




Theory 
1954 Yang Mills 
- beautiful idea, but Mv = 0 

1961 Nambu Goldstone  
- beautiful idea, but M0 =  0 

1964  Englert  Brout, Higgs, GHK, .. 
Y-M + N-G → Mv ≠ 0 
+ (P H) at least one massive scalar 

1967  Kibble - Non-Abelian 
generalisation 

1971 ‘t Hooft  - Y-M + Higgs 
renormalizable 

Models 

1961 Glashow 
- SU(2)xU(1) 

1967 Weinberg 
1968 Salam-Ward 
- SU(2)xU(1) + Higgs 

1973 Neutral Currents 
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+ (P H) at least one massive scalar 

1967  Kibble - Non-Abelian 
generalisation 

1971 ‘t Hooft  - Y-M + Higgs 
renormalizable 

“Isotopic Spin and Isotopic Gauge 
Invariance” 
………… 

In electrodynamics, by the requirement 
of electric charge conservation, it is 
argued that the mass of the photon 
vanishes. Corresponding arguments in 
the b field case do not exist even 
though the conservation of isotopic 
spin still holds.  We have therefore not 
been able to conclude anything about 
the mass of the b field. 

 A conclusion about the mass 
of the b field is of course very 
important in deciding whether the 
existence of the b field is consistent 
with experimental information…… 
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Murray Gell-Mann 1961 
 The Eightfold way 

The vector mesons are introduced in a 
very natural way, by an extension of the 
gauge principle of Yang and Mills 

Schwinger 1962  
Gauge Invariance and Mass 

It is argued that the gauge invariance of 
the vector field does not necessarily 
imply zero mass for an associated 
particle if the current  vector coupling is 
sufficiently strong. This situation may 
permit a deeper understanding of 
nucleonic charge conservation as a 
manifestation of gauge invariance, 
without the obvious conflict with 
experience that a massless particle 
entails. 
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Ancestry: 
Heisenberg 1928 
Bogoliubov 1947 
Ginzburg & Landau 1950 
Nambu 1960 

Anderson 1963 noted that in a 
superconductor the Goldstone mode 
becomes massive because of its e-m 
coupling, and that this effect also 
renders the photon massive: 
The Goldstone zero-mass difficulty is 
not a serious one, because we can 
probably cancel it off against an equal 
Yang-Mills zero-mass problem 
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Differing motivations 

Schwinger  - local baryon number 
conservation without Mv = 0 
Englert, Brout – avoid Mv = 0 

Higgs, GHK avoid M0 = 0 

How to understand approximate 
hadronic symmetries? 
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1954 Yang Mills 
- beautiful idea, but Mv = 0 ?? 

1961 Nambu Goldstone  
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“It is worth noting that an essential 
feature of the type of theory which has 
been described in this note is the 
prediction of incomplete multiplets 
of scalar and vector bosons. It is to be 
expected that this feature will appear 
also in theories in which the symmetry-
breaking scalar fields are not 
elementary dynamic variables but 
bilinear combinations of Fermi fields.”   
- Technicolour!! 

1966 Veltman - Divergence 
conditions:  Studying scattering of 
real or hypothetical vector bosons → 
most results of current algebra without 
Schwinger terms 
Quantization rules, ghosts, gauge 
invariant regularization… …. 



Theory 
1954 Yang Mills 
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Models 

1961 Glashow 
- SU(2)xU(1) 

1967 Weinberg 
1968 Salam-Ward 
- SU(2)xU(1) + Higgs 

1970 GIM (Bj & G 1964) 

1972 – Heavy leptons, as well or 
instead of neutral currents? 

1973 Neutral Currents 



Big questions in the 60s: 

Nature of hadrons (bootstrap?) 
Nature of strong force? 
Nature of weak interactions?? 

Attention mostly on hadrons/strong force, SU(3)?, bootstrap.. 

Theorists ‘forming groups or dispersing’, or working on Regge, current algebra,..  

Quarks: born 1964, but only taken seriously by very a small minority 

Distractions – relativistic combination of internal and space time symmetries 

Yang Mills - only in Schweber (1961) as reference for  ‘e-m gauge invariance of 
the second kind’. No mention in Bjorken & Drell (1964/5) 

Doubts about field theory:  
G Chew “Field theory, like an old soldier, will not die but simply fade away…” 

Deep inelastic scattering claimed to indicate that ‘nature reads books on free 
field theory’ 





Discovery of neutral currents did not clinch matters – 
- doubts about initial claim 
- data only converged on SU(2)xU(1) at end of 1980 

Big doubts about standard model sown by first (late 1994) SPEAR 
data (charm threshold mistaken for constant cross section) 

Meanwhile: 

Higgs necessary as well as sufficient 

First systematic study of Higgs phenomenology 

1976 discovery of charm – SM could be right! 

1978 LEP Summer Study – Higgs a highlight 

1983 discovery of W and Z. NY Times “Europe 3 - US Not Even Z-
Zero”. S M → orthodox 
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The situation with regard to Higgs bosons is unsatisfactory. First it should be 
stressed that they may well not exist. Higgs bosons are introduced to give 
intermediate vector bosons masses through spontaneous symmetry 
breaking. However, this symmetry breaking could be achieved dynamically 
[lo] without elementary Higgs bosons. Thus the confirmation or exclusion of 
their existence would be an important constraint on gauge theory model 
building. Unfortunately, no way is known to calculate the mass of a Higgs 
boson, at least in the context of the popular Weinberg-Salam [ 111 
model, and experimental lower limits [ 1 Z-14] on its mass are around 15 
MeV, piffling compared with the intermediate vector boson masses expected 
to be O(50 to 100) GeV. 



Most of this paper is phenomenological, however, and we discuss ways of 
looking directly for the Higgs boson, pushing the experimental lower mass limit 
up to a few hundred MeV or a few GeV. 

---------- 

We should perhaps finish with an apology and a caution. We apologize to 
experimentalists for having no idea what is the mass of the Higgs boson, unlike 
the case with charm [3,4] and for not being sure of its couplings to other 
particles, except that they are probably all very small. For these reasons we do 
not want to encourage big experimental searches for the Higgs boson, but we 
do feel that people performing experiments vulnerable to the Higgs boson 
should know how it may turn up. 



LEP Summer Study  
1978 

Extracts from 
theoretical summary 
talk  ‘e+e- Physics 
Beyond PETRA 
Energies’ (CHLlS) 

Note: LEP approved 
1981 



LEP Summer Study  
1978 (cont.) 



Final LEP 1 limit – 65.6 GeV 

LEP Summer Study  
1978 (cont.) 



LEP Summer Study 1978 (cont.) 



For the experimental community “it all 
started  with the CERN – ECFA Workshop 
in Lausanne on the feasibility of  a hadron 
collider in the future LEP tunnel” 

This workshop was organized in 
preparation for the 1984 ICFA workshop at 
KEK, which witnessed a big SSC-LHC 
shoot out 





… 1 ½ pages on Higgs phenomenology, 2 pages on SUSY,….. 



1991: 1st Complete Presentation of the LHC to the 
CERN Council at a special open session.  I presented 
the scientific case, as Chair of the SPC: 

Council concluded: ‘LHC is the right machine for the  
advance of the subject and the future of CERN’ (thanks to 
the  great push by DG C Rubbia + Chair of Council Bill Mitchell) 
and asked for more detailed information on the project before 
the end of 1993 “so that Council may move towards a decision 
on the LHC” 



My introductory talk 
‘Physics with proton 
beams’ contained 
24/40 slides on Higgs 
–’instructions from the 
organisers/ benchmark 
process’ 

Presentations by CMS, 
and by EAGLE and 
ASCOT – soon after 
merged to form ATLAS’ 

Foundations of the Experimental 
Programme Laid at 1992 Evian Meeting 



Aside	
  (1):	
  Statement	
  by	
  Mr	
  William	
  
Waldegrave	
  (UK	
  Minister	
  at	
  office	
  of	
  

Public	
  Service	
  and	
  Science)	
  20	
  April	
  1993:	
  
It	
  would	
  be	
  easier	
  to	
  win	
  money	
  for	
  research	
  if	
  taxpayers	
  
and	
  Ministers	
  understood	
  the	
  scien8sts’	
  quest.	
  To	
  provide	
  a	
  
li>le	
  spurt	
  of	
  this,	
  I	
  will	
  offer	
  a	
  bo>le	
  of	
  vintage	
  champagne	
  
(at	
  my	
  own	
  expense)	
  to	
  anyone	
  who	
  can	
  write	
  down	
  on	
  a	
  
single	
  sheet	
  of	
  A4	
  paper,	
  what	
  the	
  Higgs	
  boson	
  is	
  and	
  why	
  
you	
  would	
  like	
  to	
  find	
  it.	
  



Aside (2): Private letter from an 
official at the Science and 

Engineering Research Council 
It is a prime example of the English problem (not ‘British’): 
can you envisage a similar jocular challenge requiring a 
one-page answer on, say, Shakespeare's historiographical 
debt to Plutarch? No, of course not. Gentlemen are 
expected to have a natural grasp of that sort of thing. On 
our scale of social values, it is the Higgs, the carburettor 
and the tap-washer that are defined as arcane and the 
natural province of some other sector of the population. 



Illustration of the Winner* (David Miller) 

* Scientific American 
version.  In the original 
version of the cartoon, 
the celebrity was Mrs 
Thatcher 



Aside (4): Letter to the Daily Telegraph 24/4/93 
I observed with interest that William Waldegrave, the Public Service Minister, 
is offering a bottle of vintage champagne to anyone who can tell him what 
and where is the Higgs Boson. He should be asking who? 

I knew Higgs well when serving as a deckhand on the China seas in the 
1920s. Born in County Clare of Franco-Irish parents, he was christened to his 
enormous chagrin Amadee Maria and ran away to sea at the age of 13 to 
escape the derision of his schoolmates. 

There, to conceal his hated given names and having ambitions to personal 
preferment, he gave his first name as ‘Bosun’, his strong Irish accent giving 
exaggerated emphasis to the second vowel, and so it was is duly entered in 
the books as Higgs Boson, which nomenclature remained with him 
throughout his long and eventful career in the Far East where he did 
eventually attain the coveted title of Bosun. Sad to relate he was killed by 
pirates in the Celebes in about 1930. I trust this brief account will put Mr 
Waldegrave's mind at rest. 



December 1993  

Presentation of a proposal to build the LHC in 
the context of a complete long-term plan for 
CERN (preparation and presentation 
delegated to me by C Rubbia) 

“The LHC will provide unique insights into the 
nature of matter and the structure of the 
universe, and ensure that CERN maintains a 
leading position in the decades to come.” 



LHC Proposal (cont.) 



More colloquially (Scientific 
American, July 2000) 

“The LHC’s projectiles will penetrate even deeper 
into the heart of matter, down to 10-19 metre. This 
alone would be enough to whet scientific 
appetites, but pulses are really set racing by 
compelling arguments that the answers to major 
questions must lie in this new domain that the 
LHC data will illuminate”.   



The CERN Council set tough conditions and 
asked for further economies.  Meanwhile 
 science moved ahead: 
  Fit to precision data March 1994 



Fermilab top quark range April 1994 



December 1994 
After very tough negotiations the Council approved the 
LHC* 

- for construction in two stages, with 
the condition that ‘any contributions 
form non-Members with be used to 
speed up and improve the project, 
not to allow reductions in the 
members Sates’ contributions’ (a 
pledge which was not kept) 

* For the political battle (1994-98) 
see Nature 281, 448, 2007  



In December 1995, the CERN Council (although very 
nervous of new initiatives following the approval of the 
LHC) accepted a proposal to add more superconducting 
cavities (32 new + equip 16 spares) on the grounds that 
1) this would provide a good chance of finding the 
Higgs boson 





and 2) a good chance of finding SUSY 



December 1996: Single 
Stage Construction of LHC 

Approved 
-  albeit accompanied by cuts in the 

budget (after an onslaught from 
Germany and the UK) 

(see Nature 281, 448, 2007 for the 
politics) 



June 1998  
Council agreement to run LEP for 

an additional year (2000) 



December 1998 

What else would have been needed to find a 125 GeV Higgs at LEP? 
Final upgrade: 95 → 104.5 GeV/beam  
The technical limit with Nb-film cavities was 111 – just enough? 
But we would never have found the support or money to buy the extra 
cavities and the extra time needed to exploit them 



The Underground  
Cavern at Point-1 for 
the ATLAS Detector 

Length  = 55 m 
Width  = 32 m 
Height  = 35 m 

Side A Side C 

Side A 

Side C 





Assembling 
ATLAS 















The LHC entered 
Popular Culture: 

But unfortunately (before any collisions) an 
electrical fault 9 days later had 
catastrophic knock-on effects.  Repairs 
and improvements took until November 
2009, when the LHC re-started 





•  MH ~ 125 GeV is good news as there is sensitivity to many 
production mechanisms and decay modes, as needed to answer 
the question – is the discovery the end of an old chapter (appears 
to be the case?), or the opening of a new?  

•  Looking further ahead 
-  barring a big breakthrough, the days of building machines 

simply to look at a new domain are over: the extra reach is 
too small compared to the cost 

-  but speculation about next machines is very premature 
pending collection of a large data set at full LHC energy 

LHC still has a large discovery potential: there is lots to do 



Norwegian Winterschool,         
3-11-2010  P Jenni (CERN) Road Map for Discoveries 53 

                           Higgs	
  producFon	
  cross	
  secFons	
  at	
  LHC	
  

 The Higgs Hunt at the LHC 



Particle Physics and 
Philosophy   Maria in der 
Aue,  March 2011, P. Jenni 
(CERN) 

54 Experimental Methods in Particle 
Physics 

Higgs	
  decay	
  branching	
  ra/os	
  



Search for the boson (H) of  
the EW symmetry breaking 

SM H boson production cross 
sections times observable decay 
branching ratios at 7 TeV  

Best	
  channels	
  at	
  the	
  LHC:	
  
	
  	
  	
  	
  <	
  130	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  H	
  γγ 	
  

125-­‐180	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  H	
  	
  WW(*)	
  lνlν	
  	
  
125-­‐300	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  H	
  ZZ(*)	
  llll	
  	
  
300-­‐600	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  H	
  ZZ	
  llνν	
  	
  

Berkeley, 5-Nov-2012            
P Jenni (CERN) 55 Segre Lecture: LHC Roadmap 



•  MH	
  ~	
  125	
  GeV	
  is	
  good	
  news	
  as	
  there	
  is	
  sensi8vity	
  to	
  many	
  produc8on	
  
mechanisms	
  and	
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  modes,	
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  to	
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•  Looking	
  further	
  ahead	
  

-­‐  barring	
  a	
  big	
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  the	
  days	
  of	
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  is	
  very	
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  of	
  a	
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LHC	
  sFll	
  has	
  a	
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  discovery	
  potenFal:	
  there	
  is	
  lots	
  to	
  do	
  



Meanwhile lots to celebrate 


