
Why the Higgs boson?
What can the Higgs & top tell us?

Looking beyond them

Higgs, Top & Beyond

John Ellis

Remember the lectures by Jonas Lindert



The BCS Theory of Superconductivity

Condensate of electron pairs of due to phonon interactions
Lowest-energy state has charge density: breaks/hides U(1)em

1957



Nambu, Anderson & “Spontaneous 
Breaking” of Gauge Symmetry

1959/62

“Spontaneous 
symmetry 

breaking” = 
hidden symmetry
Gauge-invariant 
mass generation 
by plasmons in 
non-relativistic 

theory



The Founders
Tom Kibble Gerry Guralnik Carl Hagen François Englert Robert Brout

1964

Peter Higgs



The (GN)AEBHGHKMP Mechanism

The only one
who mentioned a

massive scalar boson

1964



Nambu , EB, GHK & Higgs

Accompanied by massive scalar particle

EB, H, GHK 

Spontaneous symmetry breaking: massless Nambu-
Goldstone boson                ‘eaten’ by gauge boson‘eaten’ by massless gauge boson



Hungry for Higgs



Steps Towards the Higgs Boson
1964



The Nambu-Goldstone Mechanism

• Postulated effective scalar potential:

• Minimum energy at non-zero value:

• Components of scalar field:
• π massless, σ massive:



Abelian EBH Mechanism

• Lagrangian with U(1) gauge boson:

• Gauge transformation

• Choose
• Rewrite Lagrangian:



Think of a Snowfield

Skier moves fast:
Like particle without mass

e.g., photon = particle of light
Snowshoer sinks into snow,

moves slower:
Like particle with mass

e.g., electron

Hiker sinks deep,
moves very slowly:

Particle with large mass

The LHC discovered
the snowflake:

The Higgs Boson



Weinberg:
A Model of 

Leptons

VOLUME 19,NUMBER 21 PHYSICAL REVIEW LETTERS 20 NovEMBER 1967

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.”



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

• Lagrangian: gauge interactions
matter fermions
Yukawa interactions 
Higgs potential

Tested < 0.1%
before LHC

Testing now
in progress



Parameters of the Standard Model

• Gauge sector:
– 3 gauge couplings: g3, g2, g ́
– 1 strong CP-violating phase

• Yukawa interactions:
– 3 charged-lepton masses
– 6 quark masses
– 4 CKM angles and phase

• Higgs sector:
– 2 parameters: μ, λ

• Total: 19 parameters

Unification?

Flavour?

Mass?



The Standard Model Lagrangian

✓ Experiment: accuracy < %

No direct evidence 
until July 4, 2012



Masses for SM Gauge Bosons
• Kinetic terms for SU(2) and U(1) bosons:

where
• Kinetic term for Higgs field:

• Expanding around vacuum:

• Boson masses:



Higgs Boson Couplings

Higgs 1966

Weinberg 1967



A Phenomenological Profile 
of the Higgs Boson

• First attempt at systematic survey



A Phenomenological Profile 
of the Higgs Boson

1975

• Previous mass limit ~ 15 MeV
• Decay into photons via loop diagrams

• Look for pp → (H → 𝜇𝜇) + X production
• H + Z associated production



Status of the Standard Model before 
the LHC

• Perfect agreement with all confirmed accelerator 
data

• Consistency with precision electroweak data 
(LEP et al) only if there is a Higgs boson

• Agreement seems to require a relatively light 
Higgs boson weighing < ~ 180 GeV

• Raises many unanswered questions:
mass? flavour? unification?

2011



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



Precision Tests of the Electroweak 
Sector of the Standard Model

Lepton couplings Pulls in global fit

It works!



New Precision Measurement of 
Electroweak Mixing Angle

Splits the difference between LEP and SLD

CMS Collaboration, arXiv:2408.07622



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



Higgs Production at the 
LHC

A la recherche 
du 

Higgs perdu …

Many production modes measurable if Mh ~ 125 GeV

LHC Higgs Cross-Section 
Working Group

(LHXSWG)



Higgs Production at the LHC

Cross sections for 
Higgs mass near 

125 GeV

LHC Higgs Cross-Section 
Working Group

(LHXSWG)



• Couplings proportional to masses (?)

• Important couplings through (quantum) loops:
– gluon + gluon → Higgs →  γγ

Higgs Decay Branching Ratios

Many decay modes measurable if Mh ~ 125 GeV



Dominant decay 
branching ratios for 

mH ~ 125 GeV

Higgs Decay Branching Ratios

LHC Higgs Cross-Section 
Working Group

(LHXSWG)



The Discovery of the Higgs Boson

Mass Higgsteria

2012



Interesting Events



Higgsdependence Day!



Scientists from around the World
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Theory

LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

LHC pp
p
s = 5 TeV

Data 0.255 � 0.3 fb
�1

Standard Model Total Production Cross Section Measurements Status: October 2023

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

LHC Measurements

Agree with the 
Standard Model

Higgs
production



Higgs Measurements



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

It Walks and Quacks like a Higgs



Emerging Decay Mode:

Boto, Das, Romão, Saha & Silva,
arXiv:2312.13050



QCD Corrections to 

NLO QCD diagrams for 
signal and background

NLO QCD increases cross-
section by factor ~ 2

Negative interference – but 
blown up by factor 10 in plot

Reduces cross-section by 3% 

Buccioni, Devoto, Djouadi, JE, Quevillon, Tancredi, arXiv:2312.12384



Boto, Das, Romão, Saha & Silva, arXiv:2312.13050

Mixing parameter:

BSM Scenario for 𝐻 → 𝑍𝛾



Higher-Order Higgs Couplings
• Standard Model Lagrangian contains  couplings in 

Higgs potential 𝑉 𝐻 , Higgs kinetic term |𝐷𝜇𝐻|2 , respectively

• Directly related to (𝑚𝐻, 𝑚𝑊) and 𝑉𝑉𝐻, respectively

• Absence/modification would destroy consistency 
(renormalizability) of Standard Model

• Could be modified by, e.g., higher-order terms in effective field 
theory, e.g., 𝐻6 or |𝐻|2|𝐷𝜇𝐻|2

• Parameterized by 𝜅𝜆, 𝜅2𝑉, respectively

• Measuring them is next frontier in Higgs measurements

𝐻𝐻𝐻, 𝑉𝑉𝐻𝐻



Search for Triple-H Coupling



Search for 
HHH Coupling



NLO Corrections to Di-Higgs Production

Important corrections
Insensitive to choice of renormalization scale

Bagnaschi, Degrassi & Gröber, arXiv:2309.10525



Evidence for VVHH Coupling

𝜅2𝑉 = 1.02 ± 0.23 if other Higgs couplings have Standard 
Model values

ATLAS Collaboration, arXiv:2406.09971 

𝜿𝟐𝑽

𝜿𝝀𝜿𝟐𝑽



Evidence for VVHH Coupling

5 − 𝜎 exclusion of 𝜅2𝑉 = 0 if other Higgs couplings have 
Standard Model values

𝜿𝟐𝑽

𝜿𝑽

CMS Collaboration, arXiv:2407.13554



Constraints 
on Di-Higgs 
Couplings

• Coupling modifiers

• Higher-dimensional 
couplings

ATLAS Collaboration, PRL 133 (2024) 10181



Prospects for Future Higgs 
Measurements

Coupling modifiers 𝜅𝑖: 𝑠trengths relative to SM predictions


