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100 meters underground
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Use high energies to probe deep into matter, space-time 

To	an	atom,	this	is	what	an	atom	is	to	a	human	
nano-nano	science…	

	

2	

Atom	is	a	few	billionths	
of	an	inch	

Proton=	
Atom/10,000	

The	LHC	is	now	probing	down	to	~10-20	m	=	10	Zeptometers		

Quark=	
Proton/100	

2	
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•  Over	the	last	~100	years:	The	discovery	of	many	sub-atomic	
parEcles	and	advances	in	theoreEcal	physics	has	led	to	 					
The	Standard	Model	of	Par5cle	Physics	

•  A	“Periodic	Table”	of	fundamental	parEcles	

The Standard Model 
M
a:

er
	p
ar
5c
le
s	 Force	par5cles	

3	

Described	by	one	simple	
equaLon!	

3	
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4	

4	



5	

•  Over	the	last	~100	years:	The	discovery	of	many	sub-atomic	
parEcles	and	advances	in	theoreEcal	physics	has	led	to	 					
The	Standard	Model	of	Par5cle	Physics	

•  A	new	“Periodic	Table”	of	fundamental	elements	

The Standard Model 
M
a:

er
	p
ar
5c
le
s	 Force	par5cles	

Fermions	 Bosons	
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12 September 2012 Physics Today www.physicstoday.org

search and discovery

FERMIONS BOSONS

Top quark
Higgs?

W

Z

Bottom
quark
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quark
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MuonDown
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MASSLESS
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Photon
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The Standard Model (SM) 
6	

Last	piece	of	this	puzzle	

These	make	everything	we	“see”	
but	the	others	are	crucial	to	who	we	
are	and	how	the	universe	works.	

Why???	
344000 electrons 1 top quark 
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Courtesy		of	Stefan	Spanier		(UT)	

Massive	Par5cle	

7	Higgs	Field	InteracEon	
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10-12	sec		(=	thousandth	of	a	nanosecond)	
aBer	the	big	bang	

~	45	million	billion	degrees		
Accelerate	protons	to	Energy	=	4	Trillion	electron-Volts	

	 	and	collide	them	head-on	
	



The$LHC$Accelerator$Complex$
$

Jörg Wenninger!

Courtesy	of	Jorg	Wenninger	

E=mc2	

9	
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The$LHC$Accelerator$Complex$
$

Jörg Wenninger!

Courtesy	of	Jorg	Wenninger	 10	
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The$LHC$Accelerator$Complex$
$

Jörg Wenninger!

Courtesy	of	Jorg	Wenninger	 11	

						It	has	required	a	lot!	
•  New	concepts	and		Innova<on:		
								Magnets,	cryogenics,	electronics,	…	
•  Huge	worldwide	effort:		
						Pa<ence,	perseverance,	op<mism	…		
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Like  Swiss  chocolate 
•  LHC	magnets	have	
11	GJ	stored	energy	
– Enough	to	melt	12	
tons	of	Copper!	

– The	kineEc	energy	
of	an	A380	at	700	
km	per	hour	

	

•  How	much	energy	is	stored	in	
the	LHC	beams?		

•  23	kg	of	TNT	 •  15	kg	of	chocolate	

Courtesy	of	Jorg	Wenninger	
13	

350	MJ	
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Inside the LHC  

•  Air	pressure	(inside	two	16	mile-long	vacuum	pipes)	
–  Lower	than	on	the	moon!		

•  Magnets	cooled	by	100	metric	tons	of	superfluid	helium		
–  Colder	than	outer	space!	

Largest cryogenic 
system in the world	
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LHC Experiments 
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LHC	ring:	
27	km	circumference	
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LHC	ring:	
27	km	circumference	

CMS 

ALICE 

LHCb 

ATLAS 
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LHC	ring:	
27	km	circumference	

CMS 

ATLAS 
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Protons	collide	at	the	
center	of	each	detector	
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ATLAS  

hTp://atlas.web.cern.ch/		
19	



People	

ATLAS 

20	

Length		>	½	a	football	field	
Height	~	6	stories		

	7000	metric	tons		
≈ 1 Eiffel	Tower				

Size	&	mass	is	needed	to	
measure	momentum	&	
energy	of	very	high	
energy	par<cles	

2000	miles		
of	cables!	
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21 

ATLAS: Installation of Barrel 
Toroid 

21	ATLAS cavern (-330 feet) in June 2003 
21	
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A	person	to		
set	the	scale	
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ATLAS 
Collaboration 

§ ATLAS	
§  38	Countries	
§  177	Institutions	
§  3000		Scientific	Authors	
§  1800	with	a	Ph.D	
§  1000	Graduate	Students	
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24	Inside ATLAS 
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CMS 

hTp://cms.web.cern.ch		
25	



•  SecEons	(several	million	
pounds	each)	were	built	on	
the	surface	and	then	lowered	
~300	feet	(~25	stories)	
underground	

26	Lowering	YE+1	(Jan’07)	



27	CMS Lowering	of	the	heaviest	slice		
(4.4	million	pounds)	of	the	CMS	detector		
In	the	underground	cavern	Feb.	2007	

Largest, most powerful 
superconducting magnet 
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We Recycle 
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29	The last piece (2009)  
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30	The last piece (2009) 

30 

People	
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§ CMS	
§  42	Countries	
§  190	InsEtuEons	
§  2200		ScienEfic	Authors	
§  1400	with	a	Ph.D.	
§  800	Graduate	Students	

CMS		
Collabora5on	
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CMS		
~2500	Scien5sts	
from	43	countries	

Total	weight		≈	2	Eiffel	Towers	
Height	~	4	stories	
Length		~	100	feet	

Largest, most 
powerful magnet 
ever built 
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Inside CMS 
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Silicon 

Pixels 

c c c 

µ+


e+ 

γ, πo


K-, π-,p,… 

ν


Muon detectors 

Hadron calorimeter 

Crystal Electromagnetic  

calorimeter 

4 Tesla  

Solenoid 

All Silicon Strip 

Tracker 

Ko→ π+π-, …etc 

35	
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Colliding Beams 
2	beams	of	~2000	bunches	go	around	the	LHC	in	

opposite	direcEons.	A	bunch	has	100	billion	protons.		
~20-30	pp	collisions	each	Eme	bunches	cross	in	CMS/ATLAS	
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37 Example: ZZ event in CMS 

Particle	trajectories	
are	reconstructed	with	
precision	of	a	few	µm’s	
by	~76	M	channels	of	
Silicon	detectors	

Like	giant	ultra-fast	digital	cameras	
					→40	MHz	beam-beam	collisions	

	→	fast	response	~25	ns	

Interesting	collisions	are	rare		
Record	~500	events/sec	
Triggering	is	non-trivial!	

21
	M

ay
		2
01
6	
–	
KI
TP
	T
ea
ch
er
’s
	c
on

fe
re
nc
e	
	–
	J.
	In
ca
nd

el
a	
(U
CS
B)
		



More challenges 
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O(2)	Pile-up	events	
2010	

150	ns	inter-bunch	spacing		

Events	taken	at	random	
(filled)	bunch	crossings		

O(5-10)	Pile-up	events		
2011	

50-75	ns	inter-bunch	spacing		

O(20-30)	Pile-up	events		

2012	

50	ns	inter-bunch	spacing		

The	pileup	
challenge	for	

Physics		

39	
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The	GRID:	one	step	further	
22	Petabytes	in	2011	
30	Petabytes	in	2012	

§  Computing	grid	~400,000	processors	in	~50	countries	
41	

41	
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Business
emails:
3,000 PB

Facebook
182 PBKaiser	

You		
Tube	

Google		
search		
index	

LHC	

Nasdaq	

LHC	so	far	

Estimate	1,000	
times	larger		
dataset		before	
we	are	through	



Discovery 

43	



Most sensitive decays 
•  For	a	mass	of	around	100	Emes	the	proton	mass:	

H→		ZZ*→	4leptons		
	

H→		γγ
	

H→	WW*→	lνlν		
	

H→		ττ			
	

H→	bb	

•  Tiny	rates,	low	S/B,	complex	final	state	

44	

Most	important	channels		
iniEally	because	Can	look		
for	a	peak	or	bump		
in	the	Mass	spectrum	
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CMS γγ event 
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ATLAS	

46	

γγ   Mass Distribution 

•  What’s	in	the	bump?	
– A	few	hundred	extra	
events	with	two	
photons	that	
reconstruct	to	a	mass	
near	125	GeV	

•  It	took	how	many	
collisions?		
– 1015	
1,000,000,000,000,000	
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CMS:		H→ZZ→	eeµµ		candidate	

e	

e	

µ

µ

47	
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ATLAS:    H→ ZZ→ eeee   candidate 
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H→ ZZ 
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July 4th 2012  
•  Official	announcement	of	the	discovery	of	a	‘Higgs-like’	
parEcle	at	a	mass	of	~125	GeV	by	CMS	and	ATLAS.		
–  Historic	seminar	at	CERN	with	live	link	to	the	largest	parEcle	
physics	conference	of	2012	in	Melbourne,	Australia			

CERN	

Melbourne	

50	21
	M

ay
		2
01
6	
–	
KI
TP
	T
ea
ch
er
’s
	c
on

fe
re
nc
e	
	–
	J.
	In
ca
nd

el
a	
(U
CS
B)
		



51 

H→	ZZ*→	4	leptons	 H→	WW*→	lνlν

CMS	Preliminary	

51	
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Meets	expectaEons!	

Connections to other particles?  52	

52	

Strength 
proportional  

to mass!	
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A big news week in March 
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Nobel Prize in Physics 2013

The Nobel Prize in Physics 2013 was awarded jointly to François Englert 
and Peter W. Higgs "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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•  There	must	be	New	Physics		
– We	know	the	Standard	Model	
cannot	be	the	whole	story	

•  There	are	things	in	the	universe	
it	simply	cannot	explain		

56	
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So, what comes next?   
•  Maybe	Supersymmetry		(SUSY)	

–  `SUSY’	provides	a	mirror	image	of	the	Standard	
Model	...	with	a	twist	
• A	new	partner	parEcle	for	every	known	parEcle	
…	but	the	partners	of	fermions	are	bosons	and	
those	of	bosons	are	fermions!	

5
7	
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Supersymmetry (SUSY) 

•  Unifies	the	strengths	of	all	forces	at	high	energy	
•  Predicts	Higgs	boson	with	mass	<	130	(we	found	one	at	125)	
•  Provides	clues	to	the	dark	side	of	the	universe	

Some	benefits	
of	SUSY	

58	
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59	Cosmological Connection - Dark Matter 

In	the	1970’s	Vera	
Rubin	measured	
rotation	curves	of	
many	galaxies	to	
high	precision	
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6
0	The Dark Side 

•  We	now	know	
Only	~5%	of	the	universe	is	ordinary	maxer	
~28%	is	“Dark	Maxer”		

•  SUSY	has	“Dark	Maxer”	candidates	
•  And	even	predicts	the	right	amount	!		

The	remaining	~67%	is	“Dark	Energy”	
• We’re	not	sure	what	this	is!		

– It	will	probably	be	taxed	someday	
» Department	of	Dark	Energy?	
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Or maybe not … 
•  The	absence	of	any	appearance	of	SUSY	so	far	has	
moEvated	alternaEve	models.	

•  These	are	characterized	by	new	parEcles	(like	SUSY),	
more	(or	less)	spaEal	dimensions…	

–  Lixle	Higgs	(with	T	Parity)	
–  Universal	extra	dimensions	(with	KK	parity)	
–  Strong	dynamics		
–  Extra	dimensions	(large	or	warped)	
–  Hidden	Valleys	
–  Split	SUSY	
– …	

•  If	you	don’t	exactly	know	what	you’re	looking	for,	a	
Large	Hadron	Collider	(LHC)	is	the	right	tool	to	be	
using.	
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Courtesy	G.	Dissertori	 62	21
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	Particle	physics	is	global	

Of	>	60	countries,	the		US	has	the	biggest	number	of	
physicists	at	CERN	but	still	only	about	15%	of	the	total	

63	

There	are	100	universities	and	laboratories	in	the	US	alone	
that	participate	in	the	LHC	physics	program.		



§  Example:	The	coordination	of	
so	much	technical	information	
across	the	globe	for	CERN	
projects	required	thinking	
outside	of	the	box	
§  Which	led	to	something	useful	

J	

64	But	is	it	useful	…	?	

http://info.cern.ch/Proposal.html		

Tim	Berners-Lee,	CERN	DD	
March	1989	

“This	proposal	concerns	the	
management	of	general	
information	about	accelerators	and		
experiments	at	CERN….”		

–	A	slight	understatement…	

“Vague	but	exciting…”	



§  Accelerators	for	medicine,	material	studies,	…	
§  Superconducting	wire	

§  Invented	at	Fermilab	(Chicago)	–	cut	power	cost	~90%		
§  World	Wide	Web			

§  Invented	at	CERN	by	Tim	Berners-Lee		
§  Grid	technology	(for	unprecedented	LHC	datasets)	

   Now	used	by	many	sciences	and	industry	-	digital	libraries,	
medical	applications,	bio-informatics,	drug	discovery,	etc.	

§  	Positron	Emission	Tomography	(PET)	
§  High	performance	crystals	for	the	CMS	experiment	now	used	

in	medical	imaging	
§  New	MRI	being	developed	using	LHC	magnet	

technology	
§  Many	other	examples	…	

Innovation	in	fundamental	research	
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Spin-off	Example:	Medical	Applications	

Combining Physics, Biology and Medicine to fight cancer 

Accelerating particle beams 
~30,000 accelerators worldwide 

~17,000 used for medicine 

Hadron Therapy 
Tumour 
Target 

Protons 
light ions 

>70,000 patients worldwide  (30 facilities) 

X-ray protons 

Detecting particles  

Imaging PET Scanner 
Clinical trial for new 

breast imaging system 
(ClearPEM) 

66	
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•  48	years		
– Ayer	idea	was	hatched	

•  20	years	
–  To	design	and	build	

•  3	years		
–  To	acquire	the	data	

•  A	generaEon		
–  of	work	by	thousands	

67	

Summary: A new boson has been found! 
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And	ayer	the	LHC…?	
hTp://cms.web.cern.ch		



even	be:er,	
100	km!	

16	T	⇒	100	TeV	in	100	km	
20	T	⇒	100	TeV	in	80	km	
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A Very Large Hadron Collider @ CERN?  

Courtesy	L.	Rossi	

VLHC	

LHC	
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The Great Ring of China ? 
Qinhuangdao	(秦皇岛）	

21
	M

ay
		2
01
6	
–	
KI
TP
	T
ea
ch
er
’s
	c
on

fe
re
nc
e	
	–
	J.
	In
ca
nd

el
a	
(U
CS
B)
		



There’s	much	more	to	learn…	

71	

Support	basic	science!	


