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1 Introduction

The CDF collaboration announced an updated more precise measurement of the W -boson
mass [1],

MW = (80.433± 0.0064stat ± 0.0069syst) GeV, (1.1)

that shows a significant 7σ disagreement with the Standard Model (SM) prediction,
MW = (80.357± 0.006) GeV, but also disagrees with the previous global combination of
data from LEP, CDF, D0 and ATLAS, MW = 80.379 ± 0.012GeV [2]. The situations is
illustrated in figure 1. Waiting for a future CMS measurement of MW , we assume that the
new CDF MW measurement is correct, include it in a global fit of electroweak data, and
explore which new physics is suggested by this anomaly, compatibly with all other bounds.

Section 2 shows how the anomaly can be reproduced by universal new physics. Section 3
shows that models where the new physics contributions arise at tree level can easily satisfy
collider bounds, while new physics contributions at loop level have generic problems that
can only be evaded in special situations. Having clarified these main issues, section 4 shows
how extra heavy Z ′ vectors can fit the anomaly. Finally, in section 5 we show how the
desired Z ′ vectors (and other effects) are present in some little-Higgs models proposed
in the literature, finding that acceptable fits are possible. We also comment on related
extra-dimensional geometries. Section 6 contains our conclusions.
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2 Universal new physics

The Standard Model predicts the W mass as MW = MZ cos θW plus quantum corrections.
This means that the CDF anomaly could be directly due to the W mass, or indirectly to the
Z mass, or to the weak angle θW, or to a new-physics modification of the relation among
them. The Z mass and the weak angle are measured very precisely. Loop corrections also
depend on the top mass, on the Higgs mass and on the strong coupling, that again are
measured precisely enough. For example, to reproduce the CDF measurement within the
SM, the top mass would need to be about 11 GeV than its measured value. The Higgs mass
too is now measured very precisely. Thereby the CDF MW anomaly needs new physics.

The key issue is weather some new physics can account for the CDF anomaly compatibly
with all precision data and with LHC measurements at higher energy. The answer is yes,
and the new physics that can fit the CDF anomaly is simple, of a type known as heavy
universal new physics at leading order. ‘Heavy’ means that it can be described as effective
operators; ‘universal’ means operators that only involve the weak gauge bosons and the
Higgs; ‘leading order’ means non-renormalizable operators with lowest dimension 6.1 This
kind of new physics can be parameterized adding to the SM Lagrangian the four effective
SU(2)L-invariant dimension-6 operators listed in table 1

Leff = LSM + 1
v2

[
cWBOWB + cHOH + cWWOWW + cBBOBB

]
. (2.1)

Here v ≈ 174 GeV is the Higgs vacuum expectation value, 〈H〉 = (0, v), and the coeffi-
cients can be conveniently written in terms of corrections to effective SM vector boson
propagators as

Ŝ = 2cW
sW

cWB , T̂ = −cH , W = −g2cWW , Y = −g2cBB (2.2)

where the Ŝ, T̂ , W and Y coefficients are defined in table 1. The SM corresponds to
Ŝ = T̂ = W = Y = 0. Our Ŝ, T̂ are related to the usual S, T parameters [3] as
S = 4s2

WŜ/α ≈ 119 Ŝ and T = T̂ /α ≈ 129 T̂ . The often-considered U parameter corresponds
to a dimension 8 effective operator analogous to OH but with two extra derivatives. On the
other hand, the W and Y parameters need to be included to describe universal dimension-6
operators [4].

2.1 Summary of data

Our data-set includes all traditional precision electroweak data, including the recent improved
computation of the bottom forward/backward asymmetry [5], and measurements of the
Higgs and top-quark masses

Mh = (125.1± 0.2) GeV [2] Mt = (172.4± 0.3) GeV [2, 6]. (2.3)

The top mass combines the latest Particle Data Group average [2] with the new CMS
result [6]. We also include LEP2 data that constrain W,Y at 10−3 level. More sensitive

1Operators with dimension 5 cannot be used, because the SM only allows for those that break lepton
number, leading to neutrino masses.
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Dimension-less form factors operators

2M−2
W W =

2M−2
W Y =
M2
W T̂ =

(g′/g)Ŝ =

Π′′W3W3
(0)

Π′′BB(0)
ΠW3W3(0)−ΠW+W−(0)
Π′W3B

(0)

OWW =
OBB =
OH =
OWB =

(DρW
a
µν)2/2 = J2

W

(∂ρBµν)2/2 = J2
B

|H†DµH|2
(H†τaH)W a

µνBµν

Table 1. The first column defines the dimension-less form factors. The second column defines the
SU(2)L-invariant universal dimension-6 operators, which contribute to the form-factors on the same
row. We use canonically normalized fields and inverse propagators Π(k2) = k2 −M2 + · · · and
denote as g, g′ the SU(2)L ⊗U(1)Y SM gauge couplings.

probes to W,Y arise from recent LHC data, that however have not yet been analysed in a
systematic way. We thereby include LHC data in the following approximated way. We recall
the identity OBB = J2

B and OWW = J2
W where J ∼ g[iH†DµH +∑

f f̄γµf ] are the Higgs
plus fermion f = {q, `} currents coupled to U(1)Y and SU(2)L vectors, respectively [7].
So W,Y are equivalent to specific combinations of current-current dimension-6 operators.
Generically speaking, thanks to its higher energy LHC is now significantly more sensitive
then LEP to operators of the form (q̄γµq)(¯̀γµ`), that manifest as e+e− → jj at LEP and
as pp→ `¯̀ at LHC. Here q denotes a generic quark and ` a generic lepton, with unspecified
chiralities. Furthermore LHC now starts competing with LEP on operators of the form
(q̄γµq)(H†DµH), that manifest at LEP as modifications of Zq̄q couplings, and at LHC as
pp → V V where V = {W,Z, h}. The LHC sensitivity is reduced by the reconstruction
efficiency of V in current analyses [8] (see [9] for a recent fit). Overall, quark/lepton
operators at LHC now provide the dominant sensitivity to W,Y , with the LHC result

W = (−0.12± 0.06) 10−3, |Y |<∼ 0.2 10−3 at 95% C.L. (2.4)

The W measurement comes from 101/fb of CMS data about pp→ ` /ET at
√
s = 13 TeV [10].

The bound on Y is estimated by recasting the bounds on Z ′ vectors from 36/fb of ATLAS
pp → `+`− data at

√
s = 13 TeV [11]. We cannot extract the central value of Y , small

and negligible. Consistently with the sensitivity estimates of [12–14] these LHC results
significantly improve over LEP2, affecting our subsequent discussion. Bounds from higher-
energy LHC scatterings on Ŝ, T̂ are instead negligible. Let us, for example, discuss
the OH = |H†DµH|2 operator that will allow to fit the CDF MW anomaly. Picking its
H → (0, v) and Dµ → iAaµT

a part gives the T̂ parameter, while picking Dµ → ∂µ together
with the fields in H gives energy-enhanced 2→ 2 scatterings involving h and the longitudinal
components of the W and Z bosons, such as hh → hh or WLWL → WLWL. LHC has
limited sensitivity to these processes because of the suppression needed to get hh or WW

collisions out of pp collisions. The other intermediate terms in OH gives small corrections
to Higgs decays of relative order T̂ .

We next include in our fit the new CDF W -mass measurement. No univocal procedure
dictates how to deal with the experimental ≈ 4σ inconsistency among different MW

measurements. Prescriptions that artificially increase the uncertainty of the global average
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when combining seemingly incompatible measurements are justified under the assumption
that some measurement is wrong. If instead the discrepancy is due to unlikely fluctuations,
the weighted average gives the correct statistical implication of the data. For the sake of
simplicity we follow the majority of the literature: we only include the CDF MW result
in order to explore its implications. The above choice has minor practical relevance: the
weighted average would be dominated by CDF thanks to its claimed smaller uncertainty.
The large (7σ) statistical significance of the CDF anomaly makes details of the fitting
procedure less important than the key binary issue: can the CDF anomaly be fitted by
adding new physics? In the next section we confirm that the answer is yes.

2.2 Global fit: SM plus free T̂ parameter

In view of the CDF anomalous MW measurement, the global fit now favours at high
confidence level a new physics effect. It could be due to T̂ ≈ (1.13 ± 0.16) 10−3 alone,
corresponding to a new-physics effective operator L ≈ LSM − |H†DµH|2/(5 TeV)2. We
considered only CDF as W -mass measurement in the global fit. The resulting χ2

CDF only
can be compared with χ2

no CDF, obtained including in the global fit the weighted average of
all W -mass measurements but CDF. The result is:

[χ2
CDF only − χ2

no CDF]SM ≈ 7.22, [χ2
CDF only − χ2

no CDF]SM+T̂ ≈ 2.22. (2.5)

The large difference in the χ2 of the SM fits just means that CDF finds a large ∼ 7σ
deviation from the SM. The small difference in the χ2 when the SM is extended by allowing
for a free T̂ parameter means that this extended theory can reasonably account for the
CDF anomaly. This same conclusion is reached by excluding all MW measurements and
assuming as theory the SM plus a free T̂ parameter: the predicted W -mass is

MW = (80.376± 0.025) GeV (SM extended allowing for a free T̂ parameter) (2.6)

plotted in figure 1 as a thicker grey band. This again shows that, mostly in view of the higher
uncertainty in eq. (2.6), this SM extension is enough to accomodate the CDF anomaly at
about 2σ level. The MW prediction of eq. (2.6) has a larger but finite uncertainty because
T̂ also affects the Fermi constant measured at zero momentum.2

2.3 Global fit: SM plus free Ŝ, T̂ , W, Y parameters

Next, returning to our global fit, and allowing also for a non-vanishing Ŝ together with T̂ ,
the fit in figure 2(a) finds that a positive Ŝ comparable to T̂ is allowed by data:

T̂ ≈ (1.2± 0.5) 10−3, Ŝ ≈ (0.5± 0.7) 10−3 (2.7)
2An interesting feature of the neglected U parameter is that it only affects the W,Z masses involved in

the CDF anomaly. Eq. (2.6) shows that this feature is not needed to fit the W -mass anomaly: T̂ does a good
enough job. Furthermore, devising models where U is significant is a difficult task, because U has the same
symmetry properties as T̂ so that the higher dimensionality of U implies that new physics with mass m
generates a suppressed U/T̂ ∼ min(1,M2

W /m2). Thereby U is only relevant if m ∼ MW . New electroweak
physics is this mass range is now mostly excluded by LHC data.
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Figure 1. Measurements of the W -boson mass compared to the ±1σ band predicted by the SM
(darker thinner band) and by the SM extended allowing for a free T parameter (lighter wider band
and eq. (2.6)).

with strong correlation ρ ≈ 0.94. The correlation and the best-fit values can be ap-
proximatively understood by noticing that the anomaly δMW /MW ≈ 0.7 o/oo claimed by
CDF is so much statistically significant that reproducing it via the theoretical formula
δMW /MW ' (c2

WT̂ /2 − s2
WŜ)/(c2

W − s2
W) + · · · dominates the global fit. The confidence

levels of figure 2 are computed knowing that χ2 − χ2
best follows a χ2 distribution with 2

degrees of freedom in the common Gaussian limit where the Bayesian and the frequentist
approaches to statistical inference become independent of their arbitrary assumptions. Since
the SM extension can fit the anomaly, the SM point Ŝ = T̂ = 0 is strongly disfavoured.

The difference ∆χ2 = χ2
SM − χ2

best quoted in figure 2(a) or the pulls of the various
observables show that universal new physics is enough to reproduce the observables (in-
cluding MW ) obtaining an overall good quality of the fit, except of course for the internal
inconsistency between different measurements of MW , all included in our fit. Figure 2(a)
also shows that a poorer fit is obtained for vanishing T̂ = 0 and Ŝ < 0. Roughly the
same strong preference for T̂ > 0 and its correlation with Ŝ hold in a more general fit
that marginalises over generic values of W,Y , as shown in figure 2(b). Figure 3(a) shows
how the strong new LHC bounds of eq. (2.4) on W,Y prevent the possibility of achieving
a reasonable fit to the MW anomaly in the custodial-invariant limit T̂ = Ŝ = 0. Finally,
figure 3(b) shows that the MW anomaly negligibly impacts the fit of W,Y .

The LHC bounds on W,Y benefit from the large LHC energy, and are thereby not ap-
plicable if the new-physics particles are so light that the effective field theory approximation
breaks down at LHC. In such a case, the yellow contours in figures 2, 3 apply, together
with extra LHC bounds on the production of the specific light particles. Light new physics
is needed if the MW anomaly is due to loop effects, as discussed in the next section.

3 New physics: at tree or loop level?

Various particles with masses m and couplings g provide loop corrections to precision data.
Since any SU(2)L multiplet becomes quasi-degenerate in the m� v limit, their effects are
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Figure 2. The green regions are favoured by our global fit of the universal Ŝ, T̂ ,W, Y electroweak
parameters. The yellow regions shwow the analogous results computed without including the new
LHC bounds on W,Y .
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Figure 3. Global fit of the universal W and Y electroweak parameters. Regions as in figure 2.
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generically estimated as3

Ŝ, T̂ ,W, Y ≈ g4v2

(4πm)2 . (3.1)

The MW anomaly, T̂ ≈ 10−3, is thereby reproduced for m/g2 ≈ 400 GeV. New physics in
this mass range and significantly coupled to SM particles is nowadays mostly excluded by
LHC collider bounds, altought dedicated searches are needed for models that only provide
hidden signals. For example special kinematics, such as decays into invisible quasi-degenerate
particles, tend to leave ‘holes’ in exclusion bounds.

Let us consider the well known case of supersymmetric particles. Their corrections to
electro-weak parameters can be written analytically in the limit of sparticle masses much
heavier than the weak scale, m � MW [15]. This limit is nowadays relevant in view of
collider bounds. The supersymmetric correction to the T̂ parameter is [15]

T̂ = T̂sfermions + T̂Higgses + T̂ gauginos
Higgsinos (3.2)

with

T̂sfermions '
α2
16π

(M2
t +M2

W cos 2β)2

m2
Q3
M2
W

+ α2
16πM

2
W cos2 2β

( 1
m2
L

+ 2
m2
Q

)
(3.3)

T̂Higgses '
α2
48π

M2
W

m2
A

(
1− M2

Z

M2
W

sin2 2β
)

(3.4)

T̂ gauginos
Higgsinos '

α2M
2
W

48πM2
2

[7r − 29 + 16r2

(r − 1)3 + 1 + 6r − 6r2

(r − 1)4 6 ln r
]

cos2 2β (3.5)

where standard notations have been used, r = µ2/M2
2 and, just for simplicity, we assumed

M1 � |µ|,M2. The stop contribution, singled out in T̂sfermions, is often dominant in
view of its g ≈ yt large couplings. The stop (and sbottom) alone could fit the MW

anomaly for mQ3 ∼ 300 GeV, a range now mostly ruled even in some less visible kinematic
configurations [16–18], altought ‘holes’ can remain in exclusion bounds. Other sfermions
can similarly contribute if huge trilinear couplings, not suppressed by the corresponding
fermion masses, are assumed.

The Higgsino/gaugino system contributes to the T̂ parameter and provides an example
of a system where new particles can be hidden, as it contains a Dark Matter candidate
and other charged states that can be quasi-degenerate to it, thereby decaying fast enough
in a mostly-invisible channel. More general similar examples can be built, for example
restricting the models of [19] with a Z2 symmetry. However, weakly interacting particles
with weak-scale mass have a thermal relic abundance smaller than the cosmological DM
abundance and risk having a too large direct detection cross section unless appropriate
tunings are performed (see [20] for supersymmetric examples).

3This immediately follows from the definitions in table 1 in terms of coefficients of dimension-6 operators.
The equivalent definition of the T̂ parameter in table 1 in terms of W,W3 propagators at zero momentum
leads to T̂ ≈ g2

2∆m2/(4πMW )2. Eq. (3.1) is recovered taking into account that the mass splitting among the
components of the SU(2)L multiplet in the loop arises from couplings g to the Higgs boson as ∆m ≈ g2v2/m

in the limit m � v.

– 7 –



J
H
E
P
0
8
(
2
0
2
2
)
2
4
8

As another example, an ‘inert’ Higgs doublet H ′ = (h±, (s+ ia)/
√

2) with components
splitted by potential interactions V = m2|H ′|2 + λ4|H∗H ′|2 + λ5[(H∗H ′)2 + h.c.]/2 + · · ·
with the SM Higgs H contributes mostly to T̂ as [21]

T̂ = F (mh± ,ma)+F (mh± ,ms)−F (ma,ms)
32π2v2

m�v' (mh±−ma)(mh±−ms)
24π2v2 ' (λ2

4−λ2
5)v2

96π2m2
(3.6)

where F (m1,m2) = (m2
1 +m2

2)/2−m2
1m

2
2 ln(m2

1/m
2
2)/(m2

1−m2
2). This reproduces the MW

anomaly for mildly large λ4 ≈ m/v such that (mh±−ma)(mh±−ms) ≈M2
W , implying weak-

scale masses. No dedicated LHC search established if an inert Higgs in this mass range is
still allowed. A recast of different LHC searches [22] produced significant but partial bounds.

Before moving from one loop to tree effects, let us mention an intermediate possibility:
log-enhanced one-loop effects. The renormalisation group equations in the SM plus dimension
6 effective operators have been computed in a series of works culminated in [23–26], finding
that renormalisation from a few TeV scale down to the weak scale induces specific non-
vanishing mixings at few % level. The operator OH motivated by the W -mass anomaly
does not induce any operator that is significantly more constrained, and can be induced by
poorly constrained operators such as (∂µ|H|2)2. In turn, this operator can be mediated at
tree level by a singlet scalar coupled only to |H|2 (see [27] for a model in this sense) and
thereby poorly constrained.

We next consider new-physics effects at tree-level. A variety of new particles can
mediate tree-level corrections to T̂ and to the other electroweak precision parameters. Let
us consider extra scalars with a neutral component that acquires a vacuum expectation value.

• A scalar triplet T with hypercharge 0 gets a U(1)em-preserving vacuum expectation
vT aligned to H from a AHH†T cubic coupling, and contributes via a dimension-6
operator to T̂ only with the desired sign, T̂ = 2v2

T /v
2 > 0, so that the anomaly can

be fitted for vT ≈ 3 GeV. Its mass MT ≈ (Av2/vT )1/2 is well above LHC bounds [28]
if A ∼MT . This scalar was considered e.g. in [29–31].

• A triplet with hypercharge 1 (coupled as HHT ∗) contributes as T̂ = −2v2
T /v

2. This
scalar appears in type II see-saw and in some little-Higgs models.

• A similar situation is found for scalar 4-plets Q. The quadruplet Q with smaller
hypercharge Y = 1/2 (that gets a vacuum expectation vQ from a quartic coupling
λHH†HQ∗) contributes as T̂ = 6v2

Q/v
2 > 0 and can fit the MW anomaly for

vQ ≈ 2 GeV. Its mass MQ ≈ (λv3/vQ)1/2 is mildly above the LHC sensitivity if λ ∼ 1.
Avoiding collider bounds is more difficult because the 4-plet mediates an effective
dimension-8 operator. Scalar quadruplets have been considered e.g. in [32, 33].

• The quadruplet Q with larger hypercharge Y = 3/2 (quartic coupling HHHQ∗)
contributes as T̂ = −6v2

Q/v
2 < 0.

Contributions to T̂ for general representations are given in [34]. In the next section we focus
on a specific plausible tree-level source of a positive T̂ : an extra heavy Z ′ vector boson.
The sign of T̂ can be intuitively understood as follows: the Z/Z ′ mass mixing reduces the
lighter Z mass, following the general behaviour of eigenvalues.

– 8 –
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4 Extra Z ′ vector bosons

A generic Z ′ vector is conveniently characterized by the following parameters: its gauge
coupling gZ′ , its mass MZ′ and the Z ′-charges ZH , ZL, ZE , ZQ, ZU , ZD of the Higgs
doublet H and of the SM fermion multiplets L,E,Q,U,D. We assume a flavour-universal
Z ′. Unless the Z ′ couples to fermions universally or proportionally to the existing SM
vectors, the Z ′ does not give precision corrections of universal type, and thereby a more
complicated global fit is needed. However, in practice, precision data about quarks are less
precise than precision data about leptons, so that the Z ′ quark charges ZQ, ZU , ZD less
significantly affect global electroweak fits. Then, the dependence on the more important
ZH , ZL, ZE parameters can be conveniently condensed in a reduced set of approximatively
universal corrections that include [35]

T̂ = 4M2
W g

2
Z′

g2M2
Z′

(ZE − ZH + ZL)2, Ŝ = 2M2
W g

2
Z′

g2M2
Z′

(ZE − ZH + ZL)
(
ZE + 2ZL + g2

g′2
ZE

)
(4.1)

where g and g′ are the SM weak gauge couplings. The extra similar expressions for W,Y
and for other coefficients can be found in eq. (4.2) of [35]. All extra effects apart from the
correction to T̂ vanish if the Z ′ couples only to the Higgs, i.e. ZH 6= 0 and ZL,E,Q,U,D = 0.
Notice also that Ŝ = T̂ = 0 whenever ZE − ZH + ZL = 0, such that the charged lepton
Yukawa interactions LEH∗ are invariant under the extra U(1)Z′ symmetry, avoiding the
need of a model for their generation.

Barring this cancellation, the correction to T̂ has the desired sign. The physical
motivation is that the mass mixing of an heavy Z ′ vector with the Z vector reduces the Z
mass while not affecting the W mass, that thereby becomes relatively heavier compared to
the Z. So the anomaly T̂ ≈ 10−3 is reproduced for

MZ′/gZ′ ≈ 8 TeV|ZE − ZH + ZL|. (4.2)

This simple approximation breaks down when ZE − ZH + ZL is small, so we show results
of a global fit. Without loss of generality we can normalise the gZ′ coupling such that
Z2
H + Z2

L + Z2
E = 1 and assume ZH ≥ 0. Then we can compute the global χ2 and the

best-fit value of MZ′/gZ′ on a half-sphere surface as function of the lepton charges ZL and
ZE , with ZH =

√
1− Z2

L − Z2
H .

Figure 4 shows the results of a global Z ′ fit. The three panels consider different
assumptions for the less important quark Z ′ charges: zero in the left panel, universal-like in
the middle panel, and SU(5)-unified in the right panel The panels exhibit similar results,
confirming that ZH , ZL and ZE are the most relevant parameters, and that the universal
approximation in eq. (4.1) is accurate enough. The left panel evades the strong LHC bounds
on (q̄γµq)(¯̀γµ`) operators, that progressively become more relevant in the subsequent panels.
The dots in the plots highlight some commonly considered Z ′ models listed in table 2. The
best fit is provided by the universal Z ′ denoted as H, as it corresponds to the Higgs only
being charged under the Z ′, so that only T̂ > 0 gets corrected.
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Figure 4. Extra Z ′ that fit electroweak data, including theMW anomaly. The Z ′ effects dominantly
depend on the Z ′ charge of the Higgs and the leptons: we here assume the normalization Z2

L +Z2
E +

Z2
H = 1 such that ZH = 0 at the boundary of the circles, and ZH = 1 in their centers. The three

panels assume different sets of quark charges, and show similar results. The green contours show
the best-fit regions at 68% and 90% confidence levels. The red dashed contours show the best-fit
values of MZ′/gZ′ in TeV. The dashed line in the middle panel corresponds to a universal Z ′ and
the dot-dashed curve in the first panel to a Z ′ compatible with the SM LEH∗ lepton Yukawas. The
dots show some Z ′s listed in table 2.

In view of the strong correlation between T̂ and Ŝ found in section 2, a wide variety of
other Z ′ models provide comparably good global fits to the MW anomaly. Other effects,
generically comparable to T̂ , can be compatible with bounds.

From a theoretical point of view, it is interesting to consider a ‘minimal’ Z ′ with charges
Zi = (B − L)i cos θ + Yi sin θ given by a linear combination of B − L and hypercharge,
because this is the most generic flavour-universal and anomaly-free Z ′ compatible with
all SM Yukawa couplings (see e.g. [36]). While pure B − L does not improve the SM fit,
and a pure heavy hypercharge improves the fit only by mildly (middle panel of figure 4),
an acceptable fit is provided by an appropriate linear combination near T3R, see figure 5.
A lower MZ′/gZ′ is needed in view of the small value of ZH = 1

2 sin θ. LHC restricts
MZ′ > 4.1 TeV for gZ′ = gZ ≈ 0.74 [11].

We finally discuss if the Z ′ vector bosons that fit the MW anomaly are compatible
with collider bounds. LEP2 e−e+ data are included in our global fit, and mostly constrain
4-lepton effective operators [4]. LHC pp data provide bounds [11] that strongly depend on
the quark Z ′ charges that negligibly affect the electroweak global fit. These collider bounds
can be mostly avoided in models where ZQ,U,D vanish. For generic values of ZQ,U,D the
qualitative situation is as follows: collider bounds on Z ′ production are more sensitive than
precision data for Z ′ masses below about 4 TeV [11], while the limited LHC energy implies
weaker sensitivity than precision data to heavier Z ′. As electroweak data only depend on
the combination MZ′/gZ′ , the MW anomaly can be fitted compatibly with collider bounds
for large enough MZ′ masses corresponding to perturbative couplings gZ′ >∼ 0.5 in view
of eq. (4.2). In this limit LHC sets bounds on (q̄γµq)(¯̀γµ`)/Λ2 effective operators at the
Λ>∼ 10 TeV level [11]. These bounds, included in our fit (and used to estimate the bound on
Y in eq. (2.4)), imply order one bounds on products of the quark and lepton ZE,L,Q,U,D
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U(1) ZH ZL ZD ZU ZQ ZE

H 1 0 0 0 0 0
Y ′ 1

2 −
1
2

1
3 −

2
3

1
6 1

Y ′F 0 −1
2

1
3 −

2
3

1
6 1

B − L 0 −1 −1
3 −

1
3

1
3 1

L 0 1 0 0 0 −1
10 0 0 0 1 1 1
5 0 1 1 0 0 0
X 2

3 1 1 −1
3 −

1
3 −

1
3

16 0 1 1 1 1 1
T3R −1

2 0 −1
2

1
2 0 −1

2

χ 2 3 3 −1 −1 −1

Table 2. Charges of frequently studied Z ′ Propor-
tionality constants have sometimes been omitted.
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L



68, 90, 99% CL (2 dof)

Δχ2 ≈ 45.

LHC bound for gZ '≈gZ≈0.74

Figure 5. Minimal Z ′ with charges Zi = (B−
L)i cos θ + Yi sin θ favoured by the global fit.

charges for Z ′ that fit the MW anomaly. These bounds disfavour various motivated Z ′,
that have too large fermion charges. Our fit does not include LHC data on (q̄γµq)(H†DµH)
operators, that now provide bounds comparable to the bounds from LEP.

5 Little Higgs models

The operator |H†DµH|2 motivated by the MW anomaly generically arises in models where
the Higgs bosons is affected by new physics. A plethora of particles that provide tree-
level corrections to precision data are predicted by models that were motivated by Higgs
mass naturalness, such as technicolour (where the Higgs becomes a bound state), extra-
dimensional models that allow TeV-scale quantum gravity (where the Higgs supposedly
becomes some stringy-like object).

We here focus on little-Higgs models that tried to obtain a naturally light Higgs as the
pseudo-Goldstone boson of a suitable complicated pattern of symmetry breaking. Such
models contribute to electro-weak precision data at tree-level that thereby prevent them
from reaching their naturalness goal. A simple way of computing corrections to precision
data in such models was described in [37], where it was also noticed that many models are
of ‘universal’ type, allowing a unified systematic analysis. In view of the MW anomaly,
we reconsider those models that contribute to the T̂ parameter. We focus on tree-level
contributions due to Z ′ and other heavy vectors, ignoring loop effects.

5.1 The SU(5)/SO(5) ‘littlest’ Higgs models

The ‘littlest’ Higgs model [38, 39] assumes a SU(5) global symmetry broken to SO(5) at
some scale f . The SU(2)1 ⊗ SU(2)2 ⊗ U(1)1 ⊗ U(1)2 subgroup of SU(5) is gauged, with
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gauge couplings g1, g2, g′1, g′2 respectively. The SM gauge couplings g and g′ are obtained
as 1/g2 = 1/g2

1 + 1/g2
2 and 1/g′2 = 1/g′21 + 1/g′22 . The scale f is normalized such that the

extra heavy vector bosons have masses

M2
W ′ =

(
g2

1 + g2
2

) f2

4 , M2
Y ′ =

(
g′21 + g′22

) f2

20 . (5.1)

Matter fermions are assumed to be charged under SU(2)1 ⊗ U(1)1 only. The model has
three free parameters, which can be chosen to be f and two angles φ and φ′ defined as

sinφ = g/g1 cosφ = g/g2 sinφ′ = g′/g′1 cosφ′ = g′/g′2. (5.2)

The universal corrections to precision data are [37]

Ŝ = 2M2
W

g2f2

[
cos2 φ+ 5c

2
W
s2

W
cos2 φ′

]
, W = 4M2

W

g2f2 cos4 φ,

T̂ = 5M2
W

g2f2 , Y = 20M2
W

g′2f2 cos4 φ′.

(5.3)

We omit a possible extra negative contribution to T̂ from Higgs triplets with Y = 1, present
in this model. Thereby the MW anomaly T̂ ≈ 10−3 can be fitted for f ≈ 9 TeV. Figure 6(a)
shows the best fit value of f as function of φ and φ′. The plots shows that a good global
fit is obtained for small cos2 φ and cos2 φ′, corresponding to larger g2 and g′2 couplings
and thereby to suppressed W,Y . In this limit the Y ′ vector can be heavy enough to be
compatible with LHC bounds.

This ‘littlest Higgs’ model can be modified by assigning charge Y R under U(1)1 and
Y (1−R) under U(1)2 to the fermions. Here Y is the SM hypercharge and 0 ≤ R ≤ 1 [39].
The previous model corresponds to R = 1. Gauge interactions are not anomalous and are
compatible with the needed SM Yukawa couplings also for R = 3/5 [39]. The corrections to
precision data become

Ŝ = 2M2
W

g2f2

[
cos2 φ+ 5c

2
W
s2

W
(2R− 1) (R− sin2 φ′)

]
, W = 4M2

W

g2f2 cos4 φ,

T̂ = 5M2
W

g2f2 (1− 2R)2 , Y = 20M2
W

g′2f2 (R− sin2 φ′)2.

(5.4)

Figure 6(b) shows the global fit for R = 3/5: LHC bounds on W,Y are avoided for small
cosφ and sin2 φ′ ≈ R. In view of the relatively smaller correction to T̂ , this modified model
provides a less good fit to the MW anomaly.

5.2 The SU(6)/Sp(6) models

This model [40] is based on a global symmetry SU(6) broken to Sp(6) at a scale f . The
gauge group is SU(2)1 ⊗ SU(2)2 ⊗U(1)1 ⊗U(1)2, with gauge couplings g1, g2, g

′
1, g
′
2, broken

to the diagonal SU(2)L ⊗U(1)Y at the scale f . Following the notations of [41], the heavy
gauge bosons have mass

M2
W ′ =

(
g2

1 + g2
2

) f2

4 , M2
Y ′ =

(
g′21 + g′22

) f2

8 (5.5)
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Figure 6. Best-fit regions on the parameters of SU(5) little-Higgs models. The red dashed contours
indicate the values of the scale f in TeV. As described in the text, in each model the angles φ
parameterize the gauge couplings of the extra gauge groups, which become strongly coupled at
φ, φ′ → 0, π/2.

and the SM gauge couplings are 1/g2 = 1/g2
1 + 1/g2

2 and 1/g′2 = 1/g′21 + 1/g′22 . This model
contains no Higgs triplets. If the fermions are charged under SU(2)1 ⊗U(1)1 one gets:

Ŝ = 2M2
W

g2f2

[
cos2 φ+ 2c

2
W
s2

W
cos2 φ′

]
, W = 4M2

W

g2f2 cos4 φ,

T̂ = M2
W

2g2f2 (5 + cos 4β), Y = 8M2
W

g′2f2 cos4 φ′
(5.6)

where

cosφ = g/g1 sinφ = g/g2 cosφ′ = g′/g′1 sinφ′ = g′/g′2 (5.7)

and tan β = v2/v1 is the ratio between the vacuum expectation values of the two Higgs
doublets of the model. The analytical expressions show that the corrections to precision
data only mildly depends on β. We thereby assume cos 4β = 0 and report the resulting best
fits in figure 7(a). Like in the previous model the MW anomaly can be reproduced, and
collider bounds on vectors and on W,Y can be avoided for large enough gauge couplings.

A related SU(6) little-Higgs model is obtained if only SU(2)1 ⊗ SU(2)2 ⊗ U(1)Y is
gauged. The model is dubbed ‘incomplete’ because the Higgs mass receives quadratically
divergent corrections associated to the small g′ coupling. There is no extra Y ′ vector, no
correction to the Y parameter, and a contribution to T̂ arises because the two different
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Figure 7. As in figure 6, for SU(6) little-Higgs models.

Higgs vacuum expectations break isospin:

Ŝ = 2M2
W

g2f2 cos2 φ, W = 4M2
W

g2f2 cos4 φ,

T̂ = M2
W

g2f2 cos2 2β, Y = 0.
(5.8)

The resulting best fits are reported in figure 7(b). Again, theMW anomaly can be reproduced,
and large SU(2) couplings are here needed to avoid collider bounds and bounds on W .

We verified that other little-higgs models that do not contribute to T̂ at tree-level do
not provide good fits to the MW anomaly.

5.3 Gauge bosons and Higgs in extra dimensions

Finally, we recall that similar structures (with the two copies of electroweak vectors replaced
by an infinite massive tower) arise in models with extra dimensions. A dominant correction
to T̂ is obtained if the Higgs doublet propagates in the extra dimensions more than the SM
vector bosons and the SM fermions. This can be achieved, for example, considering one flat
extra dimension with length 1/f , with the SM fermions confined on one boundary, in the
presence of vector kinetic terms localized on the boundary [4]:

Ŝ = 2
3
M2
W

f2 , T̂ = M2
W

3c′f2 , W = cM2
W

3f2 , Y = c′M2
W

3f2 . (5.9)

The parameters c and c′ control the relative size of kinetic terms localized on the boundary
for SU(2)L and U(1)Y vectors respectively. A dominant correction to the T̂ parameter
arises for small c′, corresponding to mostly-localized U(1)Y vectors. Since the theory is
non-renormalizable, we cannot claim that eq. (5.9) allows to fit theMW anomaly compatibly
with collider bounds.
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6 Conclusions

We performed a global fit to electroweak data, finding that the MW anomaly claimed by
the CDF collaboration could be due to a universal new-physics correction T̂ ≈ 10−3 to the
T̂ parameter, corresponding to an effective |H†DµH|2 operators suppressed by about 5 TeV,
if the only W -mass measurement included in the global fit is the new CDF result.

Best-fit regions shown in figure 2 exhibit a significant correlation of T̂ with the Ŝ
parameter, that can thereby be also present at a comparable level. On the other hand,
LHC data now restrict the universal W,Y parameters to values too small to reproduce the
MW anomaly. This kind of effects could be produced as follows.

• New physics that gives tree-level corrections can have multi-TeV masses, and thereby
can easily be compatible with collider bounds. In section 3 we discussed scalars with
vacuum expectation values. In section 4 we classified Z ′ vectors, showing that a
contribution to T̂ only can be provided by a Z ′ coupled to the Higgs only. In view of
the correlation discussed above, various Z ′ coupled to SM fermions also provide fits
with comparable quality, as shown in figure 4. Specific little-Higgs models proposed in
the literature contain heavy vectors that can fit the MW anomaly, such as those based
on two copies of SM vectors and SU(5)/SO(5) and SU(6)/Sp(6) global symmetries
and discussed in section 5, with global fits shown in figure 6 and 7 respectively. We
mention how specific higher dimensional geometries provide similar effects, as a tower
of extra vectors.

• New physics that gives loop-level corrections needs to be in a few hundred GeV range,
and thereby is easily excluded by collider bounds. Possible exceptions involve special
kinematical configurations, such as a quasi-degenerate set of particles that decay
invisibly into a neutral state, possible DM candidate.
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