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ABSTRACT

We propose an explanation to the new W mass measurement recently reported by the CDF collaboration,
which is larger than the standard model expectation by about 7 standard deviations. To alleviate the
tensions that are imposed on the electroweak sector by the new W mass measurement, we carry out an
analysis in the Stueckelberg extended standard model where a new neutral gauge boson appears which
mixes with the two neutral gauge bosons in the electroweak sector both via the Stueckelberg mass terms
and via the gauge invariant Stueckelberg-Higgs portal interaction and spoils the custodial symmetry at
the tree level so that the simple relation between the W boson mass and the Z boson mass does not
hold. We find that such an extension increases the W boson mass if the new gauge boson mass is larger
than the Z boson mass. We further show that there exists a significant part of the parameter space in the
extended model which includes the CDF mass anomaly and is consistent with the various observables at
the Z pole and consistent with the ATLAS dilepton limits. The Stueckelberg Zg, boson, which resolves the
CDF W mass anomaly, should be searchable in future LHC experiments.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

have a significant history with the most recent prior to the CDF
Il result being those from ATLAS [2] with W mass at 80,370 + 19

Recently, the W boson mass has been accurately measured by
the CDF II detector with 8.8 fb~! data accumulated at the Fermi-
lab Tevatron collider with /s = 1.96 TeV [1]. The new W mass
measurement is
MPF =80, 433.5 + 6.4 (stat) + 6.9 (syst) MeV

=80,433.5+9.4MeV. (1)

The standard model (SM) expectation for the W mass is [1]

MM = 80,357 + 6 MeV. (2)
Thus the new CDF measurement on the W mass is larger than the
SM expectation by the amount

AMwy = +76MeV, (3)

which corresponds to about 7 standard deviations, if the uncer-
tainties are added in quadrature [1]. The W mass measurements
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MeV and LHCb [3] with W mass at 80,354 + 32 MeV. It is then
noted that the result of CDF Il is in significant tension with previ-
ous measurements as well as with the SM prediction. This tension
is discussed in the CDF II paper where they mention that the ‘LEP,
Tevatron, and ATLAS measurements have not yet been combined,
pending evaluation of uncertainty correlations’ [1]. The tension be-
tween the CDF II, ATLAS and other measurements will eventually
be resolved by experimentalists. However, in the meantime it is
appropriate for theorists to investigate the implications of anoma-
lous results when they arise. The analysis here is in that spirit.

Early on a precise measurement of the W* and Z masses
has been viewed as an important testing ground for the standard
model [4]. Thus in the SM, the W mass and the Z mass are related
via (at tree level, or in the on-shell scheme)

My = Mz cosOy, (4)

where M7 is the Z boson mass, and 6y is the weak mixing angle.
The value of M7z has been measured with great precision at LEP

(5]
Mz = 91.1876 + 0.0021 GeV. (5)

The weak mixing angle 6y is also well measured via various Z pole
observables by LEP [6]. In the standard model where the gauge
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symmetry is broken by vacuum expectation value (VEV) of the

Higgs doublet field, the so-called custodial symmetry holds where
M2

0= M%coiswzew =1 holds at the tree level and p is also very close to
1 including radiative corrections. Thus, the new CDF W mass mea-
surement with more than 7 o deviation from the standard model
hints at a violation of the custodial symmetry. To explain the CDF
W mass anomaly, we carry out an analysis in the Stueckelberg ex-
tension of the standard model (StSM) [7-13] where the custodial
symmetry does not hold at the tree level (see also for related early
work in string theory [14-16] and the references therein). The
StSM has an extended gauge symmetry SU2); x U(1)y x U(1)x
where the new gauge boson associated with U(1)x mixes with
the hypercharge gauge boson of the SM via the Stueckelberg mass
terms. As stated unlike SM, in StSM, the custodial symmetry no
longer holds, because there are additional mass terms due to mass
mixing with the new sector which leads to a mass correction to
the Z boson. We find that the mass correction to the Z boson is
negative if the new Z{, boson is heavier than the Z boson. We fur-
ther show that the negative contribution to the Z boson mass can
provide an explanation to the CDF W mass anomaly. The various Z
pole observables that have been precisely measured at LEP provide
very stringent constraints to beyond-the-standard-model modifica-
tions to the electroweak sector. We carry out a detailed analysis
by fitting various Z pole observables in the Stueckelberg extended
model and show that the parameter space to interpret the CDF W
mass anomaly can lead to a fit with a satisfactory total x2 which
is nearly as good as the original LEP fit [6].

The rest of the paper is organized as follows. In section 2, we
illustrate the implications of the new CDF W mass measurement
to the electroweak sector and to the BSM models. In section 3,
we present our model and provide an explanation to the W mass
anomaly. In section 4, we carry out a detailed analysis by fitting
various Z pole observables in the new model. In section 5, we
present the results of our analysis and analyze constraints. In sec-
tion 6, we discuss some related constraints and implications. In
section 7, we summarize our results. Some further details of the
model are given in Appendix A.

2. Implications of CDF W mass measurement

We discuss the implications of the CDF W mass anomaly to
the electroweak sector of the SM. We illustrate the effects using
tree level expressions in the SM. Although the expressions with
the radiative corrections taken into account are more precise, they
tend to be more complex and are often redefined with SM rela-
tions (which may or may not hold now). For the sake of clarity,
we use the tree level expressions for the discussion in this sec-
tion; the full analysis will result in small quantitative modifications
which would not change the conclusions here.

One commonly used quantity in the electroweak precision fit-
ting is the Fermi constant,

5
F= )
2
42M2,
where g, is the gauge coupling constant of the SU(2); gauge
group. Experimentally, the Fermi constant is determined pre-

cisely via muon lifetime measurement [5] Gr = 1.1663787(6) x
107> GeV~2. In the SM, the W and Z boson masses are

1 1 /55
szigzv, Mzzi\/gptgyv, (7)

where gy is the gauge coupling constant of the U(1)y gauge
group, and v is the VEV of the SM Higgs potential. Thus, a larger
My implies a larger g, if the relation given in Eq. (6) is un-
changed. The tree level My expression also tells us that the Fermi

(6)
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constant Gr is related to the Higgs VEV by G ? = 24v which is
then unmodified by the new W mass measurement. Since the Z
boson mass is precisely measured in LEP, the larger g, value then
implies a smaller gy if we wish to maintain the M7 relation of
Eq. (7). At the tree level in the SM, the weak mixing angle 6y is
given by

gy Miy
P s T ey (8)
g + 8y M7
Using the central values of My and My, one finds that the devia-
tion AMy = +76 MeV leads to a shift

sin Oy =

A(sin® 6y ) = —0.00147. 9)

Such a change on the weak mixing angle is severely constrained by
the various Z pole observables; see the Z pole fit labeled “SM-CDF”
in Table 1 in which the above shift on the weak angle has been
made while the rest of the SM expressions are unchanged as in
the “LEP” fit. The total x2 has increased from the LEP fit ~ 17 to
~ 98, which is in ballpark agreement with the 7 ¢ deviation [1].!

If we wish to hold the weak angle fixed, we require that gy
increase proportionately which implies an increase in the mass of
the Z-boson above the current SM prediction by an amount

exp _ AIV]W

AMS (10)

cosOw

However, such an increase would be in severe conflict with the LEP
measurement of the Z-boson mass given by Eq. (5). This problem
is resolved in the Stueckelberg extension of the standard model
where we show that the Stueckelberg sector generates a negative
contribution to the Z-boson mass which cancels the contribution
Eq. (10) in a significant region of the parameter space restoring
consistency with the CDF data.

3. The model

In this section we consider an extended SM model along with a
hidden sector which possesses a U(1)x gauge symmetry. We con-
sider a portal to the hidden sector consisting of two parts: one
is the conventional Stueckelberg portal where there is mass mix-
ing between the hypercharge field B, and the Stueckelberg field
C,.. In addition we consider a second Stueckelberg-Higgs portal
where a SU(2); x U(1)y gauge covariant derivative of the Higgs
doublet couples to C,. Thus we write the total Lagrangian so that
L = Lsuy + ALst where
2 _
w2 (M1Cpu +M2B)* + JhiaCu

ALst = — 3

2
+ (i%qﬂnl‘@&“ + h.c.) n %cb%&i. (11)

Here @ is the SM Higgs doublet, D, ®= [Bﬂ—i%yBM—i%r“A‘ZL] o}
is the SU(2). x U(1)y covariant derivative of ®, 74 is the Pauli
matrix, C;, = Cy + 9,0 /M is the combination of C and the axion
field o which is gauge invariant under the U(1)x gauge transfor-
mation, where C, couples to the hidden sector source ]ffid, M,

! In our “SM-CDF” fit, we first fit the new CDF W mass value, and then inves-
tigate the implications on the Z pole observables; we find that this leads to large
deviations to some Z pole observables, such as Aé%‘b) and Ae, as shown in Table 1.
The strategy in our “SM-CDF” fit is different from some other analyses, such as refs.
[32,36,44]. For example, the “CDF” fit in ref. [32] to various electroweak observables
shows small pulls on A](;%’b) and on Ae, but a large pull on the W mass. However,
the total SM x2 fit to both the W mass and other electroweak observables in our
analysis are consistent with refs. [32].
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Table 1
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Fits to 19 LEP Z pole observables [17] for three cases: (1) LEP fit, (2) SM-CDF, and (3) the Stueckelberg-
Higgs (St-Higgs) case. The LEP fit is taken from [6]. The SM-CDF fit is the same as the LEP fit except
that the weak mixing angle 6y is modified as in Eq. (9) due to the new CDF My measurement [1].
The St-Higgs case is described in the text and the parameters in the benchmark model used here are:

M1 =725 GeV, ge= 0.243, gy = gy (1 + 0.047%).

0% +50 LEP fit SM-CDF St-Higgs
oth X oth X oth X

Iz [GeV]  2.495540.0023 24960  -020 25000  -196 24999  -192
Ohad [ND] 414810033 41470 034 41465 050 41471 030
Re 20.8040.05 20752 105 20778 053 20751 105
Ry 20.784£0.034 20752 095 20778 018 20751 096
R: 20.764+£0.045 20799  -077 20825  -135 20798  -0.76
Ro 021629£0.00066 021584 068 021578 077 021584 0.8
R 0.1721:£0.003 01711 033 01712 030 01711 033
ADO 0.0145:£0.0025 00163  -071 00190  -181 00162  -0.70
A 0.0169:£0.0013 00163 048 00190  -164 00162 051
ADT 0.0188::0.0017 00163 148 00190  -013 00162 150
ALD 0.0996:£0.0016 01033 229 01118  -761 01032  -222
Ao 0.070740.0035 00738  -089 00804  -278 00737  -086
ARY 0.0976:£0.0114 01034  -051 01119  -125 01033 -0.50
Ae 015138+0.00216 ~ 014733 188 015928  -366 014716 195
Au 0.142+0.015 0.147 036 0159 -115 0147 -0.34
Aq 0.136+0.015 0.147 076 0159 155 0147 -0.74
Ap 0.923£0.02 0.935 058 0936 063 0935 -0.58
Ac 0.67+0.027 0.67 007 067 012 067 0.08
As 0.8950.091 0936 045 0937 046 0936 -0.45
x2 173 97.8 209

and M, are the Stueckelberg mass parameters, and g. is a di-
mensionless parameter. We note here that the first set of terms in
Eq. (11) without g, are the standard Stueckelberg terms. The terms
in Eq. (11) where g, appears are the new Stueckelberg-Higgs por-
tal of the visible sector to the hidden sector. The coefficient g2 /4 of
the C2 term is determined by the constraint that the neutral vector
boson sector has a massless mode, i.e., the photon.> One may com-
bine the Stueckelberg-Higgs portal terms in an extended covariant
derivative of the Higgs field so that D, ® = (D, —i5:C,)®.

Here we also note that the Lagrangian of Eq. (11) is not invari-
ant under U(1)y unless either My =0 or g. =0 because invari-
ance under hypercharge transformations of (M1C,, +M3B,, +9,0)
and (C, + 9,0 /M7) cannot be simultaneously achieved. The case
g =0 leads to the standard Stueckelberg model [7,8] while the
case we consider in the analysis here is M, = 0. However, for the
sake of generality we will keep both M, and g. before we discuss
the model M, =0 in further detail later.

We note here that we have in general three different portals.
First we have the kinetic mixing portal such as —%CWB“" which
is invariant under both U(1)x and U(1)y transformations and is
parametrized by 8. The second is the mass mixing portal which
arises from the term —%(M1CM+M2 BM—}—HMJ)Z which is invariant
under the simultaneous transformations of the U(1)x and U(1)y
where o transforms dually. The Stueckelberg-Higgs coupling which
is parametrized by g. provides a third portal to the hidden sector.

2 However, for the special case in which M, = 0, there is no constraint on the
coefficient of the C2 term from the existence of the massless mode in the neutral
vector boson sector, since the determinant of the mass matrix of Eq. (12) vanishes
for any value of the coefficient of the C2 term in this case.

The three portals are distinct and each one has been discussed
in isolation, e.g., kinetic mixing in [18], mass mixing in [7] and
Stuckelberg-Higgs portal (g, # 0) in this work. Where allowed one
can further discuss two portals together such as kinetic energy and
mass mixing [11]. In this context we note that for the case M, =0
and g, # 0, we could have added a kinetic mixing term such as
—%CWB’“’ which is invariant under the U(1)x and U(1)y trans-
formations. However, in the absence of g, the kinetic mixing is
found not sufficient to resolve the CDF-II anomaly,> while § =0
and g. # 0 is found sufficient. Thus in the analysis below we con-
sider the case § =0.

Note that we have used g, and gy in Eq. (11), because the
gauge couplings in the new model do not necessarily take the
same values as in SM. Thus after spontaneous breaking of the
electroweak symmetry and in the unitary gauge the neutral gauge
boson mass matrix in the basis V = (C, B, A3) is given by

2 2 - -
M2+ Yg2  Mle+ Y gdy —%gcd

2 2 2 _ 2_ _
M*=| M2e+%ggy Mi2+Y%g —Ygvg, | (12)
2 - 2 _ 2 _
— 7882 —T8v8 vz

3 We find that the best-fit model points in the Stueckelberg mass mixing models
(ie, M2 #0, § =0, g =0) and in the kinetic mixing models (i.e.,, M, =0, § #0,
gc = 0) yield similar 2 fits to the 19 Z pole observables, which is also similar to
the SM fit if gy is allowed to vary; the best x? fits from these three models are
found to be in the range of ~ (74 — 77). Thus neither the Stueckelberg mass mixing
models nor the kinetic mixing models can resolve the CDF W mass anomaly.
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where we have defined € = M,/M;. We note in passing that
a restricted form of the mass matrix of Eq. (12) has been dis-
cussed previously [19] in an ad hoc fashion since no mechanism
was proposed for generation of the mass matrix. The mass ma-
trix has a vanishing determinant which ensures the existence of
a massless photon mode. The mass matrix can be diagonalized
via an orthogonal transformation O such that E; = O;V; and
OTM20 = dlag(MZ,, % 0). The mass eigenstates E; = (Z', Z, Ay)
are the new Z’, the Z, and the photon. The interaction Lagrangian
between the massive neutral gauge bosons and the SM fermion f
is given by

Lne = Fy [y = ysanZu+ v — vsd)Z,, ] f

+efy QrAuf, (13)
where
aj = /P (&y02n — 82032)T} /2, (14)
vi=as— /pskr8y0nQy, (15)
d; = &y O — 82031)T}/2, (16)
V/fza/f_gY021Qf- (17)

Here Qy and T? are the electric charge and SU(2); quantum num-
ber of the fermion f. For the Z couplings, we have incorporated
the pr and k factors that contain radiative corrections from prop-
agator self energies and flavor specific vertex corrections and are
given in Ref. [20,6]. For the tree level expressions, pof — 1 and
I(f — 1.

In this new model the W mass is predicted as My = gv/2.
To explain the larger W mass measured by CDF, we increase the
SU(2); gauge coupling

) My
= 1+ —2). 18
) gz<+MW) (18)

Since My = g»v/2 appears in the (3,3) element in the neutral
boson mass matrix, it tends to increase the eigenvalue M. In
the Stueckelberg extended standard model we compensate the in-
crease of the Z mass due to the new CDF measurement on the
W mass with a negative Z mass correction from the Stueckelberg
mass shift of the Z boson arising from mixing of the neutral gauge
bosons of the standard model with the Stueckelberg gauge boson.

As discussed earlier there are two model classes: (1) g =0,
and (2) M = 0. In the former case, the model is the StSM [7,8]
and here we find that the StSM has a total x?2 for the Z pole fitting
which is not better than the “SM-CDF” fit. Thus, in the present
analysis we discuss (2) when M, = 0. In this case the Stueckelberg
mass correction is given by

1 M2 2

AMth:——Mzzin(£> . (19)
2 "M{—-M; \&

The Stueckelberg mass correction to the Z-boson is positive for

M1 < Mz and negative for M; > M. The branch favored by the

CDF W mass measurement is M7 > M7 and here one can achieve

a cancellation, i.e, AM® + AMP ~o0.

4. Fitting Z pole observables

To ensure that the modifications in the neutral sector respect
the electroweak data, we perform a global analysis by fitting the
precision electroweak LEP data [6] similar to the analysis done in
Ref. [8]. There are two new parameters in the model: M; and g..
Unlike SM, the relation given in Eq. (8) no longer holds in the new

Physics Letters B 834 (2022) 137454

model. Thus, we also let gy vary in our analysis. In the global fits
we constrain the model by fitting the Z mass [5] and the other 19
Z pole quantities [17], including the total Z decay width I'z, the
hadronic pole cross-section oyp,q, ratios of branching ratios R, the
various forward and backward asymmetries Ay and Agg.

The partial decay width of the Z into a pair of fermions is given
by [21,20,6,10]

My
Pyp=NGRy oy 1410 [|vf|2(1+2ui>+|af|2<1—4;4)},
(20)

where N? = (1, 3) for leptons and quarks, wf=mg/Mz, and Ry
are the radiative corrections, which are given by

QED N? —1 QCD
Rf=(1+af ) 1+—L—57%). 1)
=7 Qf, (22)
o o oo
(SQCD _S [ s] a [ s] 2 s’ 23
F tar| ] o Qs 42 (23)
where a1 = 1.409 and a; = —12.77. Here « and o are taken at

the Mz scale. Using the partial width, one can then compute the
total Z decay width I'z, and

= ’

127 T I r r
= # Ry = rhad Ry =19 (24)
V4 124

Ohad = —5 ——
M; Tz Thad

The asymmetry parameters Ay and A( ) are defined in terms of
the fermion couplings to the Z [6]

2vyay ofn_3
Ar=——=, Ar’ =-AcAf. 25
f v? +a% FB 20eAr (25)
We compute y; for each quantity via
OEXP Oth
Xi= 480 ; (26)
1

where OieXp, 80; and th are the central value and uncertainty of
LEP results, and the new model expectation in that order for the
Z-pole quantities shown in the first column of Table 1. The total
x? is computed via x%=3"; x7.

5. Results

We carry out Monte Carlo scans in the parameter space
spanned by Mi, g., and gy. In the calculation, we first fix the
parameters g», gy, and v to the SM values such that the canon-
ical W and Z masses and Gf can be obtained using Egs. (6)-(7).
We then shift g» to be g according to Eq. (18). For each model
point, we require that the mass matrix leads to the canonical Z
mass within the uncertainty of ~ 2 MeV [5], and compute the to-
tal x?2 for the 19 Z pole observables as shown in Table 1. We find
that the total x2 has a strong dependence on gy, as shown in
Fig. 1. The model points with the least x?2 are located in the re-
gion where gy is about 0.047% larger than the SM value. We show
one benchmark model point in Table 1 with x2 ~21.

Thus we fix gy to be the value corresponding to the least x?2,
which is gy = gy (1 4+ 0.047%), and further carry out Monte Carlo
scans in the 2D parameter space spanned by M; and g.. The re-
sults are given in Fig. 2 where the favored region for the CDF W
mass measurement [1] and with x2 < 25 for fitting the Z-pole
quantities and Z mass in the parameter space spanned by M and
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30 T T T T
M — Mzl < AM,
250 1
o
N

200 1

1 1 1 1
1350 =0 0 10 20 30

4 —
10" % (gy —gv)/gy

Fig. 1. Total x2 of 19 Z pole observables versus gy for the model points that repro-

duce the Z mass consistent with the experimental value within an error bar of 2.1

MeV [5].

-1

10 F : : P T 2
i N ]
L ) ]
[ o ]
I o ]
eQ‘O‘\
IS [ S & 1
o P

3@\'% 1072 F PS 3
[ E :
o :7 CDF W Mass <25
L ey , i
L o= 0.047% |

10_3 1 1 1 1 1 PR 1

200 500 1000 2000
M; (GeV)

Fig. 2. The favored region (blue) in the parameter space spanned by M; and § =
(gcv/M;1)? for the CDF W mass measurement [1] and x?2 < 25 for fitting the 19
Z pole observables, where we fix the gy = gy (1 + 0.047%). The constraints from
di-lepton searches at ATLAS [22] are also shown.

8 = (gcv/Mji)? are shown. It is found that the blue region can be
well approximated by the following relation

1(8v ZNAMW (27)
8 \ M, - My’

which is consistent with Eq. (10) and Eq. (19). Di-lepton final states
which are from the heavy Z’ boson at the LHC can be searched for
by reconstructing their invariant mass. The excluded region by the
di-lepton high mass resonance searches at ATLAS [22] is shown as
the shaded region in Fig. 2. Thus the parameter space consistent
with both the CDF W mass measurement and the ATLAS di-lepton
constraints is Mj 2 300 GeV.

6. Discussion

Further, we note that the increase in the mass of the W bo-
son would lead to a larger width for the W-boson from its current
value of I'y = 2.085 GeV to a new value of 2.091 GeV, which
are consistent with the current uncertainty on the W width mea-
surement, 'y = 2.085 £ 0.042 GeV [5]. On the other hand, the
shift in the standard model electroweak correction to g, — 2 due
to an increased value of the W-boson is totally negligible, i.e.,
0(< 1) x 107! compared to the standard model electroweak cor-
rection which is aj,"(1-loop) = 194.8 x 10" [23]. One of the
predictions of the model is the possibility of observation of the
Z' boson consistent with CDF W mass anomaly which could be

Physics Letters B 834 (2022) 137454

searched for at the LHC. The electroweak data constrains the parti-
cle physics models including Z’ physics; see e.g., [24-26]. We note
in passing that in the usual standard Stueckelberg extension of the
standard model [7,11,27-29] which here is the case g. =0, inclu-
sion of matter in the U(1)x hidden sector will make the hidden
sector matter milli-charged. However, in the model we discussed
here where M, = 0, the hidden sector matter does not develop a
millicharge since the field C,, has no photonic content. This is due
to the vanishing 13 element in the rotation matrix in the My =0
case, as shown in Appendix A.

7. Conclusion

In summary, it is shown that there exists a significant param-
eter space in the Stueckelberg extension of the standard model
which can simultaneously explain the CDF W mass measurement,
fit the LEP electroweak quantities well (with x2 as low as x?2 ~ 20)
and avoid the ATLAS di-lepton search constraint [22]. The model
is testable at the LHC because of the predicted existence of the
Stueckelberg Zg, boson.

Note added

We note that prior to this work several papers have appeared
since the new CDF W mass measurement became public. These are
listed here [30-83].
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Appendix A. The rotation matrix O

The orthogonal matrix O that diagonalizes the mass matrix of
Eq. (12) when M3 = 0 can be parameterized by two angles as fol-
lows

cos ¢ sin¢ 0
O=| sinfcos¢p —sinfcos¢ cosH |, (A1)

—cosfsing cosfcos¢  sind
where
cosezi, sinezg—y, (A.2)
g2+ \/m
and
an(29) = — L (A3)
an = .
M%—l—M?—M%
with
1 1 /2 2
Mc=§ch, MZ:E g5+ 8yv. (A4)
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The ratio of O, to 033 is given by

% =—tanf = —ffr—y.
032 82

The angle 6 is effectively the weak mixing angle measured by the
various forward-backward symmetrices at LEP I. One may compare
the result above with that in SM where the Z boson is given by
Z = cosOy A3 — sin6y B, and where tan6y = %‘ Finally we note
that since 013 =0, C,, has no component that connects it to the
photon, and thus the hidden sector matter if it exists would not
receive a milli-charge as happens in the conventional StSM model.

(A5)
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