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Abstract

We consider the implications of the CDF collaboration high-precision measurement of the W boson mass
on models with a non-standard Higgs. We show that this requires an enhancement of more than 5% in the
non-standard Higgs coupling to the gauge bosons. This is naturally accommodated in dynamical models
such as the dilaton Higgs, the Technicolor and glueball Higgs. The needed composite scale between 2 and
3 TeV can also explain the muon g-2 anomaly, as well as possible violations of lepton flavour universality.

The CDF collaboration measured the W boson
mass My using data relative to 8.8 inverse fem-
tobarns (fb=1) of integrated luminosity, collected
in proton-antiproton collisions at an energy in the
center-of-mass of 1.96 TeV, via the CDF II detector
at the Fermilab Tevatron collider. With a sample
of about 4-million W bosons, they obtained [1]

80, 433.5 & 6.45ta; = 6.95yst
80,433.5 + 9.4 MeV . (1)

MWlCDF

There are two striking results associated to this new
measurement.

The first is that the central value is larger than
expected, leading to a strong tension with the Stan-
dard Model (SM) expectation [2]:

Mw |y = 80,357 £ dinputs £ 4theory MeV . (2)

The SM result derives from symmetries (mainly the
custodial symmetry of the Higgs sector) and a set of
high-precision measurements that include the Higgs
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and Z boson masses, the top-quark mass, the elec-
tromagnetic coupling, the muon lifetime and col-
lider asymmetries, which serve as input to the an-
alytic computations. The estimate of the SM ex-
pected value of Myy is affected by uncertainties in
the input data and by missing higher-order pertur-
bative computations (theory). All in all, the ten-
sion between the CDF measurement and the SM
can be quantified to 7 standard deviations (7¢) [1].
However, as pointed out in [3], including the state-
of-the-art higher order corrections at N>LL+NNLO
accuracy, one order higher than those included in
the CDF analysis via the ResBos code [4], leads to
a decrease of the central value by at most 10 MeV.
Hence, these corrections, which are captured by the
data-driven techniques used by CDF, may reduce
the disagreement with the SM to 6o.

The second striking result is that the accuracy
of the new CDF measurement exceeds that of all
previous measurements combined, coming from the
Large Electron Positron collider (LEP) and previ-
ous Tevatron analyses [5]:

My | gp = 80,385 + 15 MeV . (3)

More recently, the LHCb collaboration [6] and AT-
LAS collaboration [7] at the Large Hadron Collider
(LHC) presented new results with competitive ac-
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curacy:
Mw|igen = 80,354+ 32MeV,
Mw|yrias = 80,370+ 19MeV . (4)

A simple weighted average of these 4 measurements
yields:

My | e = 80,410 + 7MeV | (5)

Comparing our naive average with the SM in Eq. 2,
the discrepancy is reduced to around 5 standard
deviations 3.

Taking these measurements at face value, the de-
viation from the SM can be accounted for by new
physics beyond the SM. In particular, the W mass
is very sensitive to contributions to the vacuum po-
larisations of the electroweak bosons, encoded in
the oblique parameters. This correction can be ex-
pressed in terms of the Altarelli-Barbieri epsilon pa-
rameters [9]:

My, M
ol (14+1.34 ¢; —0.86 €3), (6)

or via the oblique S and T parameters [10, 11].
The latter set only includes the contribution of new
physics, and can therefore be defined only once
the SM part is known. After the discovery of the
Higgs boson [12, 13] and the precise measurement
of its mass [14], the new physics contributions to
the oblique parameters can be clearly defined:

de; =T, de3 = S, (7)

where « is the electromagnetic coupling constant at
the Z mass. The correction to the W mass stem-
ming from new physics can therefore be expressed
in terms of S and T via the following numerical
approximate formula [15]:

AMywy =~ 300 MeV x (1.43 T — 0.86 S), (8)

which we will use in our numerical analysis.

For models featuring a non-standard Higgs
bosons, it is the coupling of the Higgs to gauge
bosons that is mainly responsible for corrections to

3The naive average tends to underestimate the error, so
that this value should be considered ‘optimistic’. A more
sophisticated method can be found in [8]. Furthermore, cor-
relations among systematic errors are included in a profes-
sional averaging, as done with LEP and previous Tevatron
measurements in [5]
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Figure 1: Comparison of the new CDF measurement of the
W mass (magenta band) to the precision measurements, rep-
resented by the ellipses with (solid) and without (dashed) the
CDF result. The yellow band indicates the bound stemming
from asymmetries and direct s%v determination. The red
band represents our naive average that includes the CDF
result. All bounds are shown at 95% confidence level (i.e.
20).

the oblique parameters as well as the value of the
W mass. This is efficiently encoded in the param-
eter Ky, which has the same value for W and Z
assuming an underlying custodial model. This pa-
rameter can be expressed at tree level in terms of
observables as follows:

5 OvBF _ Lnoswwyzz 9
Ry = SM — FSM ) ( )
OVBF h—WW/ZZ

hence the SM corresponds to xky = 1. The well-
know relation between ky and the oblique param-
eters is:

A2
SR EPI )
167cyy, my,
S ! (1—ri)l A2+AS (10)
= s-U=kry)D—7 UV,
127 m3

where we have included an unknown contribution
to the S parameter stemming from UV physics. As-
suming the new UV physics to be custodial, it does
not contribute to T'. One can express S in terms of
T as follows:

4
S = 7§C€VT+ASU\/. (11)



We now compare this correction to the deviation
provided by the new CDF measurement and by our
naive average:

AMW|CDF MW|CDF - MW|SM
= T76+11MeV,
AMW|AVG MW|AVG - MW|SM
52 £ 9MeV . (12)

This is illustrated by the magenta (CDF) and red
(AVG) bands at 20 in Fig. 1, compared to the
bound coming from the asymmetries and the direct
determination of s%, in the SM [16], represented
by the yellow band. The dashed ellipse stems from
the fit to the oblique corrections without includ-
ing the CDF measurement (S = 0.04 £+ 0.08 and
T = 0.08 £ 0.08 with a correlation of 0.91 [16])
while the solid ellipse shows the updated fit from
[17] (S = 0.065 + 0.09 and T = 0.155 + 0.065 with
a correlation of 0.95). The take-home message is
that the independent measurement of the CDF W
mass (magenta band) and s¥, (yellow band) prefer
a small and positive ASyy for positive T' > 0.1.
We can now express the same bounds in terms of
the non-standard Higgs coupling ky and the scale
of new physics A, as shown in Fig. 2. The UV
contribution to S has been parameterised as

1
ASUV = nde7T 5 (13)

which roughly counts the number of SU(2) weak
doublets ng4 present in the UV theory [11]. In Fig. 2
we also showed the limit on ky stemming from di-
rect measurements, where the most constraining
value is due to the ATLAS collaboration with a
combination of the full Run-I data and various in-
tegrated luminosities (up to 139 fb~=!) for Run-II
data [18, 19]:

kv = 1.0390:03 (14)

which is also compatible with the CMS results [20].
This value comes from a 2-parameter fit of the Higgs
data, allowing also a common modification of the
fermion couplings, krp = 0.93 £ 0.05 (with a cor-
relation of 43%). We take this as a simple refer-
ence limit, keeping in mind that a model-specific fit
would be required to extract a more reliable limit.
For instance, different modifiers for W and Z could
be generated via custodial symmetry breaking, as
also hinted in the current LHC data [18, 19, 20].
The naive average points towards sy 2 1.05, while
larger values of ky are needed for increasing ASyvy

(as shown in the right panel), so that a rough upper
limit of ngy < 4 can be obtained. We also checked
that the CDF measurement alone is incompatible
as it requires a too large kv in order to generate a
sufficient contribution to T, hence it is disfavoured
by the direct Higgs coupling measurements at the
LHC.

Interestingly, the anomaly in the muon g — 2 [21]
can be related to a new physics contribution ap-
pearing at the scale A via the naive relation

m

Aa, = Az (15)
This relation is the right type of estimate for
strongly coupled models [22], where no loop fac-
tors arise and A is directly associated to the scale
where new resonances could appear, like a techni-
rho. The vertical green band in Fig. 2 indicates the
30 preferred region, defined by the SM world aver-
age for the SM theoretical prediction [23], leading to
a 4o discrepancy. The most crucial part of the SM
prediction is the determination of hadronic contri-
bution to the vacuum polarization (HVP), which is
determined via eTe™ data [24, 25, 26, 27, 28, 29, 30,
while the recent BMW lattice result is not included
[31]. In general, this anomaly is compatible with
the new average for the W mass as long as A is
between 1.5 to 3.6 TeV. If we consider a reduced
anomaly, as driven by the lattice results, the scale is
pushed to slightly higher values [22], without spoil-
ing the compatibility with the W mass measure-
ment. Interestingly, it has been pointed out in [32]
that uncertainties in the SM input parameters can-
not explain both the anomalous W mass and the
muon g — 2. Following [22] one can also address
the observed lepton flavour non-universal anomalies
[33] via fundamental partial composite models [34],
further reviewed in [35], with different couplings of
muons with left and right-handed chirality.

The Higgs boson with non-standard interactions,
which we analysed so far, arises in many new
physics realisations. In this letter we are inter-
ested in dynamical models, where a Higgs-like bo-
son emerges as a composite state of a more fun-
damental interaction. The low energy properties
can be described in terms of an effective field the-
ory, which is controllable thanks to some symme-
tries of the underlying theory. In the following, we
will consider four classes of model: a pseudo-dilaton
[36], a dynamical glueball [37] or composite Higgs
[38], and Goldstone/Holographic composite Higgs
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Figure 2: Allowed regions at 99% Confidence Level (30) from electroweak precision (red) and the direct xy measurement
(blue). The green vertical band corresponds to the region preferred by the muon g — 2 anomaly. The two panels correspond to
vanishing UV contribution to S (left) and ngy = 2 (right). The regions compatible with all bounds are highlighted by the black

contour.

[39, 40]. The non-standard interactions are cap-
tured by the following master Lagrangian [37]:

L = Lo
h h?
+ &v (1+2/<LVU+I<;2VUQ)><

2

o D, U'D"U

1 72 h
+ Z0,horh — Dhp? (1 + %,1A3h>
2 2 v

fL U fR+h.C.

0] h
- %ff (1 + “fv>
+o (16)

where U = exp (i127%T*/v) is the usual non-linear
map of the Goldstones 7% produced by the breaking
of the electroweak symmetry.

The difference among the four classes lays in dif-
ferent counting schemes for the couplings in the
above Lagrangian. A useful tool consists in rely-
ing on a large-N counting, where NN is the number
of colours in the confining underlying theory [37].
In the glueball case, the Higgs can be envisioned
as the lightest glueball state of a new Yang-Mills
theory with a new N-dependent string tension pro-
portional to Ay, scale not automatically related to
the electroweak scale v = 246 GeV. A composite

Higgs [38] in Technicolor-like theories [41, 42], in-
stead, is associated to a fermion-antifermion bound
meson. The counting now depends on the fermion
representation [43]. Here we express the counting
with respect to a reference theory based on SU(N)
gauge with fermions in the fundamental. In the
dilaton case, the scalar state is associated to a spon-
taneoulsy broken conformal dynamics, and its cou-
plings are associated to a single scale F' = NAy.
Finally, in the case of the Goldstone/Holographic
Higgs [40], the counting is based on the misalign-
ment [39] between the electroweak scale and the
compositeness scale f, which can be expressed in
terms of an angle [44], v = fsg with sy < 1.

The relevant couplings in the four -classes
are summarised in Table 1, where the Gold-
stone/Holographic couplings correspond to the
minimal model of Ref. [45]. Note that in the
Goldstone/Holographic case, the couplings to gauge
bosons are always reduced with respect to the SM
values, as ky = cg < 1. This is a universal property
of Goldstone Higgs models [46]. Only couplings to
fermions can be enhanced compared to the SM val-
ues, for specific choices of the model details [47].
In all the other cases, ky is naturally larger than
unity when the new scale is somewhat smaller than
v, or the coupling 7, > 1. As the new W mass mea-
surement points towards a positive deviation of Ky



| &v | v kv | Xan | & | mp |
rrU 571-1)2 v Ty
lueball 1 1
Glueba NAH N2A2 NAH NAH
N N N = N
Technicolor-like ﬁ T N SFN \/% \/% T ~
v v? v v
do-dilat 1 1
pseudo-dilaton NAg N2A2 NAgy NAgy
Goldstone /Holo. 1 co Cop co 1 )

Table 1: Couplings in Eq. 16 in the four classes of models [37].

from unity above 5% this leads to a composite scale
A ~ 47 NAy =~ 47w, which is in agreement with the
g — 2 preferred region. Note that the coupling to
fermions is also expected to receive a similar en-
hancement, considering that different couplings to
the various flavour may be generated in more de-
tailed models. The dilaton case is most predictive,
as other measurable couplings can be determined
once the scale of new physics is fixed, for instance
the Higgs trilinear coupling that will be measured
at future colliders.

To summarise, in this letter we discussed the
impact on non-standard Higgs models of the new
W mass measurement from the CDF collaboration,
which has not only the highest precision to date,
but also a central value significantly higher than
previous measurements and than the SM fit result.
Our analysis includes composite models, but it is
not limited to them. Firstly, we noted that the CDF
measurement on its own, which has a 7o discrep-
ancy to the SM fit, is very hard to accommodate as
it would require a large departure in the Higgs cou-
plings to W and Z bosons, unless large custodial
violations are present in the UV model. However,
a naive average with the LEP, previous Tevatron,
LHCb and ATLAS W mass measurements, while
reducing the anomaly to 50, renders the overall re-
sult easier to accommodate.

The main implication stemming from the new av-
erage including the CDF result is that the coupling
of the non-standard Higgs to W and Z bosons is re-
quired to be larger than the SM value by more than
5%. This is rather hard to accommodate in weakly
coupled models due to perturbative unitarity sum
rules [48], unless Higgses in SU(2) representations
larger than doublets are allowed to develop size-
able vacuum expectation values [49, 50], such as in

generalised Georgi-Machacek models [51, 52]. Sim-
ilarly, in models of Goldstone/Holographic Higgs
a reduction of this coupling is usually obtained,
hence needing a sizeable source of custodial viola-
tion is present in the UV theory to give a positive
contribution to 7. However, this feature can be
naturally achieved in composite models where the
Higgs emerges as a resonance, as in Technicolor-like
theories or pseudo-dilaton models. Furthermore,
a similar enhancement is expected in the fermion
couplings of the Higgs. The High-Luminosity LHC
and future Higgs factories will be able to establish
the non-standard nature of the Higgs couplings, as
they are expected to reach a precision of about 2%
[53] and <1% [54], respectively. Furthermore, the
anomaly in the muon g—2 measurement is also com-
patible with the dynamical origin of the Higgs, if the
new composite scale lies between 1.5 to 3.6 TeV,
where new resonances like a spin-1 techni-rho are
expected.

In conclusion, it is tantalising that the anomalies
that are emerging in the precision measurement of
the SM properties conspire towards a coherent pic-
ture, where the Higgs boson emerges from a dy-
namical composite sector at a few TeV scale. This
scenario will be discovered or excluded by the end of
the LHC program, and most certainly by the next
high-precision colliders, whose construction is being
discussed.
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