to worry about the
LEP bounds in this paper.

At the hadron colliders, Z' might be probed through the
pp — Z' — dijets searches. Current bounds on the univer-
sal vector-current coupling of Z’ to quarks is g, < 0.1 for
220 GeV < my <400 GeV [85-87]. A more stringent
estimated bound g, <0.05 can be acquired around
my ~TeV [88,89] (see Fig. 88.2 in Ref. [83] for a
summary of hadron collider bounds). Since our Z’'-fermion

couplings are chiral, in order to compare with the g

bounds, we define an effective coupling

>4 TeV [84], where

as an estimate of our theoretical value for g,. We find
that g5 < 0.04 for |eg | < 0.1 and my > 209 GeV with
negligible £ 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 eyp terms to ', 7', and U’ 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

(36)
result W = —1.2707 x 10™* through charged Drell-Yan
S, mz =300 GeV, 5v% =0
010 eww =epw=0m>=0
0.0
0.05
~0.1
&2 0.00 02§
-0.05 —03
0.4
-0.10
-0.05 0.00 0.05 0.10
€w
T, my =300 GeV, dv? =0 U',mz =300 GeV, 6v® =0
;= —om?=0 = —om?2=0
0.10 W B 0.00 0.10 AL - 030
0.0
~0.05 é 0.25
0.05 0.05 S
! 0.20
~0.10 /
& 0.00 T 2 0.00 015 )
-0.15 / ;
! 0.10
! ]
—0.05 —0.20 —0.05 s v.:
S 8 0.05
i S
! .
. i .
0.25 | 0.00
~0.10 ——

w

FIG.2. Plots for my = 300 GeV and 61> = ey = ey = om> = 0 on the e versus ey, plain. The symbols are the same as in Fig. 1.
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processes. Reference [12] applied the [T/~ data presented in
Ref. [94] to constrain the ¥ parameter as |Y| <2 x 1074,
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 (D,W¢, )2, which affect W* and W* universally.
This is eligible when V =0. In our paper, however,
the kinetic mixing term %Z;HW3”” in the Lagrangian (6)
as well as its corresponding effective operator
ﬁZ;DW“WH "6°H in the Lagrangian (2) only affects
W3 without disturbing W¥, resulting in W = V. [We follow
Ref. [4] to define W by /v/v3 w3 (0), and define V by

wawa (0) =TI (0).] Since in this case W does not
correct the charged Drell-Yan processes mediated by the

mz =220 GeV, 0% = — 50 GeV2, y 2, = 0.047

0.10 ww = 6}31{: =om*>=0

0.05 -

—-0.05

—0.10

ew

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 = 0 assumption, and therefore become
invalid again.

In the Y = 0 case at the 13 TeV LHC with an integrated
luminosity 100 fb~!, the neutral results in Ref. [91] pre-
dicted a 95% C.L. bound |W|<0.4x 1073, which is
equivalent to |U’| < 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 6m%, when ez = 0. However, this is only a
theoretical estimation, and up till now, we find no

my =300 GeV, 60> = — 50 GeV?, x2,, = 0.077
eww = epw=0m* =0

0.05 -

—-0.05

—0.10

my =400 GeV, sv? = — 50 GeV?, 2, =0.970

0.10

2
eww = €epw =0m” =0
. T

—-0.05

—0.10

7 T

FIG. 3.

1 1
0.00 0.05 0.10
ew

1o (blue) and 26 (orange) regions of the fit and dmy, contours for m, = 220 GeV (upper left), 300 GeV (upper right), and

400 GeV (lower) with §v> = =50 GeV? and ey = egy = dm?> = 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 €z and ey 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 ez = 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 my, 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 G are included,
permitting a straightforward comparison with our effective
S’, T' and U’. For each of the parameter points, we compute

S, mz =300 GeV, dv? 50 GeV?
ey = €epy = 0m> =0

0.10
0.0
0.05
-0.1
& 0.00 02 §'
~0.05 -0.3
-0.4

—0.10

the oblique parameters and then evaluate the corresponding
x> based on this result.

The kinetic mixing parameters €z and ey contribute
positive values to the U’ parameter, lifting the mass of the
W boson. However, from Eq. (31) we learn that the 7"
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 e versus ey plain for m» = 220 GeV and 300 GeV,
respectively. The values of the oblique parameters are
also shown as contours. The non-negligible U’ parameter
plays an important role in accumulating the predicted myy.
However, when my increases, the negative T’ values
become harmful in approaching the CDF measured

mSPF, so the best-fit y? arises swiftly, failing to give a

proper fit.

In the ey and ey, parameter space there are two specific
combinations of the parameters: ¢'ez = gey and geg =
—¢ew. The previous one is equivalent to the case that Z’

50 GeV?

T, mz =300 GeV, dv*

ey = e =0m> =0

0.10 0.10
0.05 0.05
0.00
& 0.00} i
-0.05
-0.05 010

—0.15

U',mz =300 GeV, dv* = —50 GeV?

0.0 o

—0.05

FIG. 4.
Sm* = 0. The symbols are the same as in Fig. 1.

enw = epw =0m? =0

Sz 0.30
~0.01
0.25
0.20
0.15 -
0.10
0.05
/ 0.00
0.00 0.05 0.10
€w

Contours of S’ (upper left), T’ (upper right), and U’ (lower) for m, = 300 GeV, 60> = =50 GeV? and ey = epy =
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only mixes with the photon, and ¢'ez — geyy = O results in
vanishing 7’ and U’ according to Egs. (31) and (32). On the
contrary, when geg = —¢eyw, Z' 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 " and 77,
the tension with the global fit can be significantly relieved.
Besides the contribution to §’, the most urgent task is to
hoist the value of 7" from the negative abyss. As we have
mentioned, a positive contribution to 7 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 |H'D,H|* operator and hence §v* at loop
level. Practically, a UV-complete model usually requires
additional sources of T to cancel the minus 7’ in order to
perfectly generate the observed W mass. However, just a
rough cancellation would suffice to fit the data. Both §v°
and ém? contribute positively to 7”, while their contribu-
tions to S and U’ are suppressed. Since their impact on
S, T', and U’ are similar, as an example, we choose to
switch on 602, and choose 51> = —50 GeV? as a simple
example. We present the results in Fig. 3.

From Fig. 3 one can easily reckon that the best-fit y>
significantly lowers, and thus relatively heavier Z' with
myz 2 400 GeV can also explain the CDF result very well.
Comparing the S, T’, and U’ contours for m, = 300 GeV
in Fig. 4 with §v> = —50 GeV? and Fig. 2 with 61> = 0,
we find that a positive T’ can significantly improve the fit.

VI. SUMMARY AND FUTURE PROSPECT

We have enumerated the possible interactions involving
a Z' field that induces its mixings with the neutral EW
gauge bosons. Both the ¢ and ey, parameters contribute
positively to the non-negligible U’ parameter, with the price
of lowering the T’ parameter significantly. Appropriate

selections of the parameters such as 6v> or ém? can
accumulate 7" 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 Z’ 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 S, T" AND U’

Denote I1;;(p*) to be the NP contribution to the g,
coefficient of the vacuum polarization amplitude for
EW gauge fields / and J, and expand it around p? = 0,

2\2
11, (p*) = 10;,(0) + p*I1;,(0) + (p2,) 117, (0)
B o)+ (A1)

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

2 _s2
as = 4sj,c;, 1,,(0) - 51y I, (0) =11, (0)| = 4schH;V;B(0)
IT 0) TII,,(0 1
aT — WV‘;( ) —_ ZZZ( ) = —2 [HWerf (0) - 1_IW3W3 (O)]’
myy mz My

QU = 452 [T}y, (0)

It is well known that S, T, and U correspond to the
H'Wi,c"HB", H'D,H(D*H)'H, and H'W{,c*HH' x
WP 6P H operators, respectively. In the literature, their
effects on various EW precision observables are evaluated.

— 311, (0) = 25,611, (0) — s3IT, , (0)]
=4[}, (0) =TT, 4 (0)].

(A2)

|

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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P
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FIG. 5. Diagrams integrating out the Z’ boson to accommodate
the effective operators.

fake the effects of S, T, and U. The €z and ez terms
displayed in the effective Lagrangian (6) induce the
following operators:

O%;B :B aZtB/w 0213 — W2Ua2iw3/w 033 =B ya2iw3/w’
(A3)

by integrating out the heavy Z' in the tree-level
B/W?3-7Z'-B/W3 oscillation diagrams shown in Fig. 5.
For the sake of the completeness of this paper, we also
list the following operator:

Oy = WHorw,,. (A4)
These sets of operators correspond to the higher-order
derivatives of the vacuum polarization functions

) (p)] 20 ~ O, (A5)
where 1,J = B,W3 W*. When i=2, more oblique

parameters V, X, Y, and W can be defined to evaluate
the oblique corrections [4]. Their definitions are

V= = STy (0) = Wy (O]

X = %mWH" (0).

Y = S mi T3, 0),

W= —%mwnwgws 0). (A6)

In the former studies, the vacuum polarization functions
,,(p?) 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, 7, 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 ep
and ey terms, and integrating out the Z’ boson. To the
lowest order, we have

e pt p
HBB(P ) 23 5 HW‘W3<P2) =¥ 2
- mzr ]J - mZ’
€pEw P
HW3B(p2) ) (A7)
p-—mz
Immediately we obtain
ile ; ile
i (0 =B 0 (0) = -
BB( ) mZ’ ) W3W3( ) m%’, 2
; i'€B€W
HE/;/)3B(0) = -2 (A8)
Z!
for i > 2, and I1;,(0) = IT;,(0) = 0.
Let us define
(i) (i) (i)
a.:_H_BIB ﬁ.:_M 4:_HW3B (A9)

i! i!

and the reciprocal of the resummed propagator (inverse
propagator) matrix for (B, W?) regardless of the tensor part
is given by

H2X2—< 2—4*1} —Tgs(p?)
& 32 —Iysp (P)
”

Zaipzi_i_pz_%@z

Zmoz”rg%2 Zﬁlp”ﬂ? ff

(A10)

Q

%@Z_HW (Pz) )

PZ—ZU —Hw3w‘(P2)
99,

Z},ipzl_l_fvz

The physical Z and y masses are related to the solution of
the equation det(I1,4) = 0. Similar to the a; = 0, ; = 0,
y; =0 (i > 2) case, we can turn to the mass eigenstates
through the EW rotation matrix

A1

g

g
Py VI

VE2 = , All
ViIrt? ViR
so that
(V§]>\<42)TH2><2V2><2
(o9
Z ap’+pr—m > cp
i— i=2
) ' 0 ‘ ’
Z c;p¥ Z b;p* + p?
i=2 i=2
(A12)
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(¢ + §*)9*/4, and

a; C; a; Y
V2><2 V2X2.
(Ci bl) ( SM) (71 ﬂl)

Notice that there is a massless solution p?> = 0 with the
eigenvector (0, 1)T corresponding to the massless photon.

Another eigenvector can be parametrized as (1,)T, so
we have to solve the equation

[Se] o0
>t +pP =iy Y ep”
i=2 i=2

o 2i ZbiPZi + pz
i=2

where M2 =

(A13)

()

(A14)

i=2 CiP

When all al,b,,c, 0, we derive t=0. If aym %’2,

pimZ=2, and y;mZ% (or a;mZ2, bymZ~2, and c¢;m%~?)
are considered to be of the same order which are much
smaller than 1 regardless of the power index, one can
expect that + < 1 is also of the same order. Then we can
solve Eq. (A14) perturbatively by discarding all the higher-
order terms,

Zap2’+t2cp2’+p -m% =0,
i DY+ tp? =0,

= (A15)

After rotating I1>*? with

(1 t)
V.= .
0 1

we acquire the “diagonalized” inverse propagator

(A16)

H2><2 VT(v2X2)TH2><2v2><2V

The element H%,i%o(pz) 3R apt + 3R, cip? +
p* — Mm% is the inverse propagator of the physical Z boson
near its pole, and the reciprocal of the residue of the pole is

(A17)

aH2><2 2 0 )
71‘“02@ ) o ~1+ Y iap¥? (AlS)
ap Z w2 —

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 Egs. (5)
and (6) in Ref. [3] we can see that the physical mass
shift —>"%, a;/m%, the rotation parameter t, and the field
normalization factor Y., ia;p*~? are equivalent to
(z— C)n%%, G, and C defined in Ref. [3], respectively.
Straightforwardly casting the symbols there, we have

o0
E A21 , E CA21 ,

i=2
A~ 20—
C = g ia; mz

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

(A19)

= dip¥ + p? =iy,
i=2

p? =ity = Myy-(p (A20)

where 7y, = gv/2. Again, solving p? — %, — Ty - (p?) =
0 gives the solution of the physical W-boson mass,

[ee]
2 ~2i
my = E iy
i—2

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

Oy gy (r*)

(A21)

(A22)

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

[Se] [Se]

5 2i— — 7 202
E a2, B = E idmy .
i=2

i=2

(A23)

Therefore, if we follow Eqgs. (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 §’, T', and U’ 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
G is defined in the low-p? limit so that all the d;p? terms
in Eq. (A20) become ineffective. Therefore, all the w
symbols corresponding to Egs. (17) and (18) in Ref. [3]
should be discarded. Our S and 7" in Eqgs. (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 U’,
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and it is easily realized that w within A—C —w+z2
disappears again, and the remaining w there was
absorbed by U’. Therefore, Eq. (2) in Ref. [3] should be
adjusted to

2 _ 2
aS = 4s2c? (—C T G),
CVVSH/
ol = —z,
1 c2 2¢,,
al’ :45@[ S(B-w)+3 C—S—G] (A24)

—aS = Z4s c2m%- { [—(i=1)s — c2)a; + [-(i = 1)c2 — s21B; +

[Se]

al' —aT = —Z(i — 1) (s,

i=2

© (i—=1)d: 2i-2
al — all — —Z%+
i—2 Sw

2 2i-2
- 2J/iswcw + ﬂicw)mZI

2i—

mZ 2(“ iSw

21 [}/,(CW—S )+ﬂ,s Cy —

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

aS’:aS+4s§V<—Y—W+&X),
Cw
52, 2sw
ol ~al — — Y W+
W CH/
2
aU' = aU — 452, (— all > (A27)
CW

which is exactly compatible with the expressions of ¢, &5,
and &3 in Ref. [4]. These ; 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 p* order. Besides these, below we will show
that the p® order also arises.

When only the kinetic mixings between Z’ and the EW
gauge bosons are considered, the oblique parameters are
given by

2 02
S=T=U=0, V=w=""
mz/
2,2 2
y=, x-Sy, (A28)
A z

El

;S Cy)-

If S, T, and U defined in Eq. (A2) also exists, they will also
contribute to §’, T’ and U’, and Eq. (A24) then becomes

c2 — 52
aS' = aS + 4s2c2 <—C e G>,
CWSPV
al’ = oT — z,
1 c2 2
aU’:aU+4sfv{—2(B w) + —;VC Cw ] (A25)
SW W SW
Expressing with a;, f3;, v;, and d;, we arrive at
s+ o+ (20 = 2)s2.¢2 ‘
$1,Cy vif
2yi8wCw + Bicy)
(A26)

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 Z' boson which is not much heavier

than the EW scale. Substituting Eq. (A28) into
Eq. (A27), we derive
s L9Vl +€y) | ggviepew
(9° + g%)m3, my,
aT/ ~— (g €p — g€W)2
4m%, '
) L2970 (Fey — gd egew)
g +yg 7/

These reproduce S’ and T’ given by expanding Eqs (30)
and (31) to the m;, ? order. Note that there is no eB term
in U if we only 1nclude the second order contribution,
1) (p?) (¥ parameter). The leading e% contribution to U’
comes from Hg;( 0) (coefﬁcient of p% term) and yields
asU' = 4s}caepmy/m?,, which reproduces the result
given in Ref. [78].
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