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Introduction 
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1...8– mediated by massless bosons: the photon  and the gluons 
– described by  and  local gauge symmetries

gγ
• electromagnetic and strong interactions :

U(1) SU(3)

– violate parity: distinguish between left- and right-handed states

( ) ( )0 91 , 80– mediated by massive bosons:  GeV  GeVZ WZ m W m±≈ ≈

• weak interactions are different :

– description by  local gauge symmetry predicts
massless gauge bosons

×L YSU(2) U(1)

( )– fermion mass terms  are forbidden
since  and  transform differently

e e R L L Rm ee m e e e e
L R

− = − +

– furthermore: scattering of massive  bosons violates unitarity at high energyW
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Spontaneous symmetry breaking 
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 remains as a new, massive, scalar boson:
 adds missing lon

the 'higgs boson'
 with  GeV

gitudinal 

bosons couple to hig

state to gauge boson
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gs boson proportional to their mass

fermions can be coupled to  by Yukawa terms  = 

fermions couple to higgs boson proportional to their mass

 has to be a scalar in order not 

e
e R L e

mG e e c c m ee eeHϕ ϕ
ϕ

ϕ

+ − −

to break Lorentz invariance of the ground state

0ϕ
↓



A bit of history 
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– spontaneous breaking of gauge symmetry introduced into particle physics in 1964
by [Englert and Brout], [Higgs], and [Guralnik, Hagen and Kibble]

– based on earlier work to explain super-conductivity [Anderson]
and low energy hadron interactions [Nambu]

– Higgs was the first to explicity mention the existence of a massive scalar particle (in 1964):

– Weinberg, Salam and Glashow formed the electro-weak standard model in 1967
– t'Hooft showed in 1971 that such a theory is renormalisable

– experimental discovery of weak neutral currents ( ) 1973 (at RWTH)
– experimental proof of  and  in 1983 

Z
W Z



The Higgs Field 
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The Higgs Field 
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( ) ( ), , L Y

– fills all space

– generates the masses of bosons and fermions:
masses are in fact coupling strenghts

– breaks the electro weak symmetry and mixes
 from the SU 2 ×U 1  gauge bosonsW Zγ ±

−

1%
99%

Comment 1: it generates only about  of the proton mass
i.e. our mass (  are kinetic energy of quarks and gluons)

Comment 2: the mexican hat form of the potential is 
not explained by the theory



The Higgs Particle 
• excitation of higgs field 

 
• mass: not predicted by theory 

 
• spin: zero 

 
• parity: even 

 
• couplings to bosons and fermions: 

proportional to their mass 
 

• regularizes WW scattering 
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experimentally 
established 

? 

verifying these properties will tell 
if a new particle actually is ‚the higgs‘ 



Theoretical Constraints on the Higgs mass 
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Higgs potential         

Higgs mass H

V
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ϕ µ ϕ ϕ λ ϕ ϕ µ λ

λ ϕ
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( ) is a running coupling      λ λ λ→ = Λ

( )( )for large  large :
 will grow and violate unitarity at scale  

H HM Mλ

λ Λ

  constrained to a certain range for the
theory to remain valid up to a scale 

HM→
Λ

( )( )for small  small :
 will go negative at scale 

 rim of mexican hat bends down
 vacuum unstable

H HM Mλ

λ Λ
→
→



Experimental constraints on the Higgs mass 

21.1.2013 Lutz Feld | RWTH Aachen 11 

( )
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Global -fit of all precision electro-weak data to
standard model gives a preferred higgs mass of

 GeV ( CL)
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Indirect constraints

Direct searches

( )185 95%
 constraint gives

 GeV  CLHM <



How can we find the Higgs? 
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CERN Director General Rolf Heuer explaining the principle...



LHC Workshop Aachen 1990 

• Carlo Rubbia, 
CERN Director General (1990) 

 
• “Based on what we know today, we 

believe that the design parameters for 
the LHC are sound and the machine 
can be built.” 

3.11.2010 Prof. Dr. L. Feld 13 



CERN 
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European Centre for Particle Physics 



CERN 
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Large Hadron Collider LHC at CERN 
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CERN 
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LHC in figures 
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27 km circumference 
 
9593 magnets 
 
cooled to  -271,3°C (1,9 K) 
by 120t liquid helium 
 
1015 protons at 99,9999991% of the speed of light 
 
11 245 revolutions per second 
 
109 proton-proton-collisionen per second 
 
cost: about 3 billion Euro over 15 years 
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Luminosity 
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[https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults] 

0.25 fb-1 per day! 
 
inst. lumi: 7E33 /cm/s 
 
CMS recorded: 95% 
certified golden 84% 



LHC Performance 
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Parameter 2010 2011 2012 Nominal 

Beam Energy (TeV) 3.5 3.5 4 7 

√s (TeV) 7 7 8 14 

Protons per bunch (1011) 1.2 1.5 1.6 1.15 

Number of bunches 368 1380 1380 2808 

Bunch spacing (ns) 150 75/50 50 25 

Norm. Emittance (mm rad) 2.4 – 4 1.9 – 2.4 2.2 – 2.5 3.75 

Beta* (m) 3.5 1.5 – 1  0.6 0.55 

Inst. Lumi (1034 cm-2s-1) 0.02 0.4 0.76 1 

Pile-up 3 19 35 23 

Int. Lumi (fb-1) 0.05 5.5 23 

34 2 1

72
720 40

10
 mbarn

 MHz   MHz     
 cm s

inel N L
L
σ

σ− −

≈ 
→ = ≈ →= 

PILE - UP





CMS Detector 
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design guided by 
HZZ4µ 
Hɣɣ 



CMS Collaboration 
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2500 Scientists incl. 500 students 
183 Institutes 
38 Countires 



CMS Detector Performance 
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Aachen in CMS 
1. + 3. Physikalisches Institut: Profs. Erdmann, Feld, Hebbeker, Schael, Stahl 
+ 26 physicists 
+ 9 engineers 
+ 24 PhD students 
+ 27 students 
+ 12 technicians 
 
since 1994 
 
R&D and construction of 
Silicon Tracker 
and Myon Chambers 
 
Tier-2 Computing Centre 
 
Data analysis: Top-Quarks, Higgs, Supersymmetry, … 
 
Upgrades of Pixel, Tracker and Myon System 
 
DFG Graduate School: ‚Particle and Astro-particle Physics in the Light of LHC‘ 
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Pile-up is a real challenge! 
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The ATLAS Detector 
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Cross Sections 
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[J. Stirling, http://mstwpdf.hepforge.org/plots/plots.html] 

total: 1 GHz 

b: 10 MHz 

W,Z: 1 kHz 

top: 10 Hz 

higgs: 0.1 Hz 

challenges: 
trigger system 
background suppression 



Vector Boson Cross Section Measurements  
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Single Boson and Di-Boson Production 

( )Higgsσ←



The Higgs Boson 
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Hɣɣ HZZ HWW Hbb Hԏԏ 

ggH + + + - + 
qqqqH + + + 
qqVH + + + 
ggttH + 

mass 
resolution 1-3% 1-7% 20% 10% 20% 

( )

( )

1
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5 75' 000

4

if  GeV then

  pb
in  fb :  higgs bosons

 MeV

Hm

pp H X

L

H

σ
−

≈

→ + ≈

→ =

Γ ≈

analyses are split into different categories→



di-jet tagging: qqqqHqqɣɣ 
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Sensitivity of different channels 

21.1.2013 Lutz Feld | RWTH Aachen 32 

highest sensitivity in channels with best mass resolution: Hɣɣ and HZZ 
mass resolution = significance! 

p-value: probability that background fluctuates to an excess as large as expected from the SM higgs 



Significance 
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background
↑

observation
↑
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Hɣɣ 
• ECAL energy resolution decides 
• ɣɣ mass resolution 3-4 GeV 
• multi-variate analysis for photon ID 

and event classification 
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CMS ATLAS



Hɣɣ 
• ECAL energy resolution decides 
• ɣɣ mass resolution 3-4 GeV 
• multi-variate analysis for photon ID 

and event classification 
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significance  4.1σ 

CMS ATLAS

6.1significance σ
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HZZ 
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Z

Z

l+

l−

l+

l−

CMS ATLAS



HZZ 
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Z

Z

l+

l−

l+

l−

CMS ATLAS

4.1significance σ4.5significance σ



The low mass resolution channels 
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HWW  (ggH, qqqqH) Hԏԏ  (ggH, qqqqH,VH) 

broad excess 
observed : 3.1 sigma 
expected: 4.1 sigma 

mild excess 
1.3 sigma 

mild excess 
2.2 sigma 

Hbb  (qqVH) 



Combination of all Observed Yields 
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Testing the SM higgs hypothesis 

higgs masses excluded at 95% CL up to 700 GeV 
except between 121 and 128 GeV 



Combination of all Observed Yields 
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Testing the background hypothesis CMS ATLAS

7.0
5.9

significance
observed:
expected:

σ
σ

6.9
7.8

significance
observed:
expected:

σ
σ

( )

12

4012

7 10

10 50%

probability to observe  in the absence of a signal: 

 i.e. like flipping a coin 40 times and getting 40 heads

σ −

− =



All analysed Higgs decays 
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no
Higgs SM-Higgs 0.88 0.21

SM

σµ
σ

= = ±



All analysed Higgs decays 
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no
Higgs SM-Higgs

CMS ATLAS

0.88 0.21
SM

σµ
σ

= = ±

error bars should be taken seriously!



All analysed Higgs decays 

24.11.2012 Lutz Feld | RWTH Aachen 46 

We have discovered a new particle!
125.8 0.6Its mass is  GeV.±

0 2
It decays to     

 spin  or 
 its a boson

γγ
→
→

1 2 1
All known elementary particles
are spin  or 

 a new kind of particle→
Branching ratios as expected
for SM Higgs
BUT: uncertainties are still large!
Need more data to find out
what this new particle really is.no

Higgs SM-Higgs



CERN Seminar 4. Juli 2012 
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Peter Higgs

CMS
ATLAS
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CMS
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CMS ATLAS



Observed Mass 
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2.7
   
disagreement

σ
← →

CMS

ATLAS



Couplings 
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CMS
ATLAS

 SM←

CMS

relative coupling to  and 
as expected (custodial symmetry)

Z W

bkg. only
0



Couplings 
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Spin 

21.1.2013 Lutz Feld | RWTH Aachen 53 

CMS ATLAS
:Look at photon angle (Collins-Soper-Frame) in the channel H γ γ→

2 91%exclusion of spin  at  CL+

4 :From lepton angles in H ZZ l→ →



Parity 
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CMS ATLAS

4 .Look at kinematic correlations between the 4 leptons in the channel 
N.B. observation of this channel already implies that  cannot be a pure pseudo-scalar.

H ZZ l
H

→ →

pure pseudo-scalar in fact excluded at 98%-99% CL
consistent with pure scalar state
still room for a mixture and CP violation in the higgs sector



Implications 

If the new boson is the/a higgs boson, 
i.e. a scalar, related to spontaneous breaking of electroweak symmetry … 
21.1.2013 Lutz Feld | RWTH Aachen 55 
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a new kind of particle:

first elementary spin-0 particle
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0

inertia is not a property of the bare particles

    is rather     F m a F g aϕ= =
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( ) 55
0 310

vacuum filled with higgs field

GeV    
m

V ϕ ≈
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35 GeV     (!)
m

( ) 55
0 310

vacuum filled with higgs field

GeV    
m

V ϕ ≈

if there is a higgs field
then there might be more
scalar fields around...
(link to inflation?)
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experimentally 
established 

! 

Standard Model is complete!
And it fits well!



21.1.2013 Lutz Feld | RWTH Aachen 61 

'
'
'
'

Z

Z

l+

l−

l+

l−

A 4th fermion generation is excluded!

X
Also: not a lot of room for other new physics in the loop ...
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New Physics might appear well
below the Planck scale!
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( )
2 2

2 2 2 2
0 2 2ln

8
t

H t
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M M m O
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= − Λ + +  

 

( )
2

2 2 2 2
0 2 2ln

16
S

H S
t

M M m O
m

λ
π

 Λ
= + Λ + +  

 

Discovery of the higgs boson
poses the hierarchy problem 

Supersymmetry!

130N.B.  GeV would have been incompatible with SUSYHM 

SUSY can explain the origin of spontaneous symmetry breaking
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... but maybe what we see is yet something else ...



Summary 
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[http://www.sciencedirect.com/science/journal/03702693/716/1] 

LHC has achieved one of its two main goals:
we have found

either the 
or 

higgs boson
new physics

7
126 0.5%

  significance per experiment
 GeV  with  uncertaintyM

σ
=

a new boson has been discovered

13.
2013/14: LHC shut-down
2015 ...   a lot more data at  TeV to study our new friend in detailx

6 ' 000 ' 000 ' 000 ' 000 ' 000
10 ' 000 ' 000 ' 000

800 ' 000
400

2010-2012:
p p collisions: 
recorded by ATLAS and CMS: 
higgs bosons produced: 
higgs boson candidates: around 



Additional Material 
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