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• P a r t  1  :   I n t r o d u c t i o n
W h a t  i s  t h e  L H C  ?
W h y  t h e  L H C  ?
E x p e r i m e n t a l  c h a l l e n g e s
T h e  A T L A S  a n d  C M S  e x p e r i m e n t s
O v e r v i e w  o f   t h e  p h y s i c s  p r o g r a m m e

• P a r t  2  :   S t a n d a r d  M o d e l   P h y s i c s
M e a s u r e m e n t s  o f  t h e  W  m a s s   a n d  t o p  m a s s
H i g g s  s e a r c h e s

• P a r t  3  :  P h y s i c s  b e y o n d  t h e  S t a n d a r d  M o d e l
M o t i v a t i o n s  
S e a r c h e s  f o r   S U S Y  
S e a r c h e s  f o r   E x t r a -d i m e n s i o n s   a n d  b l a c k  h o l e s  
(if enough time …)

Outline 

N o t e  :  h e r e  o n l y  a  f e w  e x a m p l e s  o f  a  h u g e
a n d  e x c i t i n g  p h y s i c s   p r o g r a m m e  
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LHC
• p p  m a c h i n e  ( m a i n l y ) :

s =  1 4  T e V 7 times higher than
p resent highest energy
mac hine ( T ev atro n/F ermil ab :
√s =  2  T eV )

→ searc h f o r new  massiv e p artic l es u p  to   m ~  5 T eV

→ searc h f o r rare p ro c esses w ith smal l σ ( N  =  L σ )

• u nd er c o nstru c tio n, read y   2 0 0 7
• w il l  b e instal l ed  in the ex isting L E P  tu nnel
• tw o  p hases: 

2 0 0 7 - 2 0 0 9  : L  ~  1 0 33 c m-2 s-1  , ∫ L d t ≈ 1 0  f b -1    (1 year)
“l o w  l u m i n o s i t y”
2 0 0 9  - 2 0 x x  : L  ~  1 0 34 c m-2 s-1  , ∫ L d t ≈ 1 0 0  f b -1   (1 year)
“h i g h  l u m i n o s i t y”

~  1 0 2 l arger than L E P 2 , T ev atro n 
=  1 0 3 4 c m -2 s-1

yδδx 
N  N  L 21∝

N o t e :  √ s   l i m i t ed  b y n eed ed  b en d i n g  p o w er.  
L H C  :  12 3 2  s u p erc o n d u c t i n g d i p o l es  w i t h  B  =  8 . 4  T  
w o rk i n g  at  1. 9  K el v i n    (b i g g es t  c ryo g en i c  s ys t em  i n  t h e w o rl d )
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Four large-s c ale ex p eri m en t s :

A T L A S
C M S

general-p u rp o s e p p
ex p eri m ent s

LHCb p p  ex p eri m ent  d ed i c at ed
t o  b -q u ark  p h y s i c s  and  C P -
v i o lat i o n → s ee lec t u res  b y   T . N ak ad a

A LI CE  h eav y -i o n ex p eri m ent (P b -P b  c o lli s i o ns )
at  5 . 5  T eV / nu c leo n → √s  ≅ 1 0 0 0  T eV
Q u ark -glu o n p las m a s t u d i es .  
→ s ee lec t u res  b y   F .  A nt i no ri

He r e  :  A T LA S  a n d  CM S  

N o t e :  m ac h i ne d i s c u s s ed  i n  O .  B rüni ng  lec t u res
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LHC is unprecedented machine in terms of:

• E nerg y  

• Luminosity  

• Cost  : ≈ 4 0 0 0  M CHF (machine + experiments)

• S iz e/ compl ex ity  of ex periments :
~  1 . 3 -2  times b ig g er than present co l l id er experiments
~  1 0  times mo re co mpl ex

•Human resources : >  4 0 0 0  phy sicists in the 
experiments

WHY ?
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Motivations for LHC

Motivation 1 : Origin of particle masses

S tand ard  Mod el of electrow eak  interactions
verified  w ith  precision 10 -3 - 10 -4 b y  
measu rements at L E P  at  √s ≥ mZ
and  at th e T evatron at  √s =  1.8  T eV

d iscovery  of top q u ark  in ‘9 4 ,
mtop ≅ 17 4  G eV  

H ow ever: origin of particle masses not k now n.
E x . : mγ =  0

mW,  Z ≈ 10 0  G eV ?
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SM : Hi g g s  me c h a n i s m g i v e s  ma s s  t o  p a r t i c l e s
(E l e c t r o w e a k Sy mme t r y  B r e a k i n g )

f

f

H

~  mf

mH <  1  T e V  f r o m t h e o r y

Ho w e v e r :
- - Hi g g s  n o t  f o u n d  y e t : o n l y  mi s s i n g  (a n d
e s s e n t i a l )  p i e c e  o f   SM

- - p r e s e n t  l i mi t  : mH >  1 1 4 . 4  G e V (f r o m L E P )
- - T e v a t r o n ma y  g o  b e y o n d  (d e p e n d i n g  o n  L )
⇒ n e e d  a  ma c h i n e  t o  d i s c o v e r / e x c l u d e

Hi g g s  f r o m ≈ 1 2 0  G e V  t o  1  T e V

LHC
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Motivation 2 :   Is S M  t h e  “u l t i m a t e  t h e o r y ” ?

• H i g g s m e c h a n i sm  i s w e a k e st  p a r t  o f  t h e  S M :
-- “a d  h o c ” m e c h a n i sm ,  l i t t l e  p h y si c a l  j u st i f i c a t i o n
-- d u e  t o  r a d i a t i v e  c o r r e c t i o n s 

∆mH2 ~ Λ2 Λ :  e n e r g y  sc a l e
u p  t o  w h i c h  S M
i s v a l i d  ( c a n  b e  v e r y  l a r g e ).

⇒ r a d i a t i v e c o r r e c t i o n s c a n  b e  v e r y  l a r g e  ( “u n n a t u r a l ”)
a n d  H i g g s m a ss c a n  d i v e r g e  u n l e ss “f i n e -t u n e d ”
c a n c e l l a t i o n s→ “ b a d b e h a v i o u r ” o f  t h e  t h e o r y  

• H i n t s t h a t   f o r c e s  c o u l d  u n i f y a t  h i g h  e n e r g y

H H
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αEM ≡ α1 ≈ 1/128 ≈ 0 . 0 0 8
α W EA K ≡α2 ≈ 0 . 0 3
αS ≡α3 ≈ 0 . 12

√s = 100
G e V  

• E-d e p e n d e n c e  o f  c o u p l i n g  c o n s t a n t s  p r o v e n  e x p e r i m e n t a l l y
• G r a n d  U n i f i e d  T h e o r i e s :  EM / W e a k / S t r o n g  f o r c e s  u n i f y  a t  
E ~  1 0 16 → b e y o n d  p h y s i c s  b e c o m e  s i m p l e  ( o n e  f o r c e  w i t h
s t r e n g t h  αG )

E  ( G e V )
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• S M  i s  p r o b a b l y  l o w -e n e r g y  a p p r o x i ma t i o n  o f
a  mo r e  g e n e r a l  t h e o r y

• N e e d  a  h i g h -e n e r g y  ma c h i n e  t o  l o o k  f o r  
ma n i f e s t a t i o n s  o f  t h i s  t h e o r y

• e . g . S u p e r s y mme t r y : m S U S Y ~  T e V
M a n y  o t h e r  t h e o r i e s  p r e d i c t  N e w  P h y s i c s  a t
t h e  T e V  s c a l e

LHC  
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Motivation 3 : Many other open questions

• A re quark s and  l eptons real l y el em entary ?
• W hy 3  f erm ion f am il ies ?  
• A re there ad d itional  f am il ies of  ( heav y)  quark s and  

l eptons ?
• A re there ad d itional  g aug e b osons ?  
• W hat is the orig in of  m atter-antim atter asym m etry in the

univ erse ?
• C an quark s and  g l uons b e d ec onf ined  in a quark -g l uon 
pl asm a as in earl y stag e of  univ erse ?  

• … .   etc .    … . . .   

Motivation 4 : T he  m ost f asc inating  one …
U nex pec ted  physic s     ?

Motivation 5 : P rec ise m easurem ents
T w o w ays to f ind  new  physic s:  

-- d isc ov er new partic l es/ phenom ena
-- m easure properties of  k now n partic l es
as prec isel y as possib l e ⇒ f ind  d ev iations
f rom  S M 

L H C :  k now n partic l es ( W ,  Z ,  b ,  top,  … )  prod uc ed  w ith 
enorm ous rates thank s to hig h energ y  and  L
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Phenomenology of pp collisions
p

θ pT

Transverse momentum ( i n th e p l ane p erp end i c ul ar 
to th e b eam)  :        

pT = p s i n θ

R ap i d i ty :
) (tg log-  2
θη = θ =  9 0 o → η =  0

θ =  1 0 o → η ≅ 2 . 4
θ =  1 7 0 o → η ≅ -2 . 4

T o t a l i n e l a s t i c  c r o s s -s e c t i o n :
σ t o t (pp)  = 7 0  m b √ s  = 1 4  T e V

=  L x σtot (pp)  = 1 0 9 i n t e r a c t i o n s / s

T h e s e  i n c l u d e  t w o  c l a s s e s o f  i n t e r a c t i o n s .  

R a t e  = n.  events
sec ond

1 0 3 4 c m-2 s-1
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Class 1:
M o st  i n t e r ac t i o n s d u e  t o  c o lli si o n s at  lar g e
d i st an c e b e t w e e n  i n c o m i n g  pr o t o n s w h e r e  pr o t o n s
i n t e r ac t  as “  a w h o le  ”  → sm all m o m e n t u m
t r an sf e r (∆p ≈ h /∆ x  )  → par t i c le s i n  f i n al st at e
h av e  lar g e  lo n g i t u d i n al m o m e n t u m  b u t  sm all 
t r an sv e r se  m o m e n t u m (sc at t e r i n g  at  lar g e  an g le  i s
sm all)  

< pT > ≈ 5 0 0  M e V of charged particles in final state

7  ≈ηddN charged particles u niform ly
distrib u ted in φ

M ost energy  escapes dow n the b eam  pipe.

T h e se  ar e  c alle d m i n i m u m -b i as e v e n t s (“  so f t  “  e v e n t s) .
T h e y  ar e  t h e  lar g e  m aj o r i t y  b u t  ar e  n o t  v e r y  i n t e r e st i n g .
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Class 2:
M o n o c h r o m at i c  p r o t o n  b e am  c an  b e  se e n  as
b e am  o f  q u ar k s an d  g lu o n s w i t h  a w i d e  b an d
o f  e n e r g y .  O c c asi o n ally  h ar d  sc at t e r i n g  ( “  h e ad  o n ” )
b e t w e e n  c o n st i t u e n t s o f  i n c o m i n g  p r o t o n s o c c u r s. 

I n t e r ac t i o n s at  sm all d i st an c e → lar g e
m o m e n t u m  t r an sf e r → m assi v e  p ar t i c le s an d / o r
p ar t i c le s at   lar g e  an g le ar e  p r o d u c e d . 

ŝx1p x2p

p ≡ m o m e n t um  o f  i n c o m i n g
pr o t o n s  =  7  T e V

T h e se  ar e  i n t e r e st i n g  p h y si c s e v e n t s b u t  t h e y  ar e r ar e .

E x.          u +    →W+

σ ( p p  → W )  ≈ 1 5 0  n b  ≈ 1 0 -6σtot ( p p )  

d
u

W+

d



F. Gianotti : LHC Physics

Unlike at e+e- c o llid er s

• ef f ec tiv e c entr e-o f -m as s  ener g y              s m aller
th an √ s  o f  c o llid ing  b eam s :

ŝ

Aaa p  x p rr

=

Bbb p  x p rr

=

pA= pB= 7  T e V s xsxx  ŝ ba ≈=

→ to  p r o d u c e m  ≈ 1 0 0  G eV     x  ~  0 . 0 1
to  p r o d u c e m  ≈ 5  T eV     x  ~  0 . 3 5

i f  xa ≈ xb
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• c r o s s -s e c t i o n  :  

∑∫=
ba,

baab
2

bb
2

aaba ) x,(x ˆ )Q ,(x f )Q ,(x f dx dx  σσ

abσ̂ ≡ hard scattering cross-section
fi ( x ,  Q 2)  ≡ p arton distrib u tion f u nction

p  ≡ u u d
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Two main difficulties

� Typical of LHC:

R  =  Lσ = 109 in t e r act ion s  /  s e con d
P r ot on s  ar e  g r ou pe d  in  b u n ch e s  ( of  ≈ 1 0 11 pr ot on s )
collid in g  at  in t e r act ion  poin t s  e v e r y  2 5  n s

⇒ A t  e ach  in t e r act ion on  av e r ag e  ≈ 2 5  m in im u m -b ias
e v e n t s  ar e  pr od u ce d . Th e s e  ov e r lap w it h  in t e r e s t in g
( h ig h  pT )  ph ys ics  e v e n t s ,  g iv in g  r is e  t o s o-calle d

p ile-up

~ 1 0 0 0  ch ar g e d  par t icle s pr od u ce d  ov e r  | η |  <  2 .5  at  e ach  cr os s in g .
How e v e r    <  pT >  ≈ 5 0 0  M e V ( par t icle s  fr om  m in im u m -b ias ) .

→ applyin g pT cu t  allow s  e x t r act ion  of in t e r e s t in g
par t icle s  

detector

�������
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Simulation of CMS inner detector

H → Z Z  → 4µ
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Pile-u p  is  o n e o f  t h e m o s t  s er io u s  ex p er im en t a l d if f ic u lt y
a t  L H C

L a r g e im p a c t  o n  d et ec t o r  d es ig n :

• L H C  d et ec t o r s  m u s t  h a v e f a s t  r es p o n s e,  o t h er w is e
in t eg r a t e o v er  m a n y  b u n c h  c r o s s in g s  → t o o  la r g e p ile-u p

T y p ic a l r es p o n s e t im e :  2 0 -5 0  n s
→ in t eg r a t e o v er  1 -2  b u n c h  c r o s s in g s  → p ile-u p  o f  

2 5 -5 0  m in im u m  b ia s  
⇒ v er y  c h a llen g in g  r ea d o u t  elec t r o n ic s

• L H C  d et ec t o r s  m u s t  b e h ig h ly  g r a n u la r t o  m in im is e
p r o b a b ilit y  t h a t  p ile-u p  p a r t ic les  b e in  t h e s a m e d et ec t o r
elem en t  a s  in t er es t in g  o b j ec t  ( e. g .  γ f r o m  H  → γγ d ec a y s )
→ la r g e n u m b er  o f  elec t r o n ic  c h a n n els
⇒ h ig h  c o s t

• L H C  d et ec t o r s  m u s t  b e r a d ia t io n  r es is t a n t :  h ig h  f lu x
o f  p a r t ic les  f r o m  p p  c o llis io n s  → h ig h  r a d ia t io n  en v ir o n m en t
E . g .  in  f o r w a r d  c a lo r im et er s :

u p  t o  1 0 17 n  /  c m 2 in 1 0  ye ar s of   LHC op e r ation
u p  t o   1 0 7 G y

N o t e :  1  G y  =  u n it  o f  a b s o r b ed  en er g y  =  1  J o u le/ K g
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Radiation damage :
-- d e c r e a s e s  l i k e  d2 f r o m  t h e b e a m → d e t e c t o r s

n e a r e s t  t o  b e a m  p i p e  a r e  m o r e  a f f e c t e d

-- n e e d  a l s o  r a d i a t i o n  h a r d  e l e c t r o n i c s ( m i l i t a r y -t y p e
t e c h n o l o g y )

-- n e e d  q u a l i t y  c o n t r o l  f o r  e v e r y  p i e c e o f  m a t e r i a l

-- d e t e c t o r  +  e l e c t r o n i c s  m u s t  s u r v i v e  1 0  y e a r s  o f
o p e r a t i o n
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� Common to all h ad r on c olli d e r s :
h i gh -pT e v e nts  d omi nate d  b y  Q CD
j e t pr od u c ti on:

• S tr ong pr od u c ti on→ lar ge  c r os s -s e c ti on
• M any  d i agr ams c ontr i b u te : qq → qq,
qg → qg, gg → gg, e tc .  
• Calle d  “ Q CD  b ac k gr ou nd “

M os t  i nte r e s ti ng pr oc e s s e s  ar e  r ar e  pr oc e s s e s :
• i nv olv e  h e av y  par ti c le s
• h av e  w e ak  c r os s -s e c ti ons ( e . g.  W  pr od u c ti on)

q

q
g

q

q jet

jet

αs

αs
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Proton - ( a nti )  p roton c ross-se c ti on

To extract signal over QCD jet background must look at 
decay s to p h otons and lep tons → p ay  a p riz e in branch ing ratio

E x.          B R  ( W  → jet jet)  ≈ 7 0 %
B R  ( W  → lν)       ≈ 3 0 %

√s
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ATLAS and CMS detectors

Don’ t know how New Physics will manifest → d etector s mu st 
be able to d etect as many par ticles and   sig natu r es as possible:

e, µ, τ, ν, γ,  j ets, b-q u ar ks, ….
→ “ mu lti-pu r pose” ex per iments. 

• M omentu m /  char g e of tr acks and  second ar y v er tices
( e.g . fr om b-q u ar k d ecays)  measu r ed  in centr al tr acker .
Ex cellent momentu m and  position r esolu tion r eq u ir ed .
• Ener g y and  position of electr ons and  photons measu r ed
in electr omag netic calor imeter s. Ex cellent r esolu tion and
par ticle id entification  r eq u ir ed . 
• Ener g y and  position of  had r ons and  j ets measu r ed  mainly
in  had r onic calor imeter s. G ood  cov er ag e  and  
g r anu lar ity ar e r eq u ir ed . 
• M u ons id entified  and   momentu m measu r ed  in ex ter nal
mu on spectr ometer ( +  centr al tr acker ) . Ex cellent r esolu tion
ov er   ~  5  G eV  <  pT <  ~  T eV  r eq u ir ed .
• Neu tr inos  “d etected  and  measu r ed ” thr ou g h measu r ement 
of missing  tr ansv er se ener g y ET

m i s s . C alor imeter  cov er ag e 
ov er  |  η | < 5  need ed .  

( se e  C. J or am ’ s l e ctu r e s)
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Detection and measurement of neutrinos

• Neutrinos traverse the detector
w ithout interacting  
→ not detected directl y

• C an b e detected and  m easured 
ask ing :

     P ,E         P ,E iiff

rr

=

total  energ y ,  m om entum
reconstructed in f inal  state

total  energ y ,  m om entum
of  initial  state

- - e+e- col l iders:     Ei =  √s,
 → if  a neutrino p roduced,  then  Ef <  Ei (→ m issing  energ y )  

and →

0Pi =
r

0Pf ≠
r

fP -  P
rr

=ν |P|  E νν

r

=

-- hadron colliders:  energ y  and m om ent u m  of   init ial st at e 
( energ y  and m om ent u m  of  int eract ing   p art ons)  not  k now n.
H o w e v e r :   t r a n s v e r s e  m o m e n t u m 0P iT =

r

→ if  a neu t rino p rodu ced                   (  → m issing  t ransv erse 
m om ent u m )   and  

0P fT ≠
r

miss
TfTT E  |P| |P| ==

rr

ν
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CMS cavern

Mach i ne t u nnel
cl o s e t o  b eam  d u m p
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ATLAS solenoid  ready 

F irst  ATLAS c oil c ryost at
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ATLAS EM c a l o  m o d u l e  1  

As s e m b l y  o f  ATLAS b a r r e l  c a l o r i m e t e r
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Assembly  of CMS 
h a d r on i c   c a lor i met er

CMS ma g n et   yok e r ea d y
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• E x c e l l e n t  e n e r g y  r e s o l u t i o n o f   E M  c a l o r i m e t e r s
f o r  e/γ  a n d  o f  t h e  t r a c k i n g  d e v i c e s  f o r  µ i n  
o r d e r  t o  e x t r a c t  a  s i g n a l  o v e r  t h e  b a c k g r o u n d s .  

Example : H → γ γ

H   → γ γ  g o o d  r e s o l u t i o n

m γ γ

b ac k g r o u n d  f r o m
pp → γ γ

H   → γ γ b a d  r e s o l u t i o n

…  s e e  l a t e r  . . .

E x a m p l es  o f  p er f o r m a n c e r eq u i r em en t s
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• E x c e l l e n t  p a r t i c l e  i d e n t i f i c a t i o n  c a p a b i l i t y :
e . g .    e / j e t  ,  γ/ j e t  s e p a r a t i o n

q
j et

q π0
γ
γ

in some cases: one high-pT
π0 ;  al l  ot her  par t icl es
t oo sof t  t o b e d et ect ed

e±
γ

π0

Inner detector E M  ca l o H A D  ca l o

nu mb er  and pT of  had r onsin a j et  hav e l ar ge 
f l u ct u at ions 

d ( γγ)  <  1 0  m m i n ca l ori m eter → Q C D  j ets  ca n
m i m i c p h otons . R a re ca s es ,  h ow ev er:

)( γγσ
σ
→H
jj ~  1 0 8 mγγ ~  1 0 0  G eV

⇒ need detector ( ca l ori m eter)  w i th   f i ne   g ra nu l a ri ty   to  
s ep a ra te ov erl a p p i ng   p h otons  f rom  s i ng l e p h otons  
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• T r i g g e r : much more difficult than at e+e-machines

I n t e r a c t i o n  r a t e : ~  1 0 9 e v e n t s/ se c o n d
C a n  r e c o r d  ~  1 0 0  e v e n t s/ se c o n d

( ev ent s iz e 1  M B )

 ⇒ t r i g g e r  r e j e c t i o n  ~  1 0 7

T r i g g e r  d e c i si o n  ≈ µs→ larg er than interaction
rate of 2 5  ns

st o r e  m a ssi v e  a m o u n t  o f  d a t a  i n  p i p e l i n e s
w h i l e  t r i g g e r  p e r f o r m s c a l c u l a t i o n s

d e t e c t o r

t r a sh

sa v eP I P E L I N E
N O

Y E S
trigger

1 0 9 ev ts / s 1 0 2 ev ts / s
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Summary of  Part1

• L H C :    
p p  m a c h i n e  ( a l so  P b -P b )
√s =  1 4  T e V
L  =  1 0 33-1 0 34  c m -2 s-1
S t a r t -u p  :  2 0 0 7

• F o u r  l a r g e -sc a l e  e x p e r i m e n t s:

A T L A S ,  C M S             p p  m u l t i -p u r p o se
L H C b                           p p  B -p h y si c s
A L I C E                         P b -P b

• V e r y  b r o a d  p h y si c s p r o g r a m m e  t h a n k s t o  h i g h
e n e r g y  a n d  l u m i n o si t y :  m a ss r e a c h  :  ≤ 5 T e V
F e w  e x a m p l e s i n  n e x t  t w o  l e c t u r e s . . .
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Very difficult environment:

-- pile-up : ~  2 5  s oft events  produced a t ea ch  cros s ing .
O verla p w ith  interes ting  h ig h -pT events .  

-- la rg e b a ck g round from Q C D  proces s es  ( j et 
production) : typica l of h a dron colliders

Very ch a lleng ing ,  h ig h ly-performing  a nd ex pens ive
detectors :    

-- ra dia tion h a rd
-- fa s t 
-- g ra nula r
-- ex cellent energ y res olution a nd pa rticle identifica tion
ca pa b ility

-- complica ted trig g er

End of Part 1


