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The LHC physics pr o g r a m m e

• S e a r c h  f o r  S t a n d a r d  M o d e l  H i g g s  b o s o n
o v e r  ~  1 2 0  <  mH <  1 0 0 0  G e V .

• S e a r c h  f o r  S u p e r s y mme t r y  a n d  o t h e r  p h y s i c s
b e y o n d  t h e  S M ( q / l c o mp o s i t n e s s , l e p t o q u a r k s ,
W ’ / Z ’ , h e a v y  q / l, u n p r e d i c t e d  ? ….) u p  t o
ma s s e s  o f  ~  5  T e V

• P r e c i s e  me a s u r e me n t s  :  
-- W  ma s s
-- W W γ, W W Z T r i p l e  G a u g e  C o u p l i n g s
-- t o p ma s s , c o u p l i n g s  a n d  d e c a y  p r o p e r t i e s
-- H i g g s  ma s s , s p i n , c o u p l i n g s  ( i f  H i g g s  f o u n d )
-- B-p h y s i c s :  C P  v i o l a t i o n , r a r e  d e c a y s , B0

o s c i l l a t i o n s  ( A T L A S , C M S , L H C b )
-- Q C D j e t  c r o s s -s e c t i o n  a n d  αs

-- e t c . …. 

• S t u d y  o f  p h a s e  t r a n s i t i o n a t  h i g h  d e n s i t y  f r o m 
h a d r o n i c  ma t t e r  t o  p l a s ma o f  d e c o n f i n e d  q u a r k s
a n d  g l u o n s . T r a n s i t i o n  p l a s ma  → h a d r o n i c  ma t t e r
h a p p e n e d  i n  u n i v e r s e  ~  1 0 -5 s  a f t e r  Bi g  Ba n g  
( A L I C E ) 
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Keyword: l a rg e ev en t  s t a t i s t i c s
Expected event rates in ATLAS/CMS for 
representative ( k now n and new )  ph y sics
processes at l ow  l u m inosity  ( L=1033 c m -2 s-1)   

0. 001 104
(m=1 T e V )

H                        0. 001 104
(m=0 .8  T e V )

P r o c ess  E v en t s/ s E v en t s/ y ea r O t h er  m a c h i n es
(t o t a l  s t a t i s t i c s )

W→ eν 15  10 8     10 4 L E P  /  10 7  T e v .
Z→ ee                 1. 5 107 10 7  L E P

0. 8 107 10 4 T e v a t r o n
105 1012 10 8 B e l l e / B a B a r

Q C D  j et s            102   109 107
pT >  2 00 G eV

gg~~

tt

bb

H i g h  L :  st a t i st i c s 10 t i m es l a r g er
→ LH C is  a B -factory , top factory ,  W /Z  factory
H ig g s factory ,  SU SY  factory ,  etc….
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Precise 
mea su remen t s o f :  

mW ,  m t o p
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Motivation:
W  mas s  and  top  mas s  ar e   f u nd ame ntal
p ar ame te r s  of  th e  S tand ar d  Mod e l :

→ s inc e  G F ,  αE M ,  s inθW ar e  k now n w ith  h ig h  
p r e c is ion,  p r e c is e  me as u r e me nts  of  m t o p and  
mW c ons tr ain r ad iative  c or r e c tions  and   H ig g s  
mas s ( w e ak l y  b e c au s e  of  l og ar ith mic  d e p e nd e nc e )

So far : W mass measured at LEP2 and T ev atron
top  mass measured at th e T ev atron 

r ad iative c or r e c tions
∆ r  ~  f  ( m t o p 2,  l og  mH)
∆ r  ≈ 3 %

rW
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F ermi  c onstant
measured i n muon
dec ay

Wei nb erg  ang l e
measured at 
LEP/ SLC

El ec tromag neti c  c onstant
measured i n atomi c  transi ti ons,  
e+e- mac h i nes,  etc .
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mW ( f r o m L E P 2  +  T e v a t r o n )  =  8 0 . 4 5 0  ± 0 . 0 3 4  G e V

m t o p ( f r o m T e v a t r o n )  =  1 7 4 . 3  ± 5 . 1  G e V

mH d e p e n d e n c e
i n  S M  t h r o u g h
r a d i a t i v e  
c o r r e c t i o n s

D i r e c t
me a s u r e me n t s

light Higgs is light Higgs is f a v o u r e df a v o u r e d

4 • 1 04 • 1 0 --44

3 %3 %
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Year 2007:

∆mW ≈ 25  M eV  (0.3 ‰) f r o m  L E P / T e v a t r o n

∆m t o p ≈ 2 G eV   (1 % ) f r o m  T e v a t r o n

Can LHC d o    b e t t e r   ?

YES :  t h an k s  t o  l arg e
s t at i s t i c s
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Measurement of W mass

Method used at hadr on  c ol l i der s di f f er en t
f r om  e+e- c ol l i der s 

• W  → j et j et :  c an n ot b e ex tr ac ted f r om  Q C D
j et-j et p r oduc ti on  ⇒ c an n ot b e used

• W  → τ ν :  si n c e τ  → ν +  X  ,  too m an y  un detec ted
n eutr i n os ⇒ c an n ot b e used

only W  → eν a nd  W  → µ ν
d ec a ys  a r e u s ed  t o mea s u r e mW a t  
h a d r on  c olli d er s
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W production at LHC :  

q’

q W l

ν
Ex.

eν ,  µ ν
σ ( pp →W +  X )  ≈ 3 0  nb

~  3 0 0  × 1 0 6 e v e n t s  p r o d u c e d
~   6 0  × 1 0 6 e v e n t s  s e l e c t e d

a f t e r  a n a l y s i s  c u t s
o n e  y e a r  a t
l o w  L ,  p e r
e xp e r i m e n t

~  5 0  t i m e s  l a r g e r  s t a t i s t i c s  t h a n  a t  T e v a t r o n
~  6 0 0 0  t i m e s  l a r g e r  s t a t i s t i c s  t h a n  W W  a t  L EP
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 Run 57515 Event11191   ana.run1b]topfnd_wele_new.pad   6JUN94  1:10:35 25-FEB-95

PHI:

ETA:

  198.

  0.49

 40.7

 DAIS E transverse Eta-Phi LEGO Plot                
 Max tower E=  40.7 Min tower E=  0.50  N clusters= 

 METS: Etotal = 314.4 GeV,   Et(scalar)=  78.6 Ge
       Et(miss)=  40.9 at Phi=  11.9 Deg.        

UON:  ETEM/ETTOT/ORG/NTW/PT             

PHI:

ETA:

  198.

  0.49

 Run 58778 Event92886   .RUN1B]RUN1B_WELE2JET_TAG.DST   1MAY94 23:43:46 25-FEB-95

PHI:

ETA:

   71.

  0.80

 23.5

Eta - Phi LEGO: Raw Data,Transverse  Energy.                
Tower energy threshold 0.5 GeV.                             
 EM                                                         (  +HA)  Maximum energy  23.5 GeV.                          

UON:  ETEM/ETTOT/ORG/NTW/PT             

PHI:

ETA:

   71.

  0.80

 Run 60428 Event 3848   [ANA.RUN1B]RUN1B_WELE3JEt.DST  29JUN94  4:12:20 25-FEB-95

PHI:

ETA:

  340.

  0.78

 24.9

Eta - Phi LEGO: Raw Data,Transverse  Energy.                
Tower energy threshold 0.5 GeV.                             
 EM                                                         (  +HA)  Maximum energy  24.9 GeV.                          

UON:  ETEM/ETTOT/ORG/NTW/PT             

PHI:

ETA:

  340.

  0.78

 Run 58322 Event31627   ANA.RUN1B]TOPFND_WELE_NEW.PAD  ??? LRID AFU ??? 26-FEB-95

PHI:

ETA:

   69.

  0.41

 28.9

 DAIS E transverse Eta-Phi LEGO Plot                
 Max tower E=  28.9 Min tower E=  0.50  N clusters= 

 METS: Etotal = 330.5 GeV,   Et(scalar)=  72.4 Ge
       Et(miss)=  31.5 at Phi= 223.7 Deg.        

UON:  ETEM/ETTOT/ORG/NTW/PT             

PHI:

ETA:

   69.

  0.41

e e

e e

ET ≅ 41 GeV ET ≅ 32 GeV

W + 0,1,2,3 jet(s) Events

ET ≅ 35 GeV ET ≅ 33 GeV

CDF

W→ eν ev en t s   ( d a t a )   f r o m  C D F  ex p er i m en t
a t  t h e T ev a t r o n  
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Since             not known  (only 
ca n b e m ea s u r ed  th r ou g h  ET

m i s s ) ,  m ea s u r e
tr a ns v er s e m a s s ,  i. e.  inv a r ia nt m a s s  of  lν
in p la ne p er p end icu la r  to th e b ea m  :  

ν

Lp
r ν

Tp
r

 )cos1(p 2p  m TTT ν

ν ϕ
l

l

−=
W

≡ ETm i s s

)cos -(1E2E )p  p()E  (E  m 222
νννν θ
llll

rr

=+−+=W
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mT
W d i s t r i b u t i o n  i s  s e n s i t i v e  t o  mW

mT
W d i s t r i b u t i o n

e x p e c t e d  i n  
A T L A S

mT
W (G e V )

mW=  7 9 . 8  G e V

mW=  8 0 . 3  G e V

⇒ f i t  e x p e r i me n t a l  d i s t r i b u t i o n s  w i t h  
S M  p r e d i c t i o n  ( M o n t e  C a r l o  s i mu l a t i o n )   
f o r  d i f f e r e n t  v a l u e s  o f  mW  → f i n d  mWw h i c h  b e s t  f i t s  d a t a
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Uncertainties on mW

Come mainly from capability of Monte Carlo
pred iction to reprod u ce real life, th at is :

• d etector performance:  energ y res olu tion,
energ y s cale, etc.  

• ph ys ics :  pT
W, θW, ΓW, back g rou nd s , etc.  

D ominant error ( tod ay at T ev atron, mos t lik ely
als o at L H C) :
k now led g e of lepton energ y s cale of th e d etector:
if  meas u rement of lepton energ y w rong  by 1 % , 
th en meas u red mW w rong  by 1 %
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Calibration of detector energy scale
Ex amp le :  EM  calorimeter

CALOe- beam
E = 100 G e V

E m e a s u r e d

• if  E m e a s u r e d =  1 0 0 . 0 0 0  G eV → calorimeter is 
p erfectly calibrated

• if  E m e a s u r e d =  9 9 ,  1 0 1  G eV → energy scale
k now n to 1 %

• to measu re m W  to ~  2 0  M eV  need to
k now  energy scale to 0 . 2  ‰ ,  i. e.
i f    E electron = 100 G e V  t h e n  
9 9 . 9 8  G e V  <  E m ea s u red <  100. 02  G e V

⇒ one of most seriou s ex p erimental ch allenges
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Calibration strategy:
• d etec tors eq u ip p ed  w ith  c alibration system s

w h ic h  inj ec t k now n p u lses:

• c alorim eter m od u les c alibrated  w ith  test beam s
of   k now n energy→ set th e energy sc ale

• insid e L H C d etec tors: c alorim eter sits beh ind
inner d etec tor → elec trons lose energy in
m aterial of  inner d etec tor → need  a f inal 
c alibration “ in situ ” by u sing p h ysic s sam p les:

e. g.      Z  → e+ e- d ec ays       1 / sec  at low  L
c onstrain     mee =  mZ

reconstructed k now n to ≈ 1 0 -5
f rom  L E P

c ell ou t
i n

i n

→ c h ec k  th at all c ells giv e sam e resp onse:
if  not → c orrec t 



F. Gianotti,  LHC Physics

Expected precision on mW a t L H C

Source of uncertainty                    ∆mW

Statis tical  error                                < <  2  M eV

P h ys ics  uncertainties                        ~   1 5  M eV
(pT

W ,   θW ,  ΓW ,  … )

D etector performance                       <  1 0  M eV
(energ y res ol ution,  l epton
id entification,  etc, )

E nerg y s cal e                                       1 5  M eV

T otal                                                  ~  2 5  M eV
(per experiment, per channel)

C omb ining  b oth  ch annel s  (eν ,  µ ν )  and  b oth  
ex periments  (A T L A S,  C M S) ,  ∆mW ≈ 1 5  M eV
s h oul d  b e ach iev ed .
H ow ev er:  v ery d ifficul t meas urement
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Measurement of mtop

• T o p  i s  m o s t  i n t r i g u i n g  f e r m i o n :
- - mtop≈ 1 7 4  G e V  → c l u e s  a b o u t  o r i g i n  o f  p a r t i c l e  ma s s e s  ?

• D i s c o v e r e d  i n  ‘ 9 4  a t  T e v a t r o n → p r e c i s e
m e a s u r e m e n t s  o f  m a s s ,  c o u p l i n g s ,  e t c .
j u s t  s t a r t e d

T o p  m a s s
s p e c t r u m
f r o m  C D F

tt → blν bj j  e v e n ts

S+BS+B
BB

- - u             c              t
d             s              b ∆m ( t -b )  ≈

1 7 0  G e V  → r a d i a t i v e
c o r r e c t i o n s
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Top production at LHC:

e.g. g
g

t
t

t

t
q

q

σ ( pp → +  X )  ≈ 8 0 0  pbtt

1 0 7 p a i r s  p r o d u c ed  i n  o n e y ea r  a t l o w  Ltt

~ 102 t i m e s  m o r e  t h a n  a t  T e v a t r o n

mea s u r e mt o p ,  σ t t ,   B R ,  V t b ,   s i n gl e to p ,  
r a r e d ec a y s  ( e.g. t → Z c ) ,   r es o n a n c es ,  etc . 

p r o d u c ti o n  i s  th e  ma i n  b a c k gr o u n d to  n ew  
p h y s i c s  ( S U S Y ,  H i ggs )  
tt
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Top decays:

t W

b
B R  ≈ 1 0 0 %  i n  S M

-- h a d r o n i c  c h a n n e l :  bo th  W → j j
⇒ 6  j e t f i n a l s ta te s . B R  ≈ 5 0  %  bu t
l a r g e  Q C D  m u l ti j e t ba c k g r o u n d .  

-- l e p to n i c  c h a n n e l :  bo th  W → lν
⇒ 2  j e ts  + 2 l + ET

m i s s f i n a l  s ta te s . B R  ≈ 1 0  % .
L i ttl e  k i n e m a ti c  c o n s tr a i n ts  to  r e c o n s tr u c t m a s s .

-- s e m i l e p to n i c  c h a n n e l :  o n e  W → j j  ,  o n e W → lν
⇒ 4  j e ts  + 1 l + ET

m i s s f i n a l  s ta te s . B R  ≈ 4 0  % .
I f   l =  e ,  µ  :  g o l d -p l a te d  c h a n n e l  f o r  m a s s  
m e a s u r e m e n t a t h a d r o n c o l l i d e r s .

I n  a l l  c a s e s  tw o  j e ts  a r e  b-j e ts
⇒ d i s p l a c e d  v e r ti c e s  i n  th e  i n n e r  d e te c to r
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Example from CDF  : t t → W b W b → blν bj j  ev en t

e+
ν

Jet 4 (b)

(b)W- ,  m  =  7 9  G eV

W+

ATLAS

Selection : 
-- tw o b -ta g g ed  j ets
-- one lep ton
-- ETm i s s >  2 0 G eV
-- tw o mor e j ets  w ith
|m j j -mW| <  2 0 G eV

t  → b j j

l1= 4 . 5  m m
l2= 2 . 2 m m

Secondary vertices
τ ( b -h adrons)  ~  1 . 5  p s 
→ decay at f ew  m m  f rom
p rim ary vertex   detected 
w ith  h ig h -g ranu l arity 
Si detector  ( b -tag g ing )
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Expected precision on mtop a t L H C

Source of uncertainty           ∆mtop

Statis tical  error                    < <  1 0 0  M eV

P h ys ics  uncertainties           ~   1 . 3  G eV
( b ack g round ,  F SR ,  I SR ,
frag mentation,  etc.  )

J et s cal e ( b -j ets ,       
l ig h t-q uark  j ets )                ~  0 . 8 G eV  

T otal                                          ~  1 . 5  G eV
( p er ex p eriment,  p er ch annel )

• U ncertainty d ominated  b y th e k now l ed g e of p h ys ics
and  not of d etector.  

• B y comb ining  b oth  ex p eriments  and  al l  ch annel s  :
∆mtop ~  1  G eV    at L H C

F rom ∆mtop ~  1  G eV ,  ∆mW ~  1 5  M eV  
→ ind irect meas urement ∆mH/mH ~  2 5 %    ( tod ay ~  5 0 % )

If / when Higgs discovered,  comp a rison of  mea su red mH wit h indirect  
mea su rement   wil l  b e essent ia l  consist ency  check s of  E W S B
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Searches for the 
Stan d ard  M od el  
H i g g s b oson

Where is
t he H ig g s ?  
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What do we know today about  it ?
• N e e d e d   i n   S M  t o  g e n e r a t e  p a r t i c l e  ma s s e s
• M a s s  n o t  p r e d i c t e d  b y  t h e o r y   e x c e p t  t h a t  mH <  1 0 0 0  G e V  
• mH >  1 1 4 . 4  G e V f r o m d i r e c t  s e a r c h e s  a t  L E P
• I n d i r e c t  l i mi t s  f r o m f i t  o f   S M   t o :
- - L E P 1 / S L D  p r e c i s e  me a s u r e me n t s  a t  √ s  =  mZ- - mW me a s u r e me n t  L E P 2 / T e v a t r o n
- - m t o p me a s u r e me n t  a t  T e v a t r o n

B e s t  f i t  o f
S M  t o  d a t a
( mi n i mu m χ2)
f o u n d  f o r  
mH =  8 1 + 5 2 G e V-3 3

mH <  1 9 3  G e V
9 5 %  C . L .  

• ≈ 1 . 7  σ e x c e s s   f r o m L E P  f o r   mH ~  1 1 5  G e V
• H i g g s   p r o d u c t i o n  a n d  d e c a y s  v e r s u s mH p r e d i c t e d

→ H ig g s  c oul d be ar ound the c or ner  !
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Higgs production at LHC
gg f u s i o n W W / Z Z  f u s i o n

a s s o c i a t e d Htt a s s o c i a t e d  W H ,  Z H

Cross-se c t i on  f or p p  → H  +  X
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Higgs decays

Decay branching ratios ( B R )

• mH <  1 3 0  G e V :  H → d o mi n a t e s
• mH ≥ 1 3 0  G e V :  H → W W ( * ) ,  Z Z ( * ) d o mi n a t e
• i mp o r t a n t r a r e  d e c a y s  :  H → γ γ

D o mi n a n t   f u l l y  h a d r o n i c  f i n a l  s t a t e s ( i n c l u s i v e  H →b b ,  
H →W W  → 4j e t s ,  H → Z Z  → 4j e t s )  c a n n o t  b e  e x t r a c t e d
f r o m Q C D  b a c k g r o u n d ⇒ l o o k  f o r   H →γ γ ,  H → Z Z  → 4l,  
H→W W  →lνlν ,  e t c .

bb

H f

~  mf

f
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How can one claim a discovery ?
Suppose a n ew  n ar r ow  par t i c l e X  → γ γ i s pr od uc ed :  

Si g n al  si g n i f i c an c e :  

B

S

N
N  =S NS =  n u m b e r  o f  s i g n a l  e v e n t s

NB =  n u m b e r  o f  b a c k g r o u n d  e v e n t s
i n  p e a k
r e g i o n

√NB ≡ e r r o r  o n  n u m b e r  o f  b a c k g r o u n d  e v e n t s

S >  5 :  s i g n a l  i s  l a r g e r  t h a n  5  t i m e s  e r r o r  o n  b a c k g r o u n d .  
P r o b a b i l i t y  t h a t  b a c k g r o u n d  f l u c t u a t e s  u p  b y m o r e
t h a n  5 σ :   1 0 -7  → d i s c o v e r y

p e a k  w i d t h  d u e  t o  d e t e c t o r
r e s o l u t i o n

mγγ
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Two critical parameters to max imise S :

• d etector resolu tion : 
if σm in creases b y  e. g . two,  th en  n eed  to en larg e
peak  reg ion  b y  two.  

→ NB in creases b y  ~  2
(assuming background flat)

NS u n ch an g ed
⇒ S  = NS/√NB
d ecreases b y  √2

⇒ S  ≈ 1  /√σm
de te ctor w ith  be tte r re solution
h as large r p robability  to find
a signal

N ote :  only  v alid if  ΓH < <  σm .  I f  H iggs is broadde te ctor re solution is not re le v ant.  
ΓH ~  mH

3     ΓH ~  M e V  (~ 1 0 0  G e V )  mH = 1 0 0  (6 0 0 ) G e V

• in teg rated  lu min osity :
NS ~   L
NB ~   L ⇒ S  ~  √L
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H → γγ mH ≤ 1 5 0  G e V

H
W*

W*

W* γ

γ

σ × B R  ≈ 5 0  f b
mH ≈ 1 0 0  G e V

• S e l e c t  e v e n t s  w i t h   t w o  ph o t o n s i n  t h e  d e t e c t o r
w i t h    pT ~  5 0  G e V

• M e a s u r e  e n e r g y  a n d  d i r e c t i o n o f  e a c h  ph o t o n
• M e a s u r e  i n v a r i a n t  ma s s  o f  ph o t o n  pa i r

2
21

2
21 )pp()E(E  m rr

+−+=γγ

• P l o t  d i s t r i b u t i o n  o f  mγγ→ H i g g s  s h o u l d  a ppe a r
a s  a  pe a k  a t  mH

M o s t  c h a l l e n g i n g  c h a n n e l  f o r  L H C  e l e c t r o ma g n e t i c
c a l o r i me t e r s
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Main backgrounds:

• γγ p roduct ion: irre ducibl e ( i. e .   same  f inal  
st at e  as signal )
e . g.  :

≈ 6 0      mγγ ~  1 0 0  G e V

q
q

γ

γ

g
g

γ

γ

• γ j e t  +  j e t  j e t  p roduct ion w h e re
one / t w o j e t s f ake  p h ot ons: re ducibl e

q
g

γ

γ ( s)π0q

e . g.  :

)( γγσ
σ
→H
jj ~  1 0 8

) ( 
)(  
γγσ

γγσ
→H
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ATLAS EM calorimeter : 4 mm strips in f irst compartment

• Red u cib le γj et,  j et-j et b ack g rou nd  : need  ex cellent γ / j et
separation ( in particu lar γ/ π 0 separation)  to rej ect j et  f ak ing  γ

R j e t ≈ 1 0 3   ach iev ed  
f or εγ ≈ 8 0 %

Ad eq u ate to rej ect
th is b ack g rou nd  w ell
b elow  γγ irred u cib le
b ack g u nd
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• I r r e d u c i b l e  γγ : c a n n o t  b e  r e d u c e d .  B u t  s i g n a l
c a n  b e  e x t r a c t e d   f r o m b a c k g r o u n d  i f  ma s s  
r e s o l u t i o n g o o d  e n o u g h

m

1  S
σ

≈ ΓH <  1 0  M e V  f o r  
mH ~  1 0 0  G e V

)cos -(1E2E )p  p()E  (E  m 1221
2

21
2

21
2 θγγ =+−+=

rr





 ⊕⊕= 2/

)(  E
)(E  E

)(E
2
1  )( 

2

2

1

1

ϑ
ϑσσσσ

tgm
m

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 me t e r r e s o l u t i o n  o f

t h e  me a s u r e me n t
o f  t h e  γ a n g l e  θ



F. Gianotti,  LHC Physics

ATLAS EM calorimeter:
• liquid-a r g o n / le a d s a m p lin g   c a lo r im e t e r

E
10%  E

(E) 
≈

σ

• lo n g it udin a l s e g m e n t a t io n
→ c a n  m e a s ur e   γ dir e c t io n

E
mrad 50)( ≈θσ

v e r t e x  s p r e a d
~  5 . 6  c m

σm≈ 1 . 3  G eV mH ~ 1 0 0  G eV

C MS EM calorimeter: 
• h o m o g e n e o us  c r y s t a l c a lo r im e t e r E

5%-3  E
(E) 
≈

σ

• n o  lo n g it udin a l s e g m e n t a t io n   → v e r t e x  m e a s ur e d us in g
s e c o n da r y  t r a c k s  f r o m  s p e c t a t o r  p a r t o n s  → dif f ic ult
a t  h ig h  L  → o f t e n  p ic k  up  t h e  w r o n g  v e r t e x

σm≈ 0 . 7  G eV mH ~ 1 0 0  G eV ε ≈ 20%

ε ≈ 3 0%

→ s im ila r  s ig n if ic a n c e  o f  b o t h  e x p e r im e n t s   w it h in   ~  1 0 %
S  ~  1 / √ σ m S  ~  ε
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CMS   crystal  calorimeter
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Expected performance

mH (G e V )                   1 2 0                1 5 0
Significance ~  6 . 5 ~  4 . 5
p er  ex p er im ent  w it h
1 0 0  fb -1

CMS

1 0 0  fb -1
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H → Z Z (*) → 4  l 120 ≤ mH <  7 00 G eV

e,  µ

H Z ( * )

Z

e,  µ
e,  µ

e,  µ
mZ

• “ G o l d -pl a t ed ” c h a n n el  f o r  H i g g s  d i s c o v er y  
a t  L H C

• S el ec t  ev en t s  w i t h  4  h i g h -pT l ept o n s ( τ  ex c l u d ed ) :
e+e- e+e-,  µ+µ− µ+µ−, e+e- µ+µ−

• R eq u i r e a t  l ea s t  o n e l ept o n  pa i r  c o n s i s t en t  w i t h
Z ma s s

• P l o t  4 l i n v a r i a n t  ma s s  d i s t r i b u t i o n  :

222 )(∑∑ −=

i
i

i
i pEm r

⇒ H i g g s  s i g n a l  s h o u l d  a ppea r  a s  pea k  i n  t h e
ma s s  d i s t r i b u t i o n
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Backgrounds:

-- i rre duci bl e  : p p  → ZZ (*) → 4l
σm (H  → 4l)  ≈1-1. 5  G e V          A T L A S ,  C M S
For mH >  3 0 0  G e V       ΓH >  σm

-- re duci bl e (σ ~  10 0  f b)  :    

 X  4l  tt +→

l

νt  ,  t W
b

l

 X  4l  bZb +→

B ot h  re j e c t e d  b y  a s k i n g :
- - m

ll
~  mZ

- - l e p t on s  a re  i s ol a t e d
- - l e p t on s  c ome  f rom i n t e ra c t i on  v e rt e x
( B  l i f e t i me  :   ~  1 . 5  p s → l e p t on s  f rom B  
p rod u c e d  a t  ≈ 1  mm f rom v e rt e x )

lg

g

b

b

Z l

l

l
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Expected performance
• S i g n i f i c a n c e  :  3 -2 5 ( d e p e n d i n g  o n  ma s s )
f o r  3 0  f b -1

• O b s e r v a t i o n  p o s s i b l e u p  t o  mH ≈ 7 0 0  G e V
• F o r  l a r g e r  ma s s e s :

-- σ ( p p  → H )  d e c r e a s e s
-- ΓH >  1 0 0  G e V

H  → Z Z *  → 4l
A T L A S ,  3 0  f b -1
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Summary of Standard Model Higgs
Expected significance for one experiment 
ov er mass range → 1 T eV

• L H C  can discov er S M  H iggs ov er fu l l  mass 
region ( S  >  5 )  after ≤ 2  y ears of operation

• in most regions more th an one ch annel  is av ail ab l e
• detector performance ( cov erage,  energy / momentu m
resol u tion,  particl e identification,  etc. )  cru cial in
most cases
• if H iggs fou nd,  th en mass can b e measu red 
to ≈1‰ for mH <  6 0 0  G eV
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-- S M   H i g g s b o so n  c a n  b e  d i sc o v e r e d  a t    ≈ 5 σ
w i t h  1 0  f b -1 /  e x p e r i me n t   ( n o mi n a l l y   o n e   y e a r  a t  
1 0 3 3 c m-2 s-1 )   f o r  mH ≤ 1 3 0  G e V

-- D i sc o v e r y   f a st e r  f o r  l a r g e r  ma sse s
-- W h o l e  ma ss r a n g e  c a n  b e  e x c l u d e d  a t  9 5%  C L

a f t e r    ~ 1  mo n t h  o f   r u n n i n g  a t  1 0 3 3 c m-2 s-1.

H o w e v e r ,  i t  w i l l  t a k e  t i me  t o  o p e r a t e ,  u n d e r st a n d ,  c a l i b r a t e
A T L A S  a n d  C M S

L   i s  p e r  
e x p e r i me n t

LEP2

5σ
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• For  mH ~  1 1 5  G e V   T e v a t ron n e e d s  ( op t i mi s t i c  s c e n a ri o) :  
~  2  f b -1 f or  9 5 %   C . L .   e x c l u s i on   → 2 0 0 3 -2 0 0 4  ?  
~  5  f b -1 f or  3 σ ob e rv a t i on  → 2 0 0 4 -2 0 0 5  ?  
~  1 5  f b -1 f or  5 σ d i s c ov e ry  → e n d  2 0 0 7  – b e g  2 0 0 8 ?  

• D i s c ov e ry  p os s i b l e  u p  t o mH ~ 1 2 0  G e V
• 9 5 %  C . L .  e x c l u s i on  p os s i b l e  u p  t o mH ~ 1 8 5  G e V

What about  T e v atr on  ?  s e e  l e c t u re s
b y   F. B e d e s c h i
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2008
Both machines  (T ev atr on,  L H C )  cou l d  
achiev e  5 σ d iscov er y  if   mH ≈ 1 1 5  G eV .  
W ho w il l  f ind  it f ir st ?  

LHC v e r s u s     T E V A T R O N

H ig g s cr oss-section ~ 1 0 -1 0 0  hig her S / B ~  5  hig her

C onser v ativ e estimates L ess conser v ativ e p r ed ictions
(cr oss-sections,  cu t anal y is,  etc. )           (e. g .  N eu r al  N etw or k  anal y sis)
mH = 1 1 5 G eV 1 0 f b -1 S / √B ≈ 4 . 7 mH = 1 1 5 G eV 1 0 f b -1 S / √B ≈ 5 . 3
4 . 7  → 7  u sing  T ev atr on ap p r oach

W il l  tak e l ot of  time to u nd er stand H as  l ot of  time to u nd er stand
d etector s and  p hy sics d etector s and  p hy sics

R ead y   in 2 0 0 7  ? 1 5  f b -1 b y   2 0 0 8 ?  N eed   3  *   p

F o r  mH >  1 2 0  G e V  t h e  LHC h a s  n o  c o mp e t i t i o n
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• Examples of precision physics at LHC: W  mass can b e 
measu red  to ~ 1 5  M eV ,  top mass  to ~  1  G eV
→ Hig g s mass constrained  ind irectly to ~  2 5 %

• S tand ard  M od el Hig g s b oson can b e  d iscov ered  ov er 
the fu ll mass reg ion  u p to 1  T eV in ~  1  year of operation.
→ final w ord  ab ou t S M  Hig g s mechanism

• Excellent d etector performance req u ired :
→ Hig g s searches  hav e d riv en the LHC  d etector d esig n.

• A mong  main channels :  H  → γ γ ,  H → 4l

• I f S M  Hig g s not fou nd  b efore/ at LHC,  then alternativ e method s 
for Electrow eak S ymmetry B reak ing  w ill hav e to b e fou nd

End of Part 2

S u m m a r y  o f  P a r t  2


