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u The National Accelerator Laboratory was 
created in 1967, on the Illinois prairie, to 
open a new frontier in the exploration of 
the deepest mysteries of matter and energy. 

u Robert Rathbun Wilson (namesake of this 
building), born in Frontier, Wyoming, was 
the first director and architect of the Lab. 

u The Lab was renamed Fermilab, to honor 
Enrico Fermi, a quintessential physicist, 
who had ushered in the Nuclear Age 
through his seminal experiment on nuclear 
fission, at the University of Chicago in 
1942.  

Wilson 

Fermi 
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u What are the basic building blocks of matter?   
§  “Elementary” or “Fundamental” Particles 
 

u How do they interact with each other? 
 
u How does nature behave at its most fundamental 

level? 
 
u Can this explain the existence and evolution of the 

universe? 

7 
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What are the most fundamental 
building blocks of matter? 

How do these elementary 
particles interact? Now probing distance 

scales ~ 10-21m 



Pushpa Bhat, Fermilab                                                                                October 5, 2019          9 

u u 
 
 
 
u 

Each type of 
quark comes in 
three colors: R, 
G, B 

Each type of quark comes in 
three colors: R, G, B 

				The	Standard	Model	(SM)	of	
Particle	Physics		is	a	quantum	
field	theory		
§  3	generations	of	quarks	
and	leptons	and	

§  3	forces:	strong,	
electromagnetic	and	
weak	

§  and	the	Higgs	boson	
	

First elementary particle to  
Be discovered: electron in 1897 



 
 
 
 
 
 
 
 
 

Everything we know is made up 
of these particles 
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Electron-neutrino 

u 

For every type of particle 
there is an antiparticle 

(Dirac) 
10 

Nature seems to have 
heavier copies of the first 
generation particles  



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

u The theoretical formulation of the 
Standard Model of Particle Physics 
begins in the 1960’s 

u In 1962, Leon Lederman and his 
colleagues show that there are two 
distinct neutrinos (Brookhaven, NY) 

u 1964 Quark Model, Gellmann and Zweig 
u 1967 Hints of “quarks” in deep inelastic 

e-p scattering experiments at SLAC, CA  
u There were high energy accelerators on 

the US east and west coasts, CERN,.. 
u A strong desire to build a 100-1000 GeV 

accelerator in the Midwest. 
 

Standard Model Particles 
1967 
Matter Particles 

I      II 
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Cockroft-Walton 
720 keV 

(Linac) 
170 m long 
200 MeV 

Booster  8 GeV 
Rapid-cycling synchrotron 
0.5 km circumference 

Main Ring Accelerator 
6.4 km circumference 
200 – 400 GeV 
 

Groundbreaking: 
  December 1, 1968 

Linear Accelerator 

12 
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Accelerator at 
200 GeV 
March 1, 1972 
 

< 5 years 
from start of 
the brand 
new Lab 

< 2.5 years after 
groundbreaking 
for Main Ring 

By 1976, the Accelerator had reached the world record  
proton beam energy of 500 GeV  
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Strong 
? 

EM 

Weak 
? 
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u In 1977, Leon Lederman (2nd director of the Lab) and his 
group discover the b-quark  
§  There is a third generation of quarks! 
§  A top quark and tau-neutrino are required to complete the quark 

and lepton doublets. 
 

Lederman won the Nobel prize in 1988 for a 
previous discovery of muon neutrino, along with 
two others  



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

Matter Particles 
Force 

Carriers 

Strong 
? 

EM 

Weak 
? 

Strong 
? 

EM 

Weak 
? 
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u The discovery of the b-quark meant that its “isospin” 
partner top quark had to exist! 

 
u Searches for the top quark began in earnest shortly 

after the discovery of the b-quark at various 
accelerator facilities around the world.  

 
u Based on the masses of charm and bottom quarks                         

a top-antitop bound-state was expected ~30 GeV. 
 

 
 

18 
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u In 1978, decision made to build a superconducting 
accelerator in the same tunnel as the Main Ring 
Accelerator at Fermilab, to ramp the energy to  

   1 Trillion Electron Volts (TeV). 
§  This “Energy Doubler” (Tevatron) completed in 1983.  
§  Total cost of the Tevatron Project: $120 M 

u Feb. 16, 1984: First beams at 800 GeV   
u Antiproton Source: Initiated in 1981 and completed in 

1985. 

			



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

1985 - 2011 

6.5 km in circumference 
 
NbTi Superconducting magnets 
774 dipoles 
240 quadrupoles  
 

√s = 1.8 – 1.96 TeV 

Main ring 

Tevatron 

20 



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

CDF 
CDF 

DØ 
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u Particle collisions at very high energies can create lots of all 
sorts of particles (via E=mc2)  and some extraordinary ones, 
such as the top quark or the Higgs boson!   

u Particle detectors track, identify and measure We detect, 
identify, “measure” particles produced in collision “events” 

Ø  Detectors are large, multi-layered, 
multi-system detectors surrounding 
the collision region 

Ø  Many storeys high, ~ thousands of 
tons each, millions of electronic 
readout channels, have multi-tiered 
data-acquisition systems 

Ø  Produce photographic-like pictures 
of each collision event 
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u Searches at e+e- colliders 
§  PETRA(1979-84) at DESY Lab in Germany  
   Discovers the “gluon” in 1979. 
   No sign of the top quark! 

§  TRISTAN (1986-90) in Japan 
   Built specifically to search for top quarks! 
   No top signal.  

§  SLC (Stanford) and LEP at CERN  (1989-90);  
   Precision measurements at these machines (particularly LEP) provide 

indirect constraints on the top quark mass! 
   No top signal!  Limit of mt> 45.8 GeV/c2  

 
23 
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u Proton-antiproton colliders were developed in 
1980s at CERN and Fermilab 

u Super Proton AntiProton Synchrotron (SppS) at 
CERN 
§  UA1 and UA2 experiments 
§  1984: UA1 reports evidence for top quark with mt~40 

GeV.  With more data and analysis, signal vanishes!  False 
alarm! 

§  1989:  No top signal yet!   
§  A limit of 77 GeV set! 

u CERN was out of the running! 

UA1 and UA2 make major 
discovery of the W and Z 
bosons in 1983 

The Tevatron was the only collider (until 2009 when LHC came along) 
that was powerful enough to produce the top quarks 
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Search for particles/events  
with expected (or unexpected) 
characteristics of new particles  

Look for a bump/peak in a 
distribution of a quantity 
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From a talk  
by D. Glenzinski 

May	7,	2019	
28 

•  Two major collider experiments 
at the Teavtron: CDF and DØ  

•  CDF: First collisions @1.6 TeV 
Oct. 13, 1985; 1.8 TeV Nov. 30, 
1986. 

•  1992: DØ detector joins CDF for 
the historic collider Run. 

•  1992: CDF sets a limit of mt>91 
GeV, searching for top with 
mass above W mass.  

•  1994: DØ sets a limit of mt>131 
GeV  

•  Race heats up!!  
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Top quarks dominantly 
produced in pairs   

tà W+ + b; t- àW- + b 

Modest rate 
Moderate background 

29 

Lepton+jets 
Happened to be 
the golden channel  
for discovery 

lepton+jets 
dileptons 

All-jets 

Several other processes not 
containing top quarks can 
mimic the signature 
 
•  Set criteria to select 

candidate events 
•  See if there is an excess 
•  Look for a mass peak 
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u  Important characteristics of top-quark (pair) events 
§  2 b-jets (coming from b-quarks) 
   A secondary displaced vertex where the b-hadron decays can be used 

to tag the b-jets 
   CDF had a Secondary Vertex Detector (SVD) to tag b-jets 
   DØ had to use other means such as soft leptons in b-jets 

§  High energy leptons (e/µ/τ) and/or jets 
§  Missing transverse energy when neutrinos are present 

u Use kinematic and topological quantities to separate 
signal from background 
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u The CDF Silicon Vertex Detector  
§  High resolution instrument for 

tracking and identifying b-quark jets  
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u There was a renaissance in neural networks (NN) in 
the late 1980s when effective algorithms for training 
artificial NN was rediscovered.  

 

 
 

u Adopted use of Neural Networks to discriminate  top 
quark events from background events @DØ, starting 
in 1990.  
 May	7,	2019	
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µ

e 

jet 
jet 

MET 

DØ 

Sep. 1992 Jan. 1993 

33 
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u April 1994 
§  CDF announced evidence for 

top quarks being produced at 
the Tevatron! 

§  The probability of background 
faking the signal was 0.26% 
   12 Candidate events 

§  DØ had 9 candidate events and 
with 3.8±0.9 events found the 
probability fro background 
fluctuation to be 2.7% 

  

DØ 
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u Finally, by March 1995, both 
experiments had seen enough candidate 
events 
§  CDF’s probability for background 

fluctuation was 1x10-6 (4.8 σ) and for DØ it 
was 2x10-6 (4.6 σ) 

u The top quark was finally discovered 18 
years after the b-quark discovery! 

u It was found to be very heavy  at ~175 
GeV  

u Top quark is extremely short-lived 
§  Lifetime ~ 10-25 s! 

 
     

May	7,	2019	
E.Shabalina -- LHCP 2015 - St. Petersburg 

Top mass history

14

First measurements from the 
top discovery papers

199+19
�21(stat)± 22(syst)

176± 8(stat)± 10(syst)

Breakthrough ideas: 
‣ matrix element method
‣ in-situ JES calibration using hadronic W decay
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Top Quark Discovery   March 2, 1995 

May	7,	2019	
36 
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Bellettini (CDF) , Grannis (DØ), FNAL Director 
Peoples, Montgomery (DØ), Carrithers (CDF)  

Top Quark Discovery   March 2, 1995 

37 
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CDF DØ 
1998 

mt  = 175.9 ± 4.8(stat.) ± 4.4 (syst.) GeV/c2 mt  = 173.3 ± 5.6(stat.) ± 6.2 (syst.) GeV/c2 

38 
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Green points: mass estimates from EW measurements 
Dashed red line: 95% CL lower bounds on mt from 
direct searches at CERN and Tevatron 
Blue triangles: CDF measurements;  
Red triangles: DØ measurements 
Purple squares: mean mt 
 

History of indirect and direct  
top mass measurements 

Tevatron, LHC combination (2014) 
mt = 173.34 ± 0.76 GeV 

May	7,	2019	
39 
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The three 
generations of 
matter particles 
and force carriers 
are all found. 
 
Let us not forget 
the Higgs Boson! 
 
Without it, the 
Standard Model  
does not work! 

Ντ was discovered at Fermilab in 2000 
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Where do these  
masses come from? 
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u  But	the	Standard	Model	requires	

the	“Higgs	field”	to	break	
electroweak	symmetry,	giving	
masses	to	W,Z		

u  Quarks/leptons	also	get	masses	
from	the	Higgs	field	

	
u  Since	the	discovery	of	the	top	

quark	in	1995,	the	Higgs	boson	
became	the	most	wanted	particle	

		
u  Intense	pursuits		at	the	LEP	

collider	and	the	Tevatron	before	
the	LHC	

			

The	Standard	Model	is	a	remarkable	theory!	
Has	been	confirmed	to	great	precision	in	hundreds	of	measurements.	

? 
42 
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Fermi National Accelerator 
Laboratory 

Chicago 

CDF 
CDF 

Tevatron    
6.5 km ring 

The Tevatron Complex and experiments were 
upgraded to help find the Higgs:  2000 – 2006   
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u Having discovered the top quark, Fermilab experiments 
hoped to discover the Higgs boson! 

u Intense workshops yielded ideas and impetus for 
aggressive pursuit before the start of the LHC at CERN. 

u It was found 100x more data for both experiments should 
allow clear evidence or observation of the Higgs boson.   

u Extensive upgrades to the Tevatron complex, Run II 
Luminosity and Reliability Upgrades”  followed.  

Run II Higgs and SUSY Workshop 

(beyond 2011) 
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Tevatron	Run	2	Luminosity	and	new	results	

May	7,	2019	

•  Tevatron was shut down on September 30, 2011. L A golden era ends. 
•  CDF and DØ had seen hints of Higgs in Run 2 and announced 

evidence for Higgs between masses of 120 and 135 GeV in July 2012. 

PRL 109, 071804 (2012) 
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Tom Kibble, Gerald Guralnik, Carl 
Hagen, Francois Englert, Robert Brout 

Peter Higgs 

The Higgs mechanism was 
proposed and the theory 
developed around 1964. 
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How Higgs boson 
manifests 

How particles get 
mass moving in 
the Higgs field  

The Higgs Field 
The Higgs Mechanism  
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The SSC 
 
A Superconducting Super Collider 
was proposed to be built in  
Waxahachie, Texas, for the purpose 
of discovering the Higgs Boson 
 
 
Endorsed and initiated in 1983 
23.5 km of the 87 km tunnel bored. 
 
Cancelled by Congress in 1993 
 

48 
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Courtesy CERN Courtesy CERN 

CERN Laboratory 
Near Geneva, Switzerland 

Torch from the 
Tevatron   
passed on 
to the LHC 
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The Large Hadron Collider 
Lake of 
Geneva 

Control 
Room 

LHC ring 
26.7 km circumference 

LHC installed at a depth of 70 -140 m 

LHC Design Energy ~ 7x the Tevatron Energy 

50 
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CMS 

ALICE 

LHCb 

ATLAS 

51	

LHC ring 
26.7 km circumference 

Control 
Room 

The Large Hadron Collider 

Beams circulate 11,245 times/sec 
100 million collisions/sec in CMS, ATLAS 51 
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A scientific & technological marvel! 

§  ~ 27 km circumference 
§  >10,000 Magnets 
§  Largest cryogenic 

system in the world   
§  Magnets cooled by 

superfluid helium to 
1.9oK (523oF below RT) 

52 
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u 1984: Proposal 
u 1992: Concepts for 
experiments 
u 1994: CERN Council approval 
u 1997: US Joins 
u 1998: Construction begins 
u 2001: LHC Computing Grid 
approved 

19
84
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§  2003: ATLAS Construction 
begins 

§  2005: CMS construction 
begins 

§  2008: First beams in the LHC 
§  2009: Restart  
§  2010: First 7 TeV collisions 

(Highest on the Planet) 
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Simulated	data		
for	Higgs	m~130		
decaying	to	γγ		
and	various	large		
backgrounds		

Simulated	data		
for	Higgs	m~145		
decaying	to	ΖΖ		
to	4	leptons	
with	various	small		
backgrounds		

54 
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3.8T Solenoid 

ECAL 76k scintillating  
PbWO4 crystals 
HCAL Scintillator/brass 

Interleaved ~7k ch 

•  Pixels (100x150 µm2) 
    ~ 1 m2 ~66M ch
• Si Strips (80-180 µm)
   ~200 m2 ~9.6M ch

All	Silicon		
Pixels	&	Tracker

MUON	BARREL
250 Drift Tubes (DT) and 
480 Resistive Plate Chambers (RPC) 

473 Cathode Strip Chambers (CSC) 
432 Resistive Plate Chambers (RPC) 
 

MUON	ENDCAPS

Total	weight									14000	t	
Overall	diameter			15	m	
Overall	length							28.7	m	

IRON	YOKE	

YBO 
YB1-2 

Preshower 
Si Strips ~16 m2 

~137k ch 
 

Foward Cal 
Steel + quartz 
Fibers 2~k ch 
 

High Resolution 

55 
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Courtesy CMS/CERN CMS 
56 
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Colliding protons generate temperatures one billion times hotter 
than the center of the sun 

©
 C

E
R

N
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First 7 TeV collisions in CMS – 30 March 2010 
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H èγγ
candidate	

61 
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Data from ~1015  Collisions 

A few hundred extra events  
in the bump near 125 GeV  

ATLAS γγ 



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

 [GeV]4lm
Ev

en
ts

 / 
3 

G
eV

0

2

4

6

8

10

12

 [GeV]4lm
Ev

en
ts

 / 
3 

G
eV

0

2

4

6

8

10

12 Data

Z+X

*,ZZγZ

=126 GeVHm

µ, 2e2µ7 TeV 4e, 4
µ, 2e2µ8 TeV 4e, 4

CMS Preliminary -1 = 8 TeV, L = 5.26 fbs ; -1 = 7 TeV, L = 5.05 fbs

 [GeV]4lm
80 100 120 140 160 180

63 
63 



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

7	TeV	DATA	
	
4μ+γ	Mass	:	126.1	GeV	

μ-(Z1)	pT	:	28	GeV	

μ+(Z2)	pT	:	6	GeV	

μ+(Z1)	pT	:	67	GeV	

μ-(Z2)	pT	:	14	GeV	

γ(Z1)	ET	:	8	GeV	

64 

H à ZZ à 4l !
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Elementary Particles: 
Quarks, Leptons, Bosons 

M
at

te
r P

ar
tic

le
s 

69 

The Triumphant  
Standard Model 
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Announcement: October 8, 2013 

"for the theoretical discovery of a 
mechanism that contributes to our 
understanding of the origin of mass 
of subatomic particles, and which 
recently was confirmed through the 
discovery of the predicted 
fundamental particle, by the ATLAS 
and CMS experiments at CERN's 
Large Hadron Collider" 
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Members of Congress   



Pushpa Bhat, Fermilab                                                                                October 5, 2019          

Discovery of the new Millennium 

72 
72 
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u The Higgs is central to our very existence!  
u The Higgs gives masses to the heavy electroweak force 

carriers and to other fundamental matter particles.  
u Without the Higgs field, electron, for example, will be 

massless, and so atoms cannot form, therefore no 
chemical bonds, no chemistry, and so no life forms. 

u The Higgs field is also very special and unique!  It is a 
scalar field, i.e., has only a value at every point in space 
but no direction.  Higgs boson is the only scalar 
fundamental particle (spin=0) that we know. 
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u The LHC is being upgraded for higher luminosity to 
produce 100x more data than we had for the Higgs 
discovery. 

u An electron-positron collider (a Higgs Factory) for 
making precision measurements of the Higgs Boson 
properties is critical for the field. 

u A Very Large Hadron Collider at ~100 TeV would be 
awesome! 
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u CERN (Europe) has an ongoing effort to plan building the next 
large collider, a Future Circular Collider (FCC): first e+e- (90 
GeV – 350 GeV) and then pp collider at 100 TeV 

u Japan has proposed to build an International Linear Collider 
(ILC), an e+e- machine (√s = 0.5 TeV, 1 TeV) 

u China is preparing to build circular collider in 50 – 100 km 
ring, first an e+e-  (CEPC) and then a pp (SPPC) 

u What about the US? 
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ß LHC, HL-LHC 
ß LBNF and other neutrino program 
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u The race for the Top Quark and pursuit of the Higgs boson, 
particularly at Fermilab and CERN, had been breathtaking and 
their discoveries monumental. 

u The saga of elementary particles that began at the turn of the 20th 
century culminated in the development of the Standard Model 
and the discovery of all it particles about a century later.  

u The Standard Model (SM) of Particle Physics is one of 
mankind’s magnificent intellectual achievements!   

u New physics beyond the SM to solve many other mysteries such 
as the hierarchy problem, neutrino masses/mixing, and to explain 
dark matter, baryon asymmetry in the universe, etc. 

u We are working towards the next big machine -- an e+e- Higgs 
Factory and/or a 100 TeV pp collider or a µ+µ- collider. 

 
77 
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u Electron 1897, Thompson 
u Nucleus, 1911, Rutherford 
u Model of the modern atom, 1913, Bohr 
u Proton 1919, Neutron 1932 
u Muon 1937 
u Strange particles 1949 
u Charm: The November Revolution, 1974 
u Tau lepton, 1975, SPEAR/SLAC 
u Beauty/Bottom quark, 1977, Fermilab 
u W & Z, 1983, CERN (UA1, UA2) 
u Top quark, 1995, Fermilab 
u Tau neutrino, 2000, Fermilab 
u Higgs boson, 2012, CERN 
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§  Decay modes to be exploited: bb, ττ, WW, ZZ, γγ 
§  High (mass) resolution Channels:   
     Hàγγ  and  HàZZà4l 
     Each Z decays to e+e- or µ+µ- 
      so expect, 4e, 2e2µ or 4µ    

f=t 

should see bumps  
 in mass spectra 

VBF 

ggF 

Production Decays 
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e+e- Collider 
Initial Design: √s = 500 GeV 
Luminosity > 1034 cm-2 s-1 

Plans to build in Japan  

Excellent Higgs Factory 
Many decay modes accessible 
Precision measurements of  
Higgs couplings 

Global Design Effort led by the US 
in the past decade 

Japan working on garnering 
International support 
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Oshu�

Ichinoseki�

Ofunato�

Kesen0numa�

Express06
Rail�

High0way�

ILC� 	
��

Damping Rings Polarised electron 
source 

E+ source 

Ring to Main Linac (RTML) 
(including  
 bunch compressors) 

e- Main Linac 

e+ Main Linac Japan 

International 
Linear Collider 

Future Circular Collider 
 in Europe/CERN  

CepC 
China 
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http://www.physicscentral.com/buzz/blog/
index.cfm?postid=4835100616060881541 

PhysicsCentral  Blog http://arxiv.org/pdf/1306.2369v1.pdf 

86	
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New physics is 
expected around the 1 
TeV energy scale 

 

The Tevatron or the 
Large Hadron Collider 
might show us the way 

 

Or the clues may come 
from the Heavens! 
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u Extra dimensions can explain 
why gravity is so weak. 

u Maybe we are trapped on a 3-D 
membrane in a higher 
dimensional space-time 

u Only gravity acts in the extra 
dimensions 


