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

Looking beyond it 

The Standard Model & Beyond

John Ellis



The ‘Standard Model’
of Par2cle Physics

Proposed byAbdus Salam, 
Glashow and Weinberg

Tested by experiments
at CERN

Perfect agreement between
theory and experiments

in all laboratories



The ma'er par*cles

The ‘Standard Model’

The fundamental interac0ons

Gravita'on electromagne'sm     weak nuclear force strong nuclear force

Where does
mass

come from?



The Massive Discoverers
Tom Kibble Gerry Guralnik Carl Hagen François Englert Robert Brout

1964

Peter Higgs



The (G)AEBHGHKMP’tH Mechanism

The only one
who menFoned a

massive scalar boson

1964



Nambu, EB, GHK & Higgs

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

Accompanied by massive par1cle

EB, H, GHK 



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

• Gauge transforma0on

• Choose
• Rewrite Lagrangian:



Weinberg:
A Model of 

Leptons
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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 citaFons 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
• Par$cles and SU(3) × SU(2) × U(1) quantum numbers:

• Lagrangian: gauge interac$ons
ma=er fermions
Yukawa interac$ons 
Higgs poten$al

What are we?

Tested < 0.1%
before LHC

TesDng now
in progress



Masses for SM Gauge Bosons
• Kine0c terms for SU(2) and U(1) gauge bosons:

where
• Kine0c term for Higgs field:

• Expanding around vacuum:

• Boson masses:



Higgs Boson Couplings

Higgs 1966

Weinberg 1967



Parameters of the Standard Model

• Gauge sector:
• 3 gauge couplings: g3, g2, g ́
• 1 strong CP-viola0ng phase

• Yukawa interac0ons:
• 3 charged-lepton masses
• 6 quark masses
• 4 CKM angles and phase

• Higgs sector:
• 2 parameters: μ, λ

• Total: 19 parameters

Unifica8on?

Flavour?

Mass?



A Phenomenological Profile 
of the Higgs Boson

• First attempt at systematic survey



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 rela5vely light Higgs 

boson weighing < ~ 180 GeV
• Raises many unanswered ques0ons:

mass? flavour? unifica5on?

2011



Es2ma2ng Masses with Electroweak Data

• High-precision electroweak measurements are 
sensi0ve to quantum correc0ons

• Sensi0vity to top mass is quadra0c:

• Sensi0vity to Higgs mass is logarithmic:

• Measurements at LEP et al. gave indica0ons first on 
top mass, then on Higgs mass

Where are the top and  Higgs?

Veltman



Precision Tests of the Standard
Model

Lepton couplings Pulls in global fit

It works!



Combining Informa2on from
Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV Gfi*er collabora/on

2011



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



Higgs ProducIon at LHC
A la recherche 
du 
Higgs perdu …

Many produc8on modes measurable if Mh ~ 125 GeV

LHC Higgs Cross-SecCon 
Working Group
(LHXSWG)



• Couplings propor0onal to masses (?)

• Important couplings through loops:
• gluon + gluon → Higgs →  γγ

Higgs Decay Branching RaIos

Many decay modes measurable if Mh ~ 125 GeV



What was Expected

What do we know?



ATLAS: Higgs and dark maTer

CMS: Higgs and dark maTer

ALICE: Primordial cosmic plasma

LHCb: MaTer-anFmaTer difference



The Discovery of the Higgs Boson

Mass Higgsteria

2012



Interes5ng Events



Higgsdependence Day!



Scien&sts from around the World



Russian naval shells reused in CMS
Melted down in Belarus

Supported by US



The Particle Higgsaw Puzzle

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



LHC Measurements
Agree with the 
Standard Model

Higgs
producFon



Higgs ProducIon at the LHC

Cross sec0ons for 
Higgs mass near 125 

GeV

LHC Higgs Cross-SecCon 
Working Group

(LHXSWG)



Dominant decay 
branching ra0os for mH

~ 125 GeV

Higgs Decay Branching RaIos

LHC Higgs Cross-Section 
Working Group

(LHXSWG)



Examples of Higgs Measurements



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

It Walks and Quacks like a Higgs



Without Higgs …

… there would be no atoms
• massless electrons would escape at the 

speed of light
… there would be no heavy nuclei
… weak interac2ons would not be weak
• Life would be impossible: everything 

would be radioac9ve

Its existence is a big deal!



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

T.S. Eliot, Little Gidding





• « Empty » space is unstable
• Dark maBer
• Origin of maBer
• Sizes of masses
•Masses of neutrinos
• Infla1on
• Quantum gravity
• …

The Standard Model

LHC
LHC
LHC
LHC


