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and

W&-=(V +V' -»)/~2 V. -=(V -V )/~~2. (5)
0 Ot 0 0$

The condition that p, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A.

'—=M,'/2h, and therefore the
field p, has mass M, while p, and p have mass
zero. But me can easily see that the Goldstone
bosons represented by y, and y have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates y and p, everywhere' without chang-
ing anything else. We will see that Ge is very
small, and in any case M, might be very large, '
so the y, couplings mill also be disregarded
in the following.
The effect of all this is just to replace p ev-

erywhere by its vacuum expectation value

(rp) =x( ). (6)

The first four terms in Z remain intact, while
the rest of the Lagrangian becomes
-~ y'g'[(A ')'+ (A 2)2]

p,

-~8K'(gA '+g'B )'—AG ee. (7)

We see immediately that the electron mass
is A.Ge. The charged spin-1 field is

gf ——2 &+(A & + fA 2)
p p,

and has mass

M = 2Ag.

= (g'+ g") "(gA '+g'& ),
p, P

(10)

=(g'+g") '"(-g'A '+g& ).
p.

Their masses are

M = —,X(g'+g")"', (12)

M~ ——0,

so A& is to be identified as the photon field.
The interaction betmeen leptons and spin-1
mesons is

The neutral spin-1 fields of definite mass are

Sg P,e y (1+y ) v W +H. c.+,»&2 ey eA

~(g'+g")"' 3g"-g' v u v+ 4,» ey e Fy y5-e+vy (1+y )v Z
— g' +g 5 p,

' (14)

G /Wr=g'/SM 2=1/2~2.

Note that then the e-p coupling constant is
=M /X=2 M G =2.07 10e e e W

(16)

We see that the rationalized electric charge
is

e=gg'/(g +g' )
and, assuming that W& couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

by this model have to do with the couplings
of the neutral intermediate meson Z@ . If Z&
does not couple to hadrons then the best place
to look for effects of Z& is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- v interaction is

( (3g'-g")
~~Py (1 +y) 5)v(+2, )F2y e+ Fy2y e ~.

The coupling of p, to muons is stronger by a
factor M&/Me, but still very weak. Note al-
so that (14) gives g and g' larger than e, so
(16) tells us that Mgr &40 BeV, while (12) gives
MZ &Mgr and MZ &80 BeV.
The only unequivocal new predictions made

If g »e then g »g', and this is just the usual
e-v scattering matrix element times an extra
factor ~. If g =e then g«g', and the vector
interaction is multiplied by a factor —2 rath-
er than 2. Of course our model has too many
arbitrary features for these predictions to be

• Electroweak sector of the 
Standard Model

• SU(2) x U(1)
• Mixing of Z, photon
• Neutral currents
• Higgs-lepton couplings
• No quarks 

1967

2 citations before 1971

“Whatever the final laws of nature may be, 
there is no reason to suppose that they are 

designed to make physicists happy.”



Higgs Boson Couplings

Higgs 1966

Weinberg 1967



Gauge Theories taken Seriously

• `t Hooft and Veltman: renormalizable

• Kobayashi and Maskawa show how to include CP 
violation in the Standard Model

• Neutral currents in Gargamelle

• J/Ψ discovered

• Tau lepton and charmed particles discovered

1971/2

1973

1973

1974

1975/6



A Phenomenological Profile 
of the Higgs Boson

• First attempt at systematic survey

1975



Summary of the Standard Model
• Particles and SU(3) × SU(2) × U(1) quantum numbers:

• Lagrangian: gauge interactions
matter fermions
Yukawa interactions 
Higgs potential

No direct
evidence

until 2012

Ignored for
several years

High-precision
tests at LEP, …



Precision Tests of the Standard Model

Lepton couplings Pulls in global fit

It works!



Estimating Masses with Electroweak Data

• High-precision electroweak measurements are 
sensitive to quantum corrections

• Sensitivity to top mass is quadratic:

• Sensitivity to Higgs mass is logarithmic:

• Measurements at LEP et al. gave indications first on 
top mass, then on Higgs mass

Where are the top and  Higgs?

Veltman



Combining Information from
Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV Gfitter collaboration

2011



“… we do not want to encourage big experimental
searches for the Higgs boson, but …”EGN 1975



Higgsdependence Day!



The Particle Higgsaw Puzzle

Did the LHC find the missing piece?
Is it the right shape? Does it have the right size?



Higgs Measurements



• Do couplings scale ~ mass? With scale = v?

It Walks and Quacks like a Higgs



… to make an end is to make a beginning. 
The end is where we start from. 

T.S. Eliot, Little Gidding



Everything about Higgs is Puzzling

• Pattern of Yukawa couplings y:
– Flavour problem

• Magnitude of mass term μ:
– Naturalness/hierarchy problem

• Magnitude of quartic coupling λ:
– Stability of electroweak vacuum

• Cosmological constant term V0:
– Dark energy

+ …

Higher-dimensional interactions?



Elementary Higgs or Composite?
• Higgs field: 

v = <0|H|0> ≠ 0
• Quantum loop problems
• Mh, v, other masses have 

quadratic divergences

• Fermion-antifermion 
condensate?

• Just like π in QCD, Cooper 
pairs in BCS superconductivity

• Need new ‘technicolour’ force
- Heavy scalar resonance?

- (Problems with precision 
electroweak data)

- Pseudo-Nambu-Goldstone 
boson?Cut-off Λ ~ 1 TeV with

Supersymmetry?

Cutoff 
Λ = 10 TeV

Theoretical worries about the Higgs boson



Is “Empty Space” Unstable?

Depends on 
masses of Higgs 
boson and top 
quark, strong 

coupling

Instability scale
~ 1012 GeV

Politzer & Wolfram,
Hung,

Cabibbo, Maiani, Parisi & Petronzio;

1979

Buttazzo et al, arXiv:1307.3536;
Franceschini et al, 2203.17197



Is “Empty Space” Unstable?

• Dependence of instability scale on masses of Higgs 
boson and top quark, and strong coupling:

Log!"
Λ
GeV

= 10.5 − 1.3
𝑚#

GeV
− 172.6 + 1.1

𝑚$

GeV
− 125.1) + 0.6

𝛼%(𝑚&) − 0.1179
0.0009

• New CMS value of 𝑚!:
𝑚8= 171.77 ± 0.38GeV

• Particle Data Group values:
𝑚!= 125.25 ± 0.17GeV, 𝛼"(𝑚#) = 0.1179 ± 0.0009

• Instability scale:
Log!"

Λ
GeV = 11.7 ± 0.8

• Dominant uncertainties those in 𝛼! and 𝑚!

Buttazzo et al, arXiv:1307.3536;
Franceschini et al, 2203.17197

CMS Collaboration, April 2022



•Tunnel through barrier
•in current Universe?

•Fluctuate over barrier?

•Fluctuate over 
barrier?

Fluctuate over barrier
in the early Universe?

Quantum fluctuations

The Big Crunch

Tunnel through
barrier now?

Not if 
infinite barrier:

Supersymmetry?

Will the Universe Collapse?
Should it have Collapsed already?

•Fluctuate 
over barrier?

We are here



Weinberg: Anthropic Estimate of
the Cosmological Constant

1967

“… the laws of nature should allow the 
existence of intelligent beings that can ask 

about the laws of nature …”



Looking Beyond the Standard 
Model with Effective Field Theory?

“...the direct method may be used...but 
indirect methods will be needed in order to 

secure victory….” 
“The direct and the indirect lead on to each 
other in turn. It is like moving in a circle….”

Who can exhaust the possibilities of their 
combination?” 

Sun Tzu



Effective Field Theories (EFTs) 
a long and glorious History

• 1930’s: “Standard Model” of QED had d=4

• Fermi’s four-fermion theory of the weak force

• Dimension-6 operators: form = S, P, V, A, T?
– Due to exchanges of massive particles?

• V-A ➔ massive vector bosons ➔ gauge theory

• Yukawa’s meson theory of the strong N-N force
– Due to exchanges of mesons? ➔ pions

• Chiral dynamics of pions: (∂π∂π)ππ clue ➔ QCD



Weinberg: Effective Field Theory
for the Strong Interactions

1967



Standard Model Effective Field Theory
a more powerful way to analyze the data

• Assume the Standard Model Lagrangian is correct 
(quantum numbers of particles) but incomplete

• Look for additional interactions between SM particles 
due to exchanges of heavier particles

• Analyze Higgs data together with electroweak 
precision data and top data

• Most efficient way to extract largest amount of 
information from LHC and other experiments

• Model-independent way to look for physics beyond 
the Standard Model (BSM)



• Include all leading dimension-6 operators?

• Simplify by assuming flavour SU(3)5 or 
SU(2)2 XSU(3)3 symmetry for fermions

• Work to linear order in operator 
coefficients, i.e. 𝒪(1/Λ!)

• Use GF, MZ, α as input parameters 

Summarize Analysis Framework
JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779



Dimension-6 SMEFT Operators

• Including 2- and 4-
fermion operators

• Different colours 
for different data 
sectors

• Grey cells violate 
SU(3)5 symmetry

• Important when 
including top 
observables

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

Baryon
decay

Flavour anomalies

Anomalous
magnetic
moments



• Global fit to dimension-6 operators using precision 
electroweak data, W+W- at LEP, top, Higgs and 
diboson data from LHC Runs 1, 2

• Search for BSM
• Constraints on BSM

• At tree level
• At loop level

Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data 

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779



Data included in Global Fit

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

328 measurements
included in

global analysis



Dimension-6 Constraints 
with

Flavour-Universal
SU(3)5 Symmetry

• Individual 
operator 
coefficients

• Marginalised 
over all other 
operator 
coefficients

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779



Dimension-6 Constraints 
with

Top-Specific
SU(2)2 x SU(3)3

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

• Individual 
operator 
coefficients

• Marginalised 
over all other 
operator 
coefficients



Model-Independent BSM Survey

JE, Madigan, Mimasu, Sanz & You, 
arXiv:2012.02779

• Top-less sector 
fits SM very 
well

• Top sector does 
not fit so well

• Overall, pulls 
not excessive

• No hint of BSM



CDF Collaboration, Science 376 (2022) p170



CDF Measurement of mW
compared with previous measurements

• Tension: 7-𝜎 discrepancy with Standard Model?



• Global fit to dimension-6 operators using precision 
electroweak data, W+W- at LEP, top, Higgs and 
diboson data from LHC Runs 1, 2

• Search for BSM
• Constraints on BSM

• At tree level
• At loop level

Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data 

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Positive
contributions

to mW



SMEFT Operators that can 
Contribute to W Mass

• Relevant SMEFT operators

• Three out of four involve the Higgs field!
• Contributions to W mass

• Contributions to S and T oblique parameters



SMEFT Fit with the Mass of the W Boson

• Non-zero coefficients for any of four operators can fit W mass
Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         



Single-Field Extensions of the Standard Model

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Spin zero

Vector



Single-Field Models that can 
Contribute to W Mass

Operators
contributing to mW

X

X

X

Wrong sign

Right sign

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         

X



• 68 and 95% CL ranges of masses assuming unit coupling
• Masses proportional to couplings
• Large masses consistent with SMEFT approximation

Spins
V

S

V

F

F

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         

Models Fitting the Mass of the W Boson



Searching for Models Fitting 
the Mass of the W Boson

• W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak 
production, accessible at LHC?

• B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology 
depends on fermion couplings, too heavy for LHC?

• Ξ: Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in 
LHC searches for heavy Higgs bosons?

• N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to 
(right-handed) singlet neutrino

• E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to 
(right-handed) singlet electron

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         



Higgstorical Summary

• Speculation

• Hypothesis

• Theory

• Search

• Discovery

• Building-block
Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260         

}Repeat?



Some Final Words

“If there is no point in the universe that we  
discover by the methods of science, there is a point 
that we can give the universe by the way we live”

Steven Weinberg


