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ABSTRACT: We use the Fitmaker tool to incorporate the recent CDF measurement of myy
in a global fit to electroweak, Higgs, and diboson data in the Standard Model Effective Field
Theory (SMEFT) including dimension-6 operators at linear order. We find that including
any one of the SMEFT operators Ogwg, Opp, O or Og’z with a non-zero coefficient
could provide a better fit than the Standard Model, with the strongest pull for Ogp and
no tension with other electroweak precision data. We then analyse which tree-level single-
field extensions of the Standard Model could generate such operator coefficients with the
appropriate sign, and discuss the masses and couplings of these fields that best fit the CDF
measurement and other data. In particular, the global fit favours either a singlet Z’ vector
boson, a scalar electroweak triplet with zero hypercharge, or a vector electroweak triplet
with unit hypercharge, followed by a singlet heavy neutral lepton, all with masses in the

multi-TeV range for unit coupling.
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1 Introduction

The Standard Model Effective Field theory (SMEFT) provides a powerful framework for
analysing possible experimental deviations from Standard Model (SM) predictions that
could be due to new physics with an energy scale A above those explored directly by
current experiments |1, 2|. The leading SMEFT contributions to experimental observables
appear in linear order, and are due to interferences between SM amplitudes and those
generated by dimension-6 operators. A global analysis of such linear SMEFT effects in
electroweak, Higgs, diboson and top data using the Fitmaker tool found consistency with
the SM and no significant evidence for new physics from measurements made during run
2 of the LHC and by previous experiments [3]. ! The SMEFiT collaboration subsequently
made a global analysis that included SMEFT effects at quadratic order [7], assuming that
the precision electroweak data are consistent with the SM. Other global fits have been
performed for various combinations of electroweak, diboson and Higgs data, e.g., [8-15], as
well as separate fits to mainly top measurements, e.g., [16-27].

An exciting recent development has been a measurement of the W-boson mass, myy,
by the CDF Collaboration [28], which found my, = 80433.5 + 9.4 MeV. This value is in
significant tension with the SM prediction obtained from precision electroweak data, namely
my = 80354+7 MeV [33], and also previous direct measurements including the most precise
one, that by the ATLAS Collaboration, myy = 80370 + 19 MeV [36], as seen in Fig. 1.
Pending future scrutiny and resolution of its tension with previous measurements, here we
accept the CDF experimental result at face value, and use the SMEFT at linear order

More recently, some evidence for new physics has been found in measurements of flavour observables
(see [4] and references therein) and the anomalous magnetic moment of the muon [5, 6], but we do not
discuss those phenomena here.
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Figure 1. A comparison of the new CDF measurement of my (red) [28] with previous measure-
ments (blue) [29-31], and a naive world average with (black) and without (grey) CDF. The values
found in the Standard Model using fized input parameters [32], or determined from an electroweak
fit omitting measurements of my [33], are shown in green. The orange band is the 1-o range al-
lowed in a two-parameter fit to the oblique electroweak precision parameters S and T [34, 35] made
using the SMEFT operators Ogwp and Ogp in Fitmaker, also omitting any direct measurement
of mw .

in dimension-6 operator coefficients to explore its potential implications for new physics
beyond the Standard Model.

There have been previous indications from LEP, Tevatron and ATLAS that myy might
be slightly larger than the SM prediction from an electroweak fit to the SM that omits
the myy measurements [33], shown as the green band in Fig. 1. A recent measurement by
LHCD [31] brought down the world average of direct measurements, though its uncertainty
remained relatively large. A world average obtained by taking the combination of LEP
results with DO and CDF was given by CDF in [28]. Fig. 1 shows in black (grey) the
result of the ATLAS and LHCb measurements combined with (omitting) the new CDF
measurement neglecting correlations, displaying the apparent tension with the SM. Some
tension was evident already before the CDF measurement, and may remain even in the event
that additional uncertainties are identified. Identifying new physics able to mitigate this
tension and quantifying its consistency with other data provides a theoretical perspective
that is complementary to the experimental one.

There have been many theoretical studies of the possibility of a deviation of my from
its SM value, e.g., in the context of extensions of the SM such as supersymmetry. However, a
deviation as large as that reported by CDF is difficult to obtain with electroweak sparticles
in a minimal supersymmetric model (see [37] and references therein). More generically,



new physics parametrised by the oblique parameters S and T' 34, 35| could accommodate a
sizeable enhancement of myy while remaining compatible with electroweak precision data,
as shown by the orange band in Fig. 1. This was obtained by using Fitmaker to make a fit
including the SMEFT operators Ogwp and Ogp and omitting direct myy measurements.

The main purpose of this paper is to present global fits in the general and relatively
model-independent framework provided by the SMEFT, exploring the extent to which it
can accommodate the CDF result and other measurements of myy and, if so, in what
type of minimal extension of the SM might be rersponsible. We identify several suitable
single-field extensions of the SM that can accommodate the CDF measurement and other
measurements, and estimate the favoured ranges of the masses of the new particles, finding
that they may well be sufficiently heavy for our leading-order SMEFT analysis to be con-
sistent. We also comment on the prospects for direct LHC searches for these new particles.
We note that the PDG has proposed [32] a prescription for combining data that are only
poorly consistent, and we comment on the changes in our final results if the experimental
uncertainties in Fig. 1 are rescaled using this prescription.

The CDF anomaly requires confirmation. Nevertheless, our SMEFT analysis of My,
uncovers flat directions and highlights the complementarity of different datasets in con-
straining the multi-dimensional space of Wilson coefficients, as well as the UV extensions
that they probe. Our My, analysis represents a first step towards extending our previous
SMEFT analysis to include constraints from CKM unitarity, and provides a useful guide for
future phenomenological studies of models that were motivated by measurements of My,
even prior to the CDF measurement [37-40].

2 mw in the SMEFT

The SMEFT Lagrangian for dimension-6 operators ; has coefficients normalised as
2499
dim-6 ]
LSMEFT = Z T;Oia (2.1)
i=1

where the C; are dimensionless Wilson coefficients and A represents a dimensionful scale.
The number of operators is reduced in our fit [3] by assuming a SU(3)® flavour symmetry.
At linear order, four dimension-6 SMEFT operators can induce a shift in the W mass,

namely
Onwp = HIT HW/,BY, Onp=(HD'H) (H D),
_ (7 7 GB) _ (gt DI 71
Ou = (lyty) (Ertr), O = (HiDLH) (Br'20,) (2.2)

where we adopt the Warsaw basis [41] for these and other dimension-6 SMEFT operators.
The pole mass shift relative to the SM is given by

Sm?, sin 26, v> <cos 0w sin 0y,

= HD + 030,y
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Figure 2. The 68% and 95% CL contours of fits to the oblique parameters S and T, which are
equivalent to a fit including the SMEFT operators Ogwp and Opp, see Eq. (2.5). The orange,
green, and purple contours are the result of fits omitting my, measurements, with my, previous to
the recent CDF measurement, and including the latest CDF result. We see a clear pull away from
the SM value at the origin due to the CDF result, which nevertheless remains compatible with the
range allowed by other data. The percentage shifts in the W mass are denoted by dashed grey lines.

We use the electroweak input scheme that uses {agw, Gr, Mz} as input parameters [42],
with values

agyy =127.95 . Gp=1.16638 x 107> GeV2 | my = 91.1876 GeV.. (2.4)

We neglect in our fit theoretical SMEFT errors such as a possible measurement bias in
extracting the value of my in the SMEFT, which has been shown to be negligible [43].
A common parametrisation of new physics involves the oblique parameters S and T [34,
35], which can indicate the range of myy allowed by electroweak precision observables under
the assumption of this 2-parameter framework. Their relation to the dimension-6 SMEFT
operators in the Warsaw basis is given by
02 02 2 2
ECHWB = % ) PCHD = —%(gg%gjg%)T. (2.5)
Before going into the details of our global SMEFT fit in the next Section, we show in Fig. 2
the 68% and 95% CL contours of fits to S and T. The orange, green, and purple contours
are the result of a fit omitting my, measurements, with myy prior to CDF’s update, and
including the latest CDF determination. We see a clear pull away from the SM value at
the origin due to the CDF result, which nevertheless remains compatible with the range
allowed by the data without my. Contours of the percent shift in myy are shown as dashed
grey lines, with an enhancement of Amy, from 0.04% to 0.08% being favoured.
In the next Section we discuss the compatibility of the CDF result with the complete
set of electroweak, Higgs and diboson data within the more general SMEFT framework.



Individual Marginalised
SMEFT Best fit 95% CL Scale Best fit 95% CL Scale
Coeft. [A =1 TeV] range % [TeV] || [A =1 TeV] range % [TeV]
Cuwn -0.01 [ -0.009, -0.0034 | 19.0 0.25 [-0.3, +0.81 | 1.3
Cup -0.03 [ -0.035, -0.019 | 11.0 -0.6 [-1.8, +0.63 | 0.9
Cu 0.02 [ +0.014, +0.034 | 10.0 20.05 [-0.099, +0.0043 | 4.4
c®) -0.01 [-0.019, -0.0083 | 14.0 -0.01 [-0.11, +0.076 | 3.3
c) 0.00 [-0.0045, +0.013 | 11.0 0.16 [-0.15, +0.47 | 1.8
Crre 0.00 [-0.015, +0.0071 | 9.6 0.28 [-0.34, 10.9] 1.3
oy 0.00 [-0.013, +0.011 | 9.1 -0.05 [-0.11, +0.012 | 41
oy 0.01 [-0.027, +0.043 | 5.4 0.07 [-0.2, +0.06 | 2.8
Crra -0.03 [-0.13, +0.072 | 3.1 20.44 [-0.96, +0.079 | 1.4
Cira 0.00 [-0.075, +0.073 | 3.7 20.18 [-0.62, +0.26 | 15
CHBox 0.27 [-1, +0.47 | 1.2 1.1 [-3.2, 1| 0.69
Cre 0.00 [ -0.0034, +0.0032 | 17.0 -0.01 [ -0.026, +0.013 | 7.2
Crw 0.00 [-0.012, +0.006 | 11.0 0.18 [-0.33, +0.7 | 1.4
Cun 0.00 [ -0.0034, +0.002 | 19.0 0.09 [ -0.074, +0.24 | 2.5
Cw 0.18 [-0.072, +0.42 | 2.0 0.15 [-0.1, 104 ] 2.0
Ce 0.75 [-4, 125 | 0.56 1.3 [-6.1, +8.7 | 0.37
Con 0.01 [-0.015, +0.025 | 71 0.00 [-0.017, +0.027 | 6.7
Court 0.00 [-0.0057, +0.005 | 14.0 0.00 [-0.0056, 10.0052] |  14.0
Cont 0.00 [-0.016, +0.024 | 7.1 0.02 [-0.027, +0.058 | 18
Cort 20.09 (-1, 10.84] 1.0 27 [-8.8, +3.3] 0.41
Table 1. Table of the numerical results from the global fits to the electroweak, diboson and Higgs

data in the CDF-friendly flavour-symmetric SU(3)> scenario that are visualised in Fig. 3, switching
on only each individual operator (left columns) and including all operators and marginalising over
the other operator coefficients (right columns).
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Figure 3. Constraints from global linear fits to measurements of myy combined with Higgs, diboson
and electroweak precision observables made using Fitmaker [3] on the individual and marginalised
operator coefficients C;(1 TeV)?/A? (top and third panels, respectively) and the corresponding scales
A for the indicated values of the dimensionless coupling C; at the 95% confidence level (second and
bottom panels). In the upper panels we compare results for the individual operators dropping the
mw constraint, using the my, constraint applied in [3], and using the new CDF measurement of
my . In the lower panels, we compare the constraints obtained marginalising either over the full set
of 20 operators, or over the four operators that can modify myy .
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3 SMEFT Fit Results

The Fitmaker tool [3] includes consistently all the linear (interference) effects of dimension-6
SMEFT operators. We use the same electroweak, Higgs and diboson data set as that anal-
ysed in [3], comparing with results obtained by incorporating the new CDF measurement of
mw [28]. We assume that the coefficients of the dimension-6 operators involving fermions
are flavour-universal, i.e., imposing on them an SU(3)® flavour symmetry and allowing a
total of 20 operators in our analysis 2.

One would expect the preferred values of the coefficients of the four operators (2.2)
of dimension 6 that can modify the SM prediction for myy at the linear level, namely
CuwB,HD,¢ and Cg’g, to be influenced by the inclusion of the CDF measurement of myy in
the global dataset. Indeed, we find this in global fits to individual operator coefficients: the
upper panels of Fig. 3 show results for a subset of operators most constrained by electroweak
precision observables. We see in the top panel that negative values of Cywp, Crp and C’S’g
are preferred, but a positive value of Cypy. Comparing with the fit omitting the measurements
of myy and the fit including the old determination of myy, the new best fit values remain
compatible at the 95% CL while exhibiting a clear pull away from zero. The bars in the
second panel show the sensitivities (i.e. the widths of the 95% CL uncertainties centred
around zero) of the respective fits to the mass scales in the coefficients of the respective
operators. The dark, light, and transparent shadings correspond to C; = 0.01,1, (47)2,
respectively.

On the other hand, the effects of including the CDF measurement are less apparent
in the lower panels of Fig. 3, where we display the weaker constraints on the operator co-
efficients obtained when either all operators are included in the fit and their coefficients
are marginalised over, or just the four operators that contribute to my are included and
marginalised over. Although results for only a subset of operators most strongly constrained
in electroweak precision observables are displayed in Fig. 3, all the 20 operators are included
in our flavour-universal SU(3)® fit. The effect of my, on the operators not displayed is negli-
gible. We present in Table 1 our numerical results for the 20 SU(3)5-symmetric dimension-6
operator coefficients in the individual and fully marginalised fits when the CDF value of
myy is included.

We now turn to a comparison between indirect and direct measurements of the W
mass to assess their compatibility when allowing for different combinations of operator co-
efficients. Fig. 4 displays the best fit value and 1-0 range of my, in a variety of SMEFT
fits to all combinations of operators entering linearly in myy, including from 1 to 4 operator
coefficients, as well as a fit to all 20 operator coefficients. The grey points represent the
results omitting myy from the SMEFT fit, while the red points are for the SMEFT fit in-
cluding myy. The green band is the SM prediction the input parameters shown in (2.4), and
the yellow band is the current world average of my experimental measurements. Overlap
of a grey uncertainty with a red one indicates compatibility at the 1-o level of the latest

2Since the correlations between top sector operators and bosonic operators were shown in [3] to be
relatively weak, we expect that including top data or making a fit in which operators involving top quarks
break the flavour symmetry down to SU(2)?xSU(3)? would yield similar results.
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Figure 4. Values of my in fits including all combinations of operators entering linearly in myy,
including from 1 to 4 operator coefficients, as well as a fit to 20 operator coefficients. Results
omitting direct measurements of my, are shown in grey, and results using the current world average
of mw measurements including that by CDF are shown in red. The vertical green band is the SM
prediction for myy based on other data, and the yellow band is the current world average of my,
measurements.

updated fit with prior data excluding my,. We see that, especially before including an myy
measurement, C'ip is the least constrained of the single-parameter scenarios, which enables
any fit to subsets of operators involving C'ip to find a best fit value of my compatible
with our world average determination. All other subsets excluding C'yp are more strongly
constrained by data other than my and so have a best fit my, that is pulled down accord-
ingly. Finally, we note that subsets involving Cyp and Cj; together are pulled to much
larger values with large uncertainties if the direct measurement of myy is not included in
the fit, indicating an almost flat direction that is lifted by the inclusion of my . Low-energy
measurements sensitive to Cj; may also break this degeneracy. These have been studied,
e.g., in Refs. [44, 45], but are currently not fully implemented in Fitmaker, though we
study the impact of low-energy measurements related to unitarity of the CKM matrix in
Appendix A.

We display in Fig. 5 the 68% and 95% CL constraints on pairs of the coefficients of
operators capable of modifying myy that are obtained in a fit using all measurements of myy
including that from CDF, by marginalising over the coefficients of the four operators that
affect myy (green), including just the two operators in each plane (purple), and comparing
the results when omitting all myy measurements (beige). We see in every plane that the
2-operator fit is more constraining than the 4-operator fit. The constraints also strengthen
significantly when including myy. In particular, a flat direction between Cy and Cgp is
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constraints obtained when omitting my, measurements from the fit (beige), marginalising over just
the four operators that affect my (green), and marginalising over only the two operators in each

plane (purple).

lifted and we see that Cgp is bounded away from zero in each of the three planes where
it features, whereas the other operator coefficients may be consistent with zero. However,
the SM lies outside the parameter ellipses in all the planes involving Cgp.

4 Probing Single-Field Extensions of the Standard Model

We now analyse whether our fit favours any particular UV completions of the SM by
analysing single-field extensions of the SM Lagrangian, updating the analysis presented
in [3]. The single-field extensions of the SM that contribute to dimension-6 SMEFT operator
coefficients at tree level have been catalogued in [46], and we list in Table 2 the models that
can contribute to my,. The expressions for the dimension-6 operator coeflicients generated



by these single-field models at the tree-level are given in Table 3, which is taken directly
from [46], assuming that only a single coupling to the Higgs is present. We focus here
on tree-level extensions of the SM, since models modifying myy at loop level are likely to
involve particles below the TeV scale, for which the SMEFT approach is questionable.

There are no single-field models that contribute at tree level to Cyw g, and only S;
contributes to Cyp. Three single-field models contribute to Cgrp, and four to C’Sg. In both
of the latter cases, these single-field models also contribute to other operator coefficients,
and their contributions vary between models. As we discuss below, these effects open up
the possibility in principle of discriminating between the different CDF-friendly single-field
extensions of the SM. We note that model S; generates a negative contribution to Cyp (due
to the antisymmetry of the S; Yukawa matrix in flavour space [47, 48]) whereas the data
prefer a positive value, that 3 and 3; generate positive contributions to C}% whereas the
data prefer a negative value, and that models W and B; generate positive contributions to
Cpp whereas the data again prefer a negative value. For this reason, these models do not
improve on the SM fit. On the other hand, models N and E generate the preferred sign
of CS; and models =, B and Wj generate the preferred sign of Cirp, so these models can
improve on the SM fit.

’ Model H Spin H SU(3) ‘ SU(2) ‘ U(1) H Parameters ‘
1 (Ms, ks)
0

Sy 0 1 1

b % 1 3 (Ms,\y)

4 : 1 3 -1 (Ms, \s,)
N 3 1 1 0 (Mn,AN)
E : 1 1 -1 (Mg, \g)

B 1 1 1 0 (Mg, g5)

By 1 1 1 1 (Mp,,\g,)
= 0 1 3 0 (ME,HE)

Wi 1 1 3 1 (Mw,,3%,)
W 1 1 3 0 (Mw,gih)

Table 2. The single-field extensions listed in the first column can make tree-level contributions to
myw . They have the quantum numbers listed in the following three columns, and the notations for
their masses and couplings are given in the last column.

Fig. 6 displays the constraints we find on the single-field extensions of the SM catalogued
in Table 2 that can increase my above its SM value. The salmon and ochre bars show
the preferred mass ranges (in TeV) for these models at the 68% and 95% CL, respectively,
setting the corresponding model couplings to unity. The mass ranges would scale linearly
with the magnitudes of the couplings. Numerical results are collected in Table 4, where we
also quote the 68% CL ranges of the couplings assuming that the masses of the additional
field are 1 TeV. The rows of the Table are ordered according to decreasing values of the
pulls. In the case of the = field, the relevant coupling, x=, has dimensions of mass, which
explains the additional factor of ME_2 in the corresponding entries of Table 3. Here we have

~10 -
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Table 3. Operators generated at the tree level by the single-field extensions listed in the first column,
which can make tree-level contributions to my . The coefficients of the operators are given by the
squares of the corresponding coupling divided by the corresponding M?, with the exception of an
extra factor of 1/m2 in the case of the = field, as noted in the Table. We denote the top, bottom
and T Yukawa couplings by vz, yp and y,, respectively. Models that contribute to my in such a way
that they cannot improve upon the SM fit are greyed out.

Mass limits (in TeV)

W1 e
= °
B °
N N
E . |
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Figure 6. The horizontal bars show the mass limits (in TeV) at the 68 and 95% CL for the models
described in Table 2, setting the corresponding couplings to unity. A larger (smaller) coupling would
increase (decrease) the mass ranges proportionally. The coupling limits obtained when setting the
mass to 1 TeV are listed in Table 4.

made the simplifying choice of fixing k= =1 TeV, although we note that another, equally
simple choice could be to set k= = Mz, in which case the results become identical to those
of the B model.

The three single-field extensions of the SM that fit best the CDF and other data are

— 11 —



models Wi, B and E, which are all SU(3) singlets and SU(2) triplets, but differ in their
spins and hypercharge (spin 1 with unit hypercharge, spin 1 with zero hypercharge, and
spin 0 with zero hypercharge, respectively). Each of these models exerts a pull of about 6.4
relative to the SM. The next best model is IV, which is a singlet fermion, also known as a
sterile neutrino or heavy neutral lepton, which is a zero-hypercharge singlet of both SU(3)
and SU(2). This model exerts a pull of about 5 relative to the SM. Finally, we note that
model F, which is a singlet fermion with non-zero hypercharge, exerts a pull of about 3.5.
These are the models in Table 3 that generate non-zero coefficients for either CSZ) or Cgp
with the negative sign that is indicated by the individual fits in Fig. 3. The other single-
field extensions do not improve upon the SM fit, either because they do not contribute
to either of these operator coefficients, or because their contributions have the disfavoured
sign. Table 4 lists the central values and 68% and 95% CL ranges of the masses of the extra
fields that give better fits than the SM, assuming that their couplings are unity, and the
68% CL ranges of their couplings, assuming a mass of 1 TeV. We see that if the coupling in
one of these models is of order unity the mass is large enough for the leading-order SMEFT
analysis employed here to be consistent, and this would probably be the case even if the

coupling were O(0.1).

Model || Pull || Best-fit mass 1-0 mass 2-0 mass 1-0 coupling?®
(TeV) range (TeV) | range (TeV) range
Wh 6.4 3.0 [2.8, 3.6] [2.6, 3.8] [0.09, 0.13]
B 6.4 8.6 8.0, 9.4] [7.4,10.6] || [0.011, 0.016]
= 6.4 2.9 2.8, 3.1] 2.7,3.2] || [0.011, 0.016]
N 5.1 4.4 [4.1, 5.0] [3.8, 5.8] [0.040, 0.060]
E 3.5 5.8 [5.1, 6.8] [4.6, 8.5] [0.022, 0.039]

Table 4. Single-field models that can improve on the SM fit when the CDF measurement of my
is included, showing their respective pulls, the best-fit masses and their 1- and 2-0 ranges assuming
unit couplings, and the 1-o coupling ranges assuming masses of 1 TeV.

We have analysed the effect on this analysis of applying the PDG recommendation [32]
for rescaling the stated uncertainties when combining measurements that are only poorly
consistent. The rescaling factor for combining the various myp measurements shown in
Fig. 1 is a factor ~ 2, and leads to the revised numbers for the preferred parameter ranges
for single-field extensions of the SM shown in Table 5. In general, the pulls for the single-
field extensions are reduced, as one would expect. The best-fit masses for the bosonic
models W1, B and Z are not changed substantially, increasing by ~1c in each case, but
there are larger changes in the best-fit masses for the fermionic models N and E. The

changes in the 1- and 2-0 parameter ranges for the different models reflect these effects.

5 Prospects for Direct Detection of New Particles at the LHC

The single-field extension that gives the best fit, Wi, is an isospin triplet vector boson
with non-zero hypercharge, which is not a common feature of unified gauge theories. The
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Model || Pull || Best-fit mass 1-0 mass 2-0 mass 1-0 coupling?®
(TeV) range (TeV) | range (TeV) range
Wh 2.8 3.3 [2.9, 4.3] [2.6, 3.8] [0.06, 0.12]
B 2.8 10.0 8.2, 12.0] [7.4, 10.6] [0.007, 0.015]
= 2.8 3.1 [2.9, 3.5 [2.7, 3.3 [0.007, 0.015]
N 2.1 6.5 [5.1, 8.6] [4.6, 20.8] [0.013, 0.038]
E 0.6 13.6 [8.1, 29.7] [6.3, c0) [0.001, 0.015]

Table 5. As Table 4, but applying the PDG recommendation [32] for rescaling the stated uncer-
tainties when combining measurements that are only poorly consistent.

next-best fit introduces B, a singlet vector boson with zero hypercharge, commonly known
as a Z', which was shown previously to be able to increase the W mass [39, 40|, and Z, a
spin-zero isotriplet boson with zero hypercharge, which is a type of field that appears in
some extended Higgs sectors (see, e.g., [38]). Among the other fields that could improve on
the SM fit, N and F are singlet fermions with zero and non-zero hypercharges, respectively,
and the N field could be identified with a singlet heavy neutral lepton.

The particles that could best explain the new W mass measurement, the vector and
scalar triplets W7 and Z would have masses around 3 TeV for a coupling of O(1) and 1 TeV,
respectively. In such a case these particles would be kinematically accessible at the LHC,
with a guaranteed production mechanism via their electroweak couplings. Moreover, as the
SMEFT constrains only the ratio of coupling to mass, masses below the TeV scale would
be favoured in a weak coupling scenario. On the other hand, the best fit for the vector B
mass is around 8.6 TeV for an O(1) coupling, making this option less interesting from the
direct search point of view.

We note that, among all the possible interactions these new particles could have, our
analysis is sensitive only to the coupling to the electroweak symmetry-breaking sector, e.g.,
the triplet coupling k= HT Z%¢®H. Heavy triplets would be produced in pairs, or produced
singly in vector-boson fusion (VBF) with a suppression by the ratio of the vevs of the
triplet and doublet, vy /v. The triplet would then decay to bosons if kinematically allowed,
see, e.g., Refs. [49] and [50] for studies of the collider phenomenologies of real and complex
scalar triplets. In more complete scenarios such as supersymmetry or the Georgi-Machacek
model [51], the triplet would be accompanied by other new particles and exhibit a richer
phenomenology, including a candidate for dark matter, see, e.g., Ref. [52] for a recent study
in the context of supersymmetry.

There have been various searches for heavy charged Higgses that apply to the = scenario.
For example, CMS has performed a VBF search in WW and W Z final states with the full
Run 2 dataset [53]. Their search is sensitive to o x Br ~ O(few fb) in the mass range 1-3
TeV, right in the ballpark of the preferred region from the SMEFT fit. The phenomenology
of B, also known as a Z’, is well understood, but searches often focus on possible couplings to
light fermions through their U (1)’ charges and /or mixing with the SM gauge bosons. On the
other hand, if we rely just on the coupling to the Higgs sector, the primary phenomenological
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consequence is the presence of Z — Z' mass-mixing. This leads to the heavy gauge boson
inheriting the couplings of the Z-boson, suppressed by the mixing angle ~ gflv2 /MfB [54].
Its production and decay modes would therefore be similar to the Z itself. We estimate
that, for g8 ~ O(1), current LHC searches for dilepton resonances are only sensitive to
Mp ~ 1.5 TeV [55], suggesting that it will be challenging for the LHC to probe the viable
parameter space of this simplified scenario.

Interpreting existing direct collider searches for W7y, the vector triplet with hypercharge
Y =1, is not as straightforward as for the = particle. Whereas there have been studies on
the phenomenology of Y = 0 vector triplets, see e.g. Refs. [56, 57], the translation of these
limits into the new scenario would require developing a tailored search strategy. Currently,
LHC searches are interpreted within various benchmark scenarios [58]: a scenario where the
couplings to fermions and gauge bosons are of the same order, a mass-suppressed fermion
couplings scenario as in composite Higgs Models, and a purely-bosonic coupling scenario.
In the first two cases, searches for a ZH final state are nowadays sensitive to ¢ x Br <
O(1 fb) in the mass range 2-5 TeV. On the other hand, the case of a purely-bosonic state is
similar to the situation described above for the scalar triplet, where the production is via
VBF and the final state contains massive bosons.

6 Conclusions

The recent CDF measurement of myy poses a strong challenge, not only to the Standard
Model, but also to many well-studied extensions such as supersymmetry [37]. However,
we have shown that it is compatible with a general leading-order dimension-6 SMEFT
analysis: new physics parametrised by dimension-6 operators can generically account for a
large enough shift in myy without any significant tension with other electroweak precision,
Higgs and diboson data.

Table 6 summarises the qualities of SMEFT fits that we find under various assump-
tions, either without using any my measurement, or using only the measurements prior
to the recent CDF measurement, or combining the CDF measurement with previous mea-
surements. We present the qualities of fits using the full set of 20 dimension-6 SMEFT
operators and restricting to only the 4 operators that can increase myy relative to its SM
value. We see that in all cases the x?/dof < 1 and the p-values are > 0.5, indicating high
levels of consistency with the data.

We have also used the SMEFT to show that the CDF and other my, measurements can
be accommodated within several single-field extensions of the Standard Model with new
particles whose masses are in the TeV range for couplings of order unity, in which case the
SMEFT approach is self-consistent. We find the strongest pulls for an electroweak triplet,
either scalar or vector with zero or unit hypercharge respectively, a singlet Z’ vector boson,
followed by a singlet heavy neutral lepton. The LHC searches made so far have not excluded
particles with masses and couplings in the favoured ranges, but there are prospects for LHC
Run 3 and HL-LHC that merit more detailed study.
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EWPO, H | Previous | Combined | Parameter | Ngo | x?/dof | p-value
diboson my myy Count
v 20 182 0.92 0.76
v v 20 185 0.93 0.75
v v 20 185 0.97 0.59
v 4 198 0.93 0.76
v v 4 201 0.93 0.75
v v 4 201 0.97 0.60

Table 6. Fits to the electroweak, Higgs and diboson data either without any my measurement, or
with the measurements prior to the recent CDF measurement, or with the combination of the CDF
and previous measurements, using either the full set of 20 SMEFT operators or only the 4 operators
that can increase myy relative to its SM value.

Note Added

As we were completing this paper, several papers [59-66] appeared that also discuss the
impact of the new myy measurement on new physics scenarios.

Ref. [66] is the most similar in spirit to our work, in that it also reports results from
fits to oblique observables and a SMEFT fit, though only to electroweak precision ob-
servables and without specific model interpretations. Ref. [64] also discusses oblique ob-
servables and considers interpretations invoking heavy Z’ bosons, little-Higgs models or
higher-dimensional geometries. Refs [59-61] discuss two-Higgs doublet models, Ref. [62]
proposes a leptoquark interpretation that also accommodates g, — 2, Ref [63] considers
various models with light degrees of freedom, and Ref. [65] discusses a supersymmetric

interpretation.
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A Constraints from CKM unitarity

It was pointed out in Refs. [67, 68] that the consistency of S-decay measurements with the
unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix imposes a sig-
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Figure 7. Values of mw in fits including all combinations of operators entering linearly in myy,
including from 1 to 4 operator ceofficients, as well as a fit to 20 operator coefficients. Results
omitting direct measurements of my but including Ackpy are shown in grey, and results with
Ackym and using the current world average of my measurements including that by CDF are shown
in red. The vertical green band is the SM prediction for my, based on a SM electroweak fit excuding
mw and Acknar, and the yellow band is the current world average of myy measurements.

nificant constraint on one combination of the dimension-6 SMEFT coefficients. Specifically,
the quantity Acxar = [Vua|® + [Vus|? — 1 can be expressed as

2
v 3 3 3
Acicu = 275 [Cf) = Cf) + Cu = O] (A.1)

and measurements of 0 — 0T nuclear transitions and kaon decays indicate that
Acky = —0.0015 £+ 0.0007, (A.2)

which is consistent with CKM unitarity at the per mille level. In this appendix we discuss
the impact of including this measurement in our fit, leaving a more complete study of
low-energy measurements to future work.

We note that two of the operators listed in (A.1) that contribute to Agxas also con-
tribute to myy, namely CS’; and Cyp, whereas the other two operators that contribute to
Ackpm, namely C’g’; and C’g’), do not contribute to my,. Conversely, whereas C'yyy p and
Cyp contribute to myy, they do not contribute to Acgar. The upshot of this summary is
that the CKM unitarity constraint (A.2) is irrelevant for the coefficients of the operators
Opwp and Ogp, but is potentially important for 01(52 and Oy. Two scenarios can be
distinguished, either C’g’g = Cy, in which case the constraints on the non-myy operator

coefficients CS; and C’és’) can be considered separately, or there is no cancellation between
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Figure 8. Planes of pairs of coefficients of operators that can affect my and Ackar, showing
the constraints from direct my, measurements before (blue) and after (red) the recent CDF update,
Z-pole data (purple), diboson and Higgs data (beige), and Acxar (green). The combined constraints
are given by solid and dashed dotted lines for a 2- and 5-parameter fit respectively.

EWPO, H | Previous | Combined | Acgas || Parameter | Ngor | x?/dof | p-value
diboson my mw Count
v v 20 183 0.94 0.71
v v v 20 186 0.93 0.74
v v v 20 186 0.98 0.56
v v 4 199 0.93 0.74
v v v 4 202 0.93 0.75
v v v 4 202 0.97 0.62

3
Cat
together.

Table 7. As Table 6, but including also the Acxp constraint.
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and Cyy, in which case all four of the operator coefficients in (A.1) must be considered




Fig. 7 shows the my, values in grey corresponding to the best fit and 1-o range al-
lowed by our fit to various coefficient subsets of the SMEFT without including direct myy
measurements, but with the constraint from Acgpr. Comparing to Fig. 4, we see that
flat directions involving Cyp and Cy are lifted by including Aggar, giving indirect pre-
dictions for myy compatible with the world average of the direct measurements, which is
represented by the yellow band. This is further illustrated in Fig. 8, where two-dimensional
contours corresponding to the constraints from various measurements are plotted for all
combinations of the 5 parameters Cyp, C’Sl) ,Ciu, Cawa, Cg’;. The flat direction for Cy; vs
Cp corresponding to the Z-pole data in purple can be removed by either including direct
my measurements, shown before (blue) and after (red) the latest CDF measurement, or by
including Acx s in green. We note also in beige the importance of diboson and Higgs data
for constraining the C'yw g operator. The solid black and dashed black ellipses correspond
to the combined bounds for the 2-parameter and marginalised 5-parameter fits respectively.

Turning now to the impact of Agxar on the single-field extensions of the SM studied
here, we note that none of them contribute to C'yyw g, whereas models B, = and W; con-
tribute to Cyp with the appropriate sign to increase myy and are not constrained by CKM
unitarity. Models N and FE also contribute to my, with the appropriate sign, and also to
C’g’g but not Cy. Hence the CKM unitarity constraint is relevant to these models, but
it may be satisfied by contributions from CS; and C’és). It seems likely that the current
constraints on these coeflicients from a global SMEFT fit are weak enough to cancel the
C’S’g contribution to Ac g to the level needed.

Finally, in Table 7 we summarise the x? per degree of freedom and p-values for our
20- and 4-parameter global fits including Acg s, both without and together with myy
measurements before and after the latest CDF result. We again see that in all cases the
p-values indicate high levels of consistency with the data.
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