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electroweak fit. Performing the fit to the electroweak observables within the SM effective
field theory, we find that the new physics that contributes either to the determination of
the electroweak vacuum expectation value, or to the oblique parameters, can improve the
agreement with data. The best description is obtained from a fit where flavor universality
is not required in the new physics operators, with 2 to 3 ¢ indications for several nonzero
Wilson coefficients. We point out that top partners with order TeV masses could lead to
the observed shift in the W mass.
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1 Introduction
Recently, the CDF collaboration provided a legacy measurement of the W boson mass [1]
m$PY = (80.4335 & 0.0094) GeV . (1.1)

This most precise measurement of myy represents a shift of 3.6 0 compared to the 2021
PDG average of the LEP [2], ATLAS [3] and the previous Tevatron combination [4], which
yields miPY = (80.379 £ 0.012) GeV [5]. Similarly, a naive average of LEP, ATLAS and
the LHCb [6] measurement leads to miA = (80.368 + 0.014) GeV, a difference of 3.8
from eq. (1.1), showing that there is significant tension between the CDF measurement
and the determinations of my, by other experiments. Working under the assumption
that the CDF measurement will be confirmed by future measurements, we explore its
phenomenological implications. Intriguingly, the CDF measurement is also in ~ 7.00
tension with the Standard Model (SM) prediction from a global electroweak fit, mit =
(80.361 + 0.006) GeV [5]. In this paper, we perform several fits to Z and W pole observables
with varying assumptions on new physics: just the operators that modify the determination
of the electroweak vacuum expectation value (VEV), new physics (NP) only in the oblique
corrections, or the general fit that allows also for non-universal couplings of new physics.
We then interpret the results of the fits in terms of several simple new physics explanations
that could bring the W measurement by CDF in agreement with the predictions from the



electroweak fit. For other recent discussions of the phenomenological implications of the
CDF myy measurements see refs. [7-29].1

The paper is organized as follows. In section 2 we perform a general analysis of
the electroweak data, including the new CDF measurement of myy. Section 3 contains a
discussion of sample new physics models that can alleviate the tension of the SM predictions
with data, while section 4 contains our conclusions. Further details about the fit are
collected in section A and appendix B.

2 General analysis

In performing the global fit to electroweak observables, allowing for dimension six new
physics operators, we follow the approach of refs. [31, 32] (see also [33, 34] as well as the
early work in [35]). First the SM electroweak fit is performed, the results of which are then
used to obtain the constraints on the Wilson coefficients of dimension six operators

1
Leg = Lsm + 2 Z ¢iOs.4, (2.1)

where v is the Higgs VEV and the sum in the second term runs over the SM effective field
theory (SMEFT) operators in the Warsaw basis [36]. The global x? function that is used
to obtain the bounds on the SMEFT Wilson coefficients is given by,

X2 = Z (Oi,exp - Oi,th)o'i;Q (Oj,exp - Oj,th) ’ (22)
12

with 01]2 the experimental covariance matrix, O;exp the experimental meausurement of
the particular electroweak observable, while its theory prediction at next-to-next-to-leading
order in the SM and expanded to linear order in new physics is

Ojn = ONN© +dg - Oy . (2.3)

For the SM we use the latest theory results, with the numerical values collected in ref. [34]
based on [33, 37, 38|, while for NP corrections it suffices to calculate to leading order. The
19 pole parameters dg; depend on the dimension 6 Wilson coefficients, with the dependence
given in appendix A of ref. [32], while the observables used in our fit are listed in table 1.
The NP corrections to the observables depend on the NP Wilson coefficients as well as on
the two weak gauge couplings and the electroweak vacuum expectation values,

gL =0.6458, gy =0.3580, v =246.22GeV, (2.4)

which are obtained by using the LO SM relations for the Fermi constant G = 1/(v/2v?),

the Z boson mass, mz = /g2 + g¥v/2, and the fine structure constant at mz, a(mz)~! =
47(g2 + ¢%)/(g2g%). The SM relations get corrected by the NP contributions, which is
taken into account when writing the expressions for Oggp in terms of the dimension 6

The quantitative analysis of whether or not these follow the universal scaling laws uncovered in [30] we
defer to future work, at which point we anticipate more data to become available.



Wilson coefficients. Setting all NP contributions to zero gives for the SM x2,; = 99.3 with
42 observables contributing to the 2.

In light of the new CDF measurement of myy, it is interesting to focus on the NP that
can directly result in a shift in the W mass relative to the prediction for the Z mass. Only
five dimension 6 operators result in such a shift

mW|exp_mW|SM o 1

- 2 2
mw g, — 9y

omy = ( — 9igvcwn + gier — 912/51)), (2.5)

where the normalized shift in the electroweak VEV due to NP is given by?

v = %([C/HZ]H + [Crrel22) — %[Cﬁdml- (2.6)

The corresponding operators are given by

Or = (H' D, H), Ows = ggy H'o' HW., By, .
— . R =g _ _ °
Oy = (Lo'y,0) (HTio" Dy H),  Ou = (£7,0)(0470),

where o° acts on the SU(2),, space and we suppressed the generational indices.

2.1 New physics in the muon decay

We first explore the possibility that the NP modifies the muon lifetime, from which the
Fermi constant is extracted. The main observation here is that in the electroweak fits the
SM predictions for the W mass is obtained from its relation to the Fermi constant, Gp,
which is very precisely determined from muon lifetime. A change to the muon lifetime due
to new physics contributions then directly translates to a shift in the prediction for my
from the electroweak fit [39, 40].

In the SM electroweak fit the W mass is predicted from the SM relation [38]

9 1/2
9| _ my B V8ma(l — Ar)
miylae = 3 1+ (1 Gl ) (2.8)

where myz and Gp are the measured Z boson mass and Fermi constant, « is the fine
structure constant, and Ar are the radiative corrections that depend on the other SM
parameters, including the myy. If the total decay width of the muon, I',, receives a
correction AFEP from NP,

I, =M+ ATF, (2.9)

this shifts the value of Gp away from the SM, and translates to a modification of the

predicted myy

_1my—miy ALY
42m2, —m?, M -

Smy = (2.10)

%We note the typographical error in [32] in the sign multiplying [cee]1221.



This is a special case of the more general expression, eq. (2.5), assuming here only a NP
change to dv,
AT
TS

= 40v = 2([yel11 + [Crel22) — [coe)1221- (2.11)

Note that explaining the CDF my, measurement requires a negative interference with the
SM in the muon decay width,

NP
ATX

s = (—9.0£1.3) x 1071, (2.12)
Fu

While in principle I';, can be modified by new muon decay channels, potentially with light
new physics in the final state, such contributions would always result in an increased I';,.
A possible explanation of the CDF my measurement thus requires an interference with
the SM in the y — ey, V. decay. If this comes from negative interference with a W’ this
implies my ~ 1.2 TeV for ¢’ = g but opposite sign of the couplings to either the muon or
electron coupling, compared to the ones for the SM W. The numerical value in eq. (2.12)
assumes that the NP that contributes to I', does not affect any other observables, which is
not true for heavy new physics that matches onto SMEFT. We therefore perform a global
fit taking all such correlations between different electroweak observables into account.

Assuming that the NP resides only in the [cg]1221 operator and setting all other Wilson
coefficients to zero, the fit to the electroweak observables gives

[cor]1o21 = (3.2 £0.6) x 1073, (2.13)

corresponding to
mw = (80.390 £ 0.006) GeV . (2.14)

and xZ,; — min(x?) = 25.9, which is a significant improvement. However, the goodness
of fit is still relatively poor x?/d.o.f. = 73.4/(42 — 1). This can be traced to the fact
that the change in I';, cannot explain fully the CDF my measurement, since the change
in the extracted electroweak vacuum expectation value, dv, also feeds in to many of the
electroweak observables. This is illustrated in figure 1, where the black solid line denotes
the predicted shift in my, as a function of 1/A% = [cg]1201/v?. The 1o best fit band for
[coe]1221 is shown as an orange band. We see that a nonzero [cg|1221 can increase myy
somewhat above the SM prediction (green), even to the upper range of the PDG average

of m%}PG

measurements (blue) which does not yet contain the CDF measurement. It
cannot, however, give a shift fully consistent with the CDF measurement (red band). For
convenience, we also show the naive average of LEP, ATLAS, LHCb and the new CDF
measurement for myy (magenta), where the errors were inflated according to the PDG

prescription, giving m%}ﬁ,f = (80.414 £ 0.018) GeV.

2.2 New physics modifying the extraction of the electroweak VEV

To capture the effects of other types of new physics that can modify the determination
of the electroweak VEV, we perform a fit including all Wilson coefficients entering dv,
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Figure 1. The results of an electroweak fit, where only 1/A%? = [cg]1221/0? is allowed to be

nonzero (orange band). The horizontal bands show the 1o range of my measurement: the PDG
average (blue), the recent CDF measurement (red), and our naive average of the two (magenta),
along with the prediction of the SM electroweak fit (green). The black line shows the dependence
of my on 1/A%.

cf. eq. (2.6), while setting the remaining Wilson coefficients in the SMEFT Lagrangian to
zero. This yields

[cee)1221 ~0.9+1.8 1 0.48 0.89
[Cdin | =|-11£04x107%,  p=|048 1 025], (2.15)
[Ey0]22 —1.440.7 0.89 0.25 1

with a minimum y? = 63.8 and a prediction for the W mass of myy = (80.396 + 0.006) GeV.
That is, if all three parameters entering dv are allowed to vary in the fit, the [cg]i201 is
found to be consistent with zero, and the shift in my is due to [¢y)i-

2.3 A fit to the S and T parameters

The oblique parameters S and T encode NP contributions via gauge-boson vacuum-
polarization corrections [41]. We assume at the scale mz the only non-negligible coeffi-
cients are given by cyyp and cp in alignment with many NP models. In the Warsaw basis
the coefficients cyy g and cr are related to S and T (assuming U = 0) via the relations, see,
e.g. 33, 42]

1 g _ gigv

Wb = 167 “r= 871'(912/ + g%)

(2.16)
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Figure 2. The fit results for coefficients ¢y and cw p along with expectation bands for different
my measurements: SM (green), PDG average (blue), naive average (purple), and the new results
from CDF (red). The 1o (solid) and 20 (dashed) contours indicate the values from the fit.

By fitting in the two-dimensional space we find

cwp=(25+1.6)x107%, cr=(9+2)x107%, (2.17)

with a correlation coefficient p = 0.95 and the minimum x? = 42.8, and thus the goodness
of fit x?/d.o.f. = 42.8/(42 — 2) in line with expectations for a valid description of data.
The corresponding W mass is myy = (80.428 + 0.009) GeV. The above values of ¢y g, cr
translate to

$=0.13+0.08, T =0.23+0.05, (2.18)

in agreement with current constraints on the S parameter from h — v [42]. In figure 2
we show the results of our fit including estimated S and T values.

2.4 A global flavorful fit

Finally, we vary all the Z and W couplings to preform a global flavorful fit, following
refs. [32, 33]. In particular, this fit also allows for generational dependence of W and
Z couplings to the SM fermions. We quote the results in terms of the modified Wilson
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Figure 3. Pulls of the flavorful fit results using the CDF-II measurement of the W mass (red dots)
and PDG average (blue rectangles).

coefficients in the Warsaw basis, see appendix A of [32],

[cee] 1221 = (—1.31 4 0.90) x 1072,
—0.62 % 0.32 0.27 £ 0.31
[@elii = | —0.45+£0.26 | x 1072, lerelii = | 0044034 | x1072,
—0.06 & 0.41 —0.31 + 0.42
—0.09 £ 0.06
[Chelis = | —0.1740.27 | x 1072, (2.19)
—0.30£0.13
0.41 + 2.67 3.08 & 5.49
[Ehglis = | —1.58 £2.78 | x 1072, [Crglii = | —0.914+2.83 | x 1072,
—0.49 £ 4.10 —0.42 +4.11
1.05 + 6.27 5.07 + 25.84
[erulii = [ 0.8441.04 | x 1072, [éralii = | —6.46 £9.68 [ x 1072.
—4.54+1.74

This corresponds to a x> = 26.6 and a W mass of my

(80.434 + 0.009) GeV at the

best-fit point. The goodness of fit x?/d.o.f. = 26.6/(42 — 21) is in fact better than one
would naively expect.

The pulls for the values of the modified Wilson coefficients (2.19) are plotted in figure 3

(red dots), where we compare them to the pulls that are obtained from a global fit in which
the only change in the inputs is the use of the PDG average for the W mass, mI;VDG, see also
section A. Note that there is no single operator that exhibits a 3¢ evidence for a nonzero
value, both within the electroweak fit with the PDG as well as in the fit with the CDF

value of myy. A comparison of the two fit results shows that there are a number of effective



Wilson coefficients in which the evidence for nonzero value strengthened. Most notably,
these are the effective Wilson coefficients that contribute to dv, the coefficients [cg]1221,

WHZ] 11, [é/Hg]Qz, where

2
[Crelis = [Chelij + 0 (Q%CWB - §§CT>. (2.20)
Y

The flavor universal part is given by a linear combination of S and T' parameters, while
the fit suggests also nonzero flavor non-universal contributions. A large change in the pull
is also observed in the effective Wilson coefficient [¢y.]11 and [épe]s3, where

[CHelij = [cHe)ij — 2¢7035, (2.21)

Also in this case the data shows preference for nonvanishing flavor non-universal contribu-
tions.

3 Models

3.1 Tree level contributions to dv

The two models that can lead to a tree level contribution to [cg]1221 are the W/ mediator
and the S; scalar mediator, which we discuss in turn.

The W' with effective interactions. A heavy vector boson, W7, a triplet of SU(2),
can have the following effective interactions with the leptons

1 la t a; hng J. 0
L D S Wi (gHH 0% Dy H + go,0;0%,0; + - ) (3.1)

Integrating out the W’ gives

2 2
gflgfz (% -3 31 TeV)
= _20b =3x10 - 3.2
[cee) 1221 > i X x ( gglgg2)( ) (3.2)
gm e, _ 3.9TeV 2
[crelii = TamZ, 107 x (gH‘%)( my (3:3)
w! !

where myy is the W/ mass. In the numerical examples on the r.h.s. we used the values close
to the central values of the fits in sections 2.1 and 2.2. If the shift in myy is explained by
just new physics in [cg]1201 this needs to be positive, see section 2.1, which would mean that
the W' needs to couple to the first and the second generation fermions with the opposite
sign. Since the couplings of the new vector boson are then flavor non-universal, this is
not easy to achieve in a complete UV model, while satisfying all the flavor constraints. In
contrast, when all three operators are allowed to be varied in the fit, the main contribution
is found to arise from [¢;,]ii, see section 2.2. The pattern in the data can thus be matched
if gi is larger than gy,.



Tree level contribution from charged scalar.  The scalar S; that carries a hyper-
charge 1 has couplings to lepton doublets of the form [43]

ﬁgl D) yijslgLiidzﬁij +h.c.. (3.4)

Integrating out the scalar generates the [cy]1221 from the couplings to the first two gener-

ations
2
Y12y v
[coel1221 = — — (3.5)
2 mg,

3.2 Top-partners

Naturalness demands that the quadratic divergence of the one-loop top contribution to
the Higgs mass is cancelled at roughly the TeV scale. In many of the known extensions
of the SM this is achieved, mechanically, by adding top partners, scalars or fermions,
weak-singlets and doublets with order one Yukawa couplings to the SM top sector (see for
instance ref. [44] for a more detailed discussion). Here we focus on the question whether
fermionic, spin-1/2, top partners can give rise to the relevant shifts in the oblique param-
eters found in eq. (2.17), such that the CDF measurement of the W mass is explained,
and set aside the precise details of the full UV model. For concreteness we consider the
minimal content, adding either a single vector-like top-singlet partner or a vector-like third-
generation doublet partner. In figure 4 we show the one and two sigma CL contours for
the singlet and doublet partners where on the vertical axis we show the mixing-angle as
a function of the partner mass. In partner models we expect that the mixing angle is of
the order of v/v/2mr, with mr the partner mass (for simplicity, we consider a single mass
and a single mixing angle, in the heavy mass limit as required by the LHC limits [45], for
a complete description of the dependencies see, e.g., ref. [46]). We find that models with
such spin-1/2 partners can account for the observed shift in the W mass, with an order
one Yukawa, for a broad range of parameter space for TeV partner-masses.

4 Conclusions

While tension between the CDF legacy measurement of the W mass and the global average
of myy determinations may give one pause, intriguingly, the CDF value of my, does lend
itself to a number of new physics explanations. In this paper, we performed several different
fits to electroweak observable data. The best description of the data is obtained with a
global flavorful fit, where preference for flavor non-universality is indicated by the data. A
subset of operators can also give a reasonable description of the data, most notably a fit
that assumes the new physics resides mainly in the oblique parameters. The new physics
contributions that affect the extraction of the electroweak VEV, such as the change in
muon lifetime, on the other hand, while improving the quality of the fit compared to the
SM, cannot explain the entire tension between the CDF my measurement and the SM
prediction. Finally, we point out that top partners with order TeV masses could lead to
the observed shift in the W mass.
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Figure 4. The one (solid) and two (dashed) sigma CL contours for the singlet (red) and doublet
(blue) partners where on the vertical axis we show the mixing-angle as a function of the vector-like
(VLQ) quark mass, see text for more details.
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. . PDG
A Fit with My,

In this appendix we collect the numerical results of the full flavorful fit, which in contrast

to the results in the main text uses the PDG value of the W mass, mbP% (and not mGP¥)

)

~10 -



while all the remaining inputs are the same. This gives for the modified Wilson coefficients

[coe]1201 = (—1.07 £ 0.91) x 1072,

—0.42 +0.33 0.33 +0.31
[Eelii = | —0.25+£0.27 [ x 1072, (e = | 014034 | x1072,
0.14 + 0.41 —0.25+0.42
0.03 4 0.06
[Crelii = | —0.0440.27 | x 1072, (A.1)
~0.18 £0.13
0.61 4 2.67 3.06 & 5.49
[Egii = | —1.38£2.78 | x 1072, [ergli = | —0.94+2.83 | x 1072,
—0.29 4+ 4.10 —0.44 +4.11
0.97 4 6.27 5.11 + 25.84
[éHu]zz =10.76 £1.04 | X 10_2, [éHd]zz = | —-642+9.68| X 10_2 .
— 454 1.74

The fit yields x2/d.o.f. = 26.6/(42 — 21) with Ax? = 17 compared to the pure SM without
dimension six contributions. The corresponding prediction for the W mass is my =
(80.379 £+ 0.012) GeV.

B Inputs and correlation matrices

The inputs used in the global fit are given in table 1. We also list the two correlation
matrices, for the fit using the CDF value of my, and for the fit using the PDG value.
The correlation matrix for the CDF fit can be found in eq. (B.1). The correlation matrix
following from the fit using the PDG average for the W mass is given in eq. (B.2). The rows
and columns correspond to the 21 effective Wilson coefficients ([cge]1221, [Eli1, [E4l22,
[Crrelss, [Crelis [Creloz, [Crelss, [Crelin, [Crel22, [Crelss, (€ )11, [Ehglo2, [Ehglss, [Englin,
[éHq]QQ, [éHq]gg, [éHu]lla [éHU]QQ, [éHd]ll, [éHd]QQ, [éHd]gg), Where fOl” simplicity we neglected
the flavor off-diagonal components in the fit.
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