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Review of Standard Model	

Standard Model  is  
•  an effective theory 
•  A chiral theory 
•  A gauge theory 
•  Brout-Englert-Higgs mechanism is not a direct 

implication of SM è Spontaneous Symmetry Breaking 
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CERN (www.cern.ch)‏ 

“Conseil Européen pour la Recherche Nucléaire 
The CERN convention was signed in 1953 by the 12 founding statesBelgium, Denmark, France, 
the Federal Republic of Germany, Greece, Italy, the Netherlands, Norway, Sweden, Switzerland, 
the United Kingdom and Yugoslavia, and entered into force on 29 September 1954.  
The Organization was subsequently joined by Austria (1959), Spain (1961-1969, re-joined 1983), 
Portugal (1985), Finland (1991), Poland (1991), Czechoslovak Republic (1992), Hungary (1992), 
Bulgaria (1999), Israel (2014), Romania (2016) and Serbia (2019). The Czech Republic and 
Slovak Republic re-joined CERN after their mutual independence in 1993. Yugoslavia left CERN 
in 1961. 
 

Curiosity Discovery Technology Engineering  Knowledge 
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CERN'e üyelik ve gözlemcilik 

CERN has 23 Member 
States: Austria, Belgium, Bulgaria, 
CzechRepublic, Denmark, Finland, France, 
Germany, Greece, Hungary, Israel, Italy, 
Netherlands, Norway, Poland, Portugal, Romania, 
Serbia, Slovakia, Spain, Sweden, Switzerland and 
United Kingdom. 
Cyprus and Slovenia are Associate Member States 
in the pre-stage to 
Membership. India, Lithuania, Pakistan, Turkey a
nd Ukraine are Associate Member States. 
The European Union, Japan, JINR, the 
Russian Federation, UNESCO and the 
United States of America currently have Observer 
status. 



Cooperation between nations, 
universities and scientists is the driving 
force behind CERN’s research. 
As of  2017, more than 17 500 people 
from around the world work together to 
push the limits of knowledge. CERN’s 
staff members, numbering around 
2500, take part in the design, 
construction and operation of the 
research infrastructure. They also 
contribute to the preparation and 
operation of the experiments, as well as 
to the analysis of the data gathered for 
a vast community of users, comprising 
over 12 200 scientists of 110 
nationalities, from institutes in more 
than 70 countries. 
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If these totally globalized experiments did not
stall as Babelʼs Tower did,  was due to…….

……..everybody using the metric system (no inches, feet, yards, pounds,
imperial gallons etc)……..and the use of english!

      CMS in 2010:

2030 Scientific Authors

    38 Countries

  174 Institutions

CERN

France

Italy

UK

Switzerland

USA

Austria

Finland

Greece

Hungary

Belgium

Poland

Portugal

Spain

Pakistan

Georgia

Armenia

Ukraine

Uzbekistan

Cyprus
Croatia

China, PR

Turkey

Belarus

Estonia

India

Germany

Korea

Russia

Bulgaria

China (Taiwan)Iran

Serbia

New-Zealand

Brazil

Ireland

Mexico

Slovak Republic

Colombia

 Breughel,Kunsthistoriches museum,Wien



8	

D. Denegri; Istanbul Techniucal University, Phys.Dept. November  2013

Homo sapiens-sapiens has a propensity to build circular

structures - and made some progress over past 11.000 years!

 Goebekli-Tepe, ~ 9000 BC, Sanli-Urfa/Turkish-Syrian border, 2012

 Result of activities of homo sapiens sapiens scientificus, Geneva, French-
Swiss border,~ AD 2000 key elements



The Universe as we know today 

But this was not the case always. 
This picture is a result of a broken 
symmetry 

Four fundamental forces: 
• Gravitation 
• Weak 
• Electromagnetic 
• Strong 
 

@ 125 GeV 

Particles have mass. Particles would have no mass…but they have, thanks to 
BEH mechanism 
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Some important concepts of particle physics 

•  No real vacuum due to uncertainty principle 

•  Decay & fields 

Handiness (Chiral theory) 
Weak hyper charge of eL = 1;  
Weak hyper charge of eR=0 
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L. Dixon       Beyond Feynman Diagrams Lecture 1     April 24, 2013 25 

Helicity Formalism Exposes  
Tree-Level Simplicity in QCD 

Many tree-level helicity amplitudes either vanish or are very short 

Parke-Taylor formula (1986) 

 
 
 
 

Analyticity 
makes it possible 
to recycle this 
simplicity into 
loop amplitudes 

L. Dixon       Beyond Feynman Diagrams Lecture 1     April 24, 2013 2 

Standard Model 
• All elementary forces except 

gravity in same basic framework 
• Matter made of spin ½ fermions 
• Forces carried by spin 1        

vector bosons:    g      W+ W- Z0       g 
• If we add a spin 0 Higgs boson H 

to explain masses of   W+ W-  Z0  
    Æ finite, testable predictions for all 

quantities – in principle 
         

g 

electromagnetism (QED) strong (QCD) weak 

n 



Some important concepts of particle physics 

•  No real vacuum due to uncertainty principle 

•  Decay & fields 

Handiness (Chiral theory) 
Weak hyper charge of eL = 1;  
Weak hyper charge of eR=0 

Electric 
charge color charge 

Weak hyper charge 
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Energy=matter 

Everything around us consist of 3 
fundamental particles: 
    electron  
    u quark 
    d quark 

But there are infinite number of other 
particles: 2 more leptons and  combined 
particles (combinations of  2 or 3 quarks)  
But they  decay to stable particle very 
fast 

Every particle has an anti-particle 
(opposite quantum number; opposite 
charge,..). 
 In total 6 quarks (and 6 anti-quark) ,  
6 leptons (and 6 anti-leptons) 



Big Bang Machine Space-time started  
 ~13.7 billion years ago 

In the first nanoseconds, 
all  forces (gravitation, 
electroweak and 
strong)  were unified. 
They are seperated as 
the universe became 
colder 

    In the beginning of time, when 
the Universe was getting 
colder, the energy transformed 
to matter 

       --> Matter-anti matter 
symmetry breaking  

      --> subatomic particles  

      --> baryons, mesons 

     --> Nucleo synthesis 

     --> transperant universe (CMB)‏ 

      

Slıde 
from 
Slıde 
from 
Slıde 
from 

It looks like everything is going from kaos to order, but on the contrary! 
Electron, proton --> hydrojen atom    --->stars  --> heavy atoms 
 Supernova --> our sun --> earth --> life 

  (entropy is lowered due to the local energy sources)‏ 
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time 
space 



(Kerem	Cankoçak,	Aralık	2008)‏	



10-33cm	
Planck	Scale	10-17cm	

Weak	Scale	

1028cm	
Hubble	
Scale	

SM as an Effective Theory 
 

M
ostofthese

M
ost of these 

problem
s

are 
related to the 

earliest
earliest 

m
om

ents of 
our U

niverse  

9
C

E
R

N
 S

um
m

er S
tudent Lectures 2008

A
. H

öcker: T
he V

iolation of S
ym

m
etry betw

een M
atter and A

ntim
atter (1 &

 2)

Max mass is 
Planck mass 
(~1/1000 of a 
gram) that a 
particle can 
have 

15	



Symmetries in Physics 
 

A symmetry is a change of something that leaves the physical 
description of the system unchanged. 



•  Physical symmetries: People are approximately bilaterally symmetric; 
spheres have rotational symmetries  

•  Laws of nature are symmetric with respect to mathematical 
operations, that is: an observer cannot tell whether or not this 
operation has occurred  
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Symmetries in Physics 
 

Saying that Newton's laws are the same in any inertial frame is to say 
that those laws are symmetric under translations at uniform speed.  

A symmetry is a change of something that leaves the physical 
description of the system unchanged. 



•  Physical symmetries: People are approximately bilaterally symmetric; 
spheres have rotational symmetries  

•  Laws of nature are symmetric with respect to mathematical 
operations, that is: an observer cannot tell whether or not this 
operation has occurred  

 

Symmetries in Physics 
 

Saying that Newton's laws are the same in any inertial frame is to say 
that those laws are symmetric under translations at uniform speed.  

Maxwell's equations do not have this property è Einsteins’ Special Relativity 
does (in fact originally it is called Invarianten theorie)  

A symmetry is a change of something that leaves the physical 
description of the system unchanged. 

è	Poincaré	groups	



Symmetries & groups 
 

Evariste Galois , 1832 à group theory 



Symmetries & groups 
 

Evariste Galois , 1832 à group theory 
A set of symmetry operations is a group if it has following properties: 
1. Closure.  
If Ri and Rj are in the set, then the product, RiRj is also in the set; that is, there 
exists some Rk such that RiRj = Rk. 
2. Identity.  
There is an element I such that IRi = RiI = Ri for all elements 
3. Inverse.  
For every element Ri  there is an inverse, Ri

-1 , such that RiRi
-1 =Ri

-1Ri=I 
4. Associativity. Ri(RjRk) = (RiRj)Rk 

equilateral triangle, clockwise rotation  
through 1200  



Symmetries & groups 
 

William Rowan Hamilton in (1843) Quaternion:  
a + bi + cj + dk             "rotations" of space  
 
rotations of space: SO(3)  
relevant group for electrons is SU(2) 



Symmetries & groups 
 

William Rowan Hamilton in (1843) Quaternion:  
a + bi + cj + dk             "rotations" of space  
 
rotations of space: SO(3)  
relevant group for electrons is SU(2) 

spectrum	of	drum	frequencies	(rotated	180°)	

Left-hand pattern symmetrical 
right-hand pattern has swapped dark regions for light.  
èspontaneous symmetry-breaking  

Eugene Wigner, 1927  Group Theory and Its 
Application to the Quantum Mechanics of Atomic 
Spectra  



Symmetries in Physics 
 

In classical mechanics we have learned that to each continuous symmetry 
transformation, which leaves the scalar Lagrange density invariant, can be 
attributed a conservation law and a constant of movement (E. Noether, 
1915) 
 
Continuous symmetry transformations lead to conservation laws 
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time  
 

Homogeneity of 
space  
 

Isotropy of 
space  
 

Transformation  
 

Translation in 
time  
 

Translation in 
space  
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Linear momentum  
 

Angular 
momentum  
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No single evidence for violation of these symmetries  has been observed so far 



SM & Group theory 
 baryons, mesons, leptons,…. 

primates	

e,	μ,	τ,	…	
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С – charge 
•  P – parity 
•  Т – time 

C, P, T, CP, CT, PT are invariant under strong& EM interactions 
But heavily violated at weak interactions 
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yà-x	
yà-y	
zà-z	

Not	quite	

C :			+	à	-*					;		-					à		+		

CPT invariance 

Discrete symmetries 



 
Parity violation in weak interactions ! 

 
 

1956, T.D. Lee and C.N. Yang à Parity might be violated in weak int. (tau puzzle K à 2π and 3π)  
1957, C.S. Wu proved experimentally that parity is violated 
 

    Angular distribution of electrons 

( ) 1 1   cose
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J.Cronin, V.Fitch, 1964:  
CP violation in 
neutral K-mesons 

32 

CP violation 
 

(CPLEAR 1999) 



J.Cronin, V.Fitch, 1964:  
CP violation in 
neutral K-mesons 
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CP violation 
 

(CPLEAR 1999) 
Is	not	enough	for	baryogenesis!	
	



Accordingly, the Standard Model Lagrangian satisfies local gauge symmetries 
(the physics must not depend on local (and global) phases that cannot be 
observed): 

gauge symmetries 

gauge symmetry: a symmetry in the change of phase in light. 
 
phase of light can be changed at will at all  locations in space and time, and the laws of 
physics should remain invariant.   
 è gauge symmetry of Maxwell's equations,  
                                                  and its quantum version: quantum electrodynamics (QED). 
                                                           … and also QCD 
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Symmetry  
 

Electromagnetic 
interaction  
 

Weak 
interaction  
 

Strong 
interaction 
(QCD)  
 

Transformation  
 

U(1) gauge 
transformation  
 

SU(2) gauge 
transformation  
 

SU(3) gauge 
transformation  
 

Conserved 
quantity  
 

Electric charge  
 

weak charge  
(parity is not 
conserved) 
 

color charge  
 

approximate symmetries) 
       Quark (baryon) and lepton numbers  
       evidence for lepton flavor violation in “neutrino oscillation” 

Standard Model as a gauge theory 

Theoretical	foundation:	1930’s	–	1970’s		experimental	confirmation	1980’s	
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Quantum Field Theory

We want to describe A-> C1 + C2   or   A+B-> C1 + C2 + ...

1) Associate a field to a particle

2) Write action S =

Z
d4xL(�i, @µ�i)

L        3)          invariant under Poincaré (Lorentz+translations) 
tranformations and internal symmetries

The symmetries of the lagrangian  specify the interactions

4) Quantization of the fields
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Noether’s theorem (from classical field theory) :

Symmetries and conservation laws: the backbone of particle physics

A continuous symmetry of the system <-> a conserved quantity

 translation invariance in space <->  momentum conservation
translation invariance in time <->  energy conservation
 rotational invariance <-> angular momentum conservation

I- Continuous global space-time symmetries:

Fields are classified according to their transformation properties under Lorentz group:

xµ ! x0µ = ⇤µ
⌫x

⌫ �(x) ! �0(x0)

V µ ! ⇤µ
⌫V

⌫

�0(x) = �(x)

 (x) ! exp(� i

2
!µ⌫J

µ⌫) (x)

scalar

vector

spinor

The true meaning of spin arises  in the context of a fully Lorentz-invariant 
theory (while it is introduced adhoc in non-relativistic quantum mechanics)
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Classical Field theory

extend lagrangian formalism 
to dynamics of fields

a system is described by S =

Z
dtL(q, q̇)
position momentum

�S = 0 --> Euler-Lagrange equations

pi =
@L
@q̇i

H(p, q) =
X

i

piq̇i � L

action principle 
determines classical 

trajectory:

conjugate momenta hamiltonian

classical mechanics & 
lagrangian formalism

@L
@qi

� @

@t

@L
@q̇i

= 0

H(x) =
X

i

⇧i(x)@0'i(x) � L

�S = 0

⇧i =
@L

@(@0'i)

@0 =
@

@x0
=

@

@t

@µ =
@

@xµ

@L
@'i

� @µ
@L

@(@µ'i)
= 0-->

S =

Z
d4xL(', @µ')

conjugate momenta hamiltonian
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Classical Field theory and Noether theorem

Invariance of action under 
continuous global transformation --->

There is a conserved current/charge

@µj
µ = 0 Q =

Z
d3xj0(x, t)

' ! '+ i↵'if small increment ↵ ⌧ 1

�L = 0 = i↵(
@L
@'

'+
@L
@'0'

0)

Euler-Lagrange equations:
@

@x
(
@L
@'0 ) � @L

@'
= 0

{invariance of     under (*):L
@

@x
('

@L
@'0 ) = 0

�' = i↵'
�'0 = i↵'0

{

⌘ J
conserved current

example of 
transformation: (*)' ! 'ei↵

Lagrangian 
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Symmetry breaking  ~ phase transition 
Although the underlying laws of nature are the same at 
all times, they lead to different behavior at different 
energies— just as the same laws cause water to be solid 
at low temperatures, liquid at medium ones, and a gas at 
high ones.  

No particle can be creating 
without the breaking of particle/
anti-particle symmetry 

37 

 Phase transitions and Symmetry Breaking 
particle Anti-

particle 

liquid 

solid 

gas 

pressure 

temperature 

Critical point 
Hidden symmetry 
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What Makes Apples Fall From The Tree 



39	

What Makes Apples Fall From The Tree 

A physical system goes always to its lowest 
 energy level 



Field is a condition of the space, which characterizes the behavior of space, 
functions of space.  Empty state (vacuum) is the state of the lowest energy. 

Strength of the Field 0 

Amount of 
Energy 

A Symmetrical Universe 
 

All fields contain energy. Consider an empty volume filled, for example, with an 
electric field. Even though this volume has no particles in it, it contains energy. The 
energy depends on the strength of the electric field. 
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Field is a condition of the space, which characterizes the behavior of space, 
functions of space.  Empty state (vacuum) is the state of the lowest energy. 

Strength of the Field 0 

Amount of 
Energy Energy 

diagram of a 
Field: Energy 
is at minimum 
when the 
Field is zero 

The Universe 
settles down to 
a state with as 
little energy as 
possible 

A Symmetrical Universe 
 

All fields contain energy. Consider an empty volume filled, for example, with an 
electric field. Even though this volume has no particles in it, it contains energy. The 
energy depends on the strength of the electric field. 

This is a Symmetric Universe 
and nothing happens there 

        Field cost energy 
Causing to vibrate (exciting)  
the field  
è vibrations are the particles  
(quanta) of the field 
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Mexican hat or wine bottle….. 

Strength of the Field 0 

Amount of 
Energy 

42	

Spontaneous Symmetry Breaking (SSB) in Particle Theory 
Nambu (1960) and Goldstone (1961) 

Massless scalars occur in a theory with SSB  

The symmetry is not apparent (hidden) in the ground state    

! 

" =
#1 + i#2

2

! 

L = "#$
*"#$ %V ($)

! 

V (") = µ2"*" + #("*")2

! 

" # ei$"

ξ 
η 

Shape of the potential if µ2<0 and λ>0 necessary for SSB 
and be bounded from below. 

The Lagrangian is invariant under : 

Change frame to local minimum frame : 

! 

" =
v +# + i$

2 No loss in generality. 

! 

L =
1
2
"#$"

#$ +
1
2
"#%"

#% + µ2%2 + interaction terms

Massless scalar 

! 

v = "
µ2

#

Massive scalar 

From a simple (complex) scalar theory with a U(1) symmetry  
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Intro to Brout –Englert-Higgs Mechanism 

 
      SM'deki parçacıkların nasıl kütle kazandırıdıklarını açıklığa kavuşturan Higgs mekanizması, ilk 
defa 1962 yılında  Philip Warren Anderson tarafından ortaya atılmıştı. 1964'de birbirinden bağımsız 
3 gurup, bu mekanizmayı görelilik kuramına uygun hale getirdiler:  Robert Brout  ve Francois 
Englert; Peter Higgs; ve  Gerald Guralnik, C. R. Hagen, ve Tom Kibble. Daha sonra Steven 
Weinberg ve Abdus Salam Higgs mekanizmasını kullanarak SM'i temellerini kurdular. SM'e göre, 
çok yüksek sıcaklıklarda Elektro-zayıf simetri kırılmadan dururken, bütün parçacıklar kütlesizdir. 
Düşük sıcaklıklarda, belli bir kritik sıcaklıkta Elektrozayıf  simetri kırılır ve W ile Z bozonları kütle 
kazanır. 
 
   Higgs mekanizmasına biraz daha yakıdan bakalım. Günümüz fiziğinde parçacıklar alanların 
kaynağıdır. Bir parçacık diğerinin alanını hissettiğinde etkileşme meydana gelir. Evrendeki her 
temel etkileşim kuvveti için bir alan vardır (elektromanyetik, zayıf, yeğin ve kütleçekim alanları). 
Öte yandan, enerjiye sahip her parçacık bir kütleçekim alanı oluşturur. Standart Modelde 
parçacıklar bir Higgs alanı ile etkileşerek kütle sahibi olurlar. Örneğin fotonlar ve gluonlar Higgs 
alanı ile etkileşmezler, dolayısıyla kütlesiz kalırlar. W ve Z bozonları ise Higgs’le etkileşerek, bir 
anlamnda Higgs’in “ağdalılığı” içinde kütle kazanırlar. Bu mekanizmayı anlayabilmek için evrenin 
taban durumunu gözümüzün önüne getirelim. Evren alanlarla doludur ve enerji taşıyan bu alanlar 
uzayın her noktasına bir enerji yoğunluğu eklerler. Enerji yoğunluğunun en düşük olduğu duruma 
boşluk  durumu (vakum state) denir 
 
  Şimdi, h Higgs alanı varsayarak, E kadar bir enerji miktarı ekleyerek evrenin enerji 
yoğunluğunu arttırdığımızı düşünelim ve bu enerjinin h alanı ile aşağıdaki bağlantıyı 
kurduğunu varsayalım: 

E = M2 h2+ Xh4  
 
 
Bu denklemde X değeri belli olmayan pozitif bir sayıdır. M2 sayısı ise Higgs bozonlarının 
kütlesi ile ilgilidir. M2' nin pozitif değerler alacağı bir durumda, yukarıdaki denklem şöyle 
bir diyagram verir: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       şekil: M2''nin pozitif olduğu durumlarda E = m2h2+ Xh4 diyagramı. Higgs alanı sıfır iken   Evren en 
düşük  enerji durumunu alıyor.  Böyle bir simetrik evrende  hiç bir şey  gerçekleşmez. 
 
 
Bu diyagrama göre evren en düşük enerji durumuna Higgs alanı sıfır iken varır. Bu 
simetrik bir evrendir ve bu evrende Hiçbir olay gerçekleşmez. Çünkü Higgs alanı sıfırdır 
ve dolayısıyla bu alanla Hiçbir parçacık etkileşime girmez. 
  
Oysa, M2' nin negatif değerler alabildiği bir durumda, aşağıdaki diyagramı elde ederiz ki, 
bu bize evrenin en düşük enerji durumunun Higgs alanının sıfır olmadığı değerlerde 

If we take M2 (related to Higgs 
mass) as negative 
Vacum where the field is not zero! 
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Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

The Higgs mechanism is a description of EWSB. It is not an 
explanation. No dynamics to explain the instability at the origin.

Higgs Mechanism: a model without dynamics 

Why is EW symmetry broken ? 
Because µ2 is negative

Why is µ2  negative ? 

Because otherwise, EW symmetry won’t be broken
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D.2.5 The Fermion Fields Lagrangian

Here we give the kinetic part and gauge interaction, leaving the Yukawa interaction for a
next section. We have

LFermion =
∑

quarks

iqγµDµq +
∑

ψL

iψLγ
µDµψL +

∑

ψR

iψRγ
µDµψR (D.20)

where the covariant derivatives are obtained with the rules in Eqs. (D.3), (D.14) and
(D.18).

D.2.6 The Higgs Lagrangian

In the SM we use an Higgs doublet with the following assignments,

Φ =

⎡

⎢⎣
φ+

v +H + iϕZ√
2

⎤

⎥⎦ (D.21)

The hypercharge of this doublet is 1/2 and therefore the covariant derivative reads
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]
Φ

The Higgs Lagrangian is then

LHiggs = (DµΦ)
†DµΦ+ µ2Φ†Φ− λ

(
Φ†Φ

)2
(D.23)

If we expand this Lagrangian we find the following terms

LHiggs = · · ·+
1

8
g2v2W 3

µW
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g′2v2BµB

µ +
1

4
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µ ∂
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2
gvW+

µ ∂
µϕ− (D.24)

The first three terms give, after diagonalization, a massless field, the photon, and a massive
one, the Z, with the relations given in Eq. (D.13), while the fourth gives the mass to the
charged W±

µ boson. Using Eq. (D.13) we get,

LHiggs = · · ·+
1

2
M2

ZZµZ
µ +M2

WW+
µ W−µ

+MZZµ∂
µϕZ + iMW

(
W−

µ ∂
µϕ+ −W+
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)
(D.25)

where

MW =
1

2
gv, MZ =

1

cos θW

1

2
gv =

1

cos θW
MW (D.26)

By looking at Eq. (D.25) we realize that besides finding a realistic spectra for the gauge
bosons, we also got a problem. In fact the terms in the last line are quadratic in the fields
and complicate the definition of the propagators. We now see how one can use the needed
gauge fixing to solve also this problem.
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(Anderson,	Brout,	Englert,	Guralnik,	Hagen,	Higgs,	Kibble,	’t	Hooft)  

For the history: Frank Close, Infinity Puzzle 
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explanation. No dynamics to explain the instability at the origin.

Higgs Mechanism: a model without dynamics 

Why is EW symmetry broken ? 
Because µ2 is negative

Why is µ2  negative ? 

Because otherwise, EW symmetry won’t be broken

36

V (h) = 1
2µ

2h2 + 1
4�h

4

➲➲

➲

376 APPENDIX D. FEYNMAN RULES FOR THE STANDARD MODEL

D.2.5 The Fermion Fields Lagrangian

Here we give the kinetic part and gauge interaction, leaving the Yukawa interaction for a
next section. We have

LFermion =
∑

quarks

iqγµDµq +
∑

ψL

iψLγ
µDµψL +

∑

ψR

iψRγ
µDµψR (D.20)

where the covariant derivatives are obtained with the rules in Eqs. (D.3), (D.14) and
(D.18).

D.2.6 The Higgs Lagrangian

In the SM we use an Higgs doublet with the following assignments,

Φ =

⎡

⎢⎣
φ+

v +H + iϕZ√
2

⎤

⎥⎦ (D.21)

The hypercharge of this doublet is 1/2 and therefore the covariant derivative reads

DµΦ =

[
∂µ − i

g
√
2

(
τ+W+

µ + τ−W−
µ

)
− i

g

2
τ3W

3
µ + i

g′

2
Bµ

]
Φ (D.22)

=

[
∂µ − i

g
√
2

(
τ+W+

µ τ
−W−

µ

)
+ ieQAµ − i

g

cos θW

(τ3
2

−Q sin2 θW
)
Zµ

]
Φ

The Higgs Lagrangian is then
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If we expand this Lagrangian we find the following terms
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The first three terms give, after diagonalization, a massless field, the photon, and a massive
one, the Z, with the relations given in Eq. (D.13), while the fourth gives the mass to the
charged W±

µ boson. Using Eq. (D.13) we get,
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By looking at Eq. (D.25) we realize that besides finding a realistic spectra for the gauge
bosons, we also got a problem. In fact the terms in the last line are quadratic in the fields
and complicate the definition of the propagators. We now see how one can use the needed
gauge fixing to solve also this problem.
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2-D (energy depend both field);  
Displacement of the field  cost energy. 
Imagine a symmetric field.  
Circular motion of the field àangular momenta  
(not in real space but field space)  
 

(Anderson,	Brout,	Englert,	Guralnik,	Hagen,	Higgs,	Kibble,	’t	Hooft)  

For the history: Frank Close, Infinity Puzzle 
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The first three terms give, after diagonalization, a massless field, the photon, and a massive
one, the Z, with the relations given in Eq. (D.13), while the fourth gives the mass to the
charged W±

µ boson. Using Eq. (D.13) we get,
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By looking at Eq. (D.25) we realize that besides finding a realistic spectra for the gauge
bosons, we also got a problem. In fact the terms in the last line are quadratic in the fields
and complicate the definition of the propagators. We now see how one can use the needed
gauge fixing to solve also this problem.
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We don’t know what makes the Higgs condensate. We arrange the Higgs potential so  
that the Higgs condensates but this is just a parametrisation that we are unable to 
 explain dynamically 

Electric charge is the excitation of the field rotating in an internal space. 
 
è Rotation (charge) will cost no energy . It is called condensate in space: a charge 
 

2-D (energy depend both field);  
Displacement of the field  cost energy. 
Imagine a symmetric field.  
Circular motion of the field àangular momenta  
(not in real space but field space)  
 

(Anderson,	Brout,	Englert,	Guralnik,	Hagen,	Higgs,	Kibble,	’t	Hooft)  

For the complete history: Frank Close, Infinity Puzzle 
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Why do we need Higgs for Mass? 

A “massless” box filled with photons does it 
have mass? (remember E=mc2) 
 
Ex: proton 

Standard Model. Quarks

Gell-Mann-Zweig Quarks: circa 1960

All these observed patterns in the prop-

erties of these ’heavy’ particles Hadrons

(Baryons and Mesons) are explained by

assuming that they are made of even

more fundamental objects Quarks. Quark

Model

Only three types required : u, d, s

Story of c and heavier quarks will
be taken up later.

July 4 - July 10, 2011. CERN Summer Student Program.

Mass of the quarks is 
only 1% of the protons 
mass. 
Proton mass doesn’t 
need Higgs! 
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Why do we need Higgs for Mass? 

A “massless” box filled with photons does it 
have mass? (remember E=mc2) 
 
Ex: proton 

Standard Model. Quarks

Gell-Mann-Zweig Quarks: circa 1960

All these observed patterns in the prop-

erties of these ’heavy’ particles Hadrons

(Baryons and Mesons) are explained by

assuming that they are made of even

more fundamental objects Quarks. Quark

Model

Only three types required : u, d, s

Story of c and heavier quarks will
be taken up later.

July 4 - July 10, 2011. CERN Summer Student Program.

Mass of the quarks is 
only 1% of the protons 
mass. 
Proton mass doesn’t 
need Higgs! 

Electromagnetism  infinite range  photon mass =0 

Weak force  10-18 m (10-3 p radius)  W, Z massive  

8 

The problem of electroweak breaking 

Oscillations 
perpendicular to 

direction of motion 

Transverse wave Longitudinal wave 

Water wave 

The EM wave has only 2 independent polarizations 
Just an empirical fact, but a very lucky one 

9 

Electromagnetism  infinite range  photon mass =0 

Weak force  10-18 m (10-3 p radius)  W, Z massive  

8 

For a massive particle, how can one 
distinguish longitudinal from transverse 
polarizations? 
How to reconciliate W, Z masses (short-
range weak force) with gauge symmetry?  
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How the field effect mass…. 
Water molecule analogy to show 
how a field effect the energy the 
two configuration of the molecule 

+	

-	

+	

-	

+	

-	

+	

-	 +	

-	

E=mc2	è	different	mass	
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How the field effect mass…. 
Water molecule analogy to show 
how a field effect the energy the 
two configuration of the molecule 

+	

-	

+	

-	

+	

-	

+	

-	 +	

-	

A water molecule like dumbel (+ and – charges). Mass doesn’t depend on orientation  
(space symmetry). Consider them as two kinds of particles, upside and downside 
In an E field, energy of the up has less energy and down has large energy  
Water molecule is neutral. There is no net force on it. ‘’field doesn’t slow down it’’ 
This is how a field creates mass. It increases one mass, decreases other mass 

E=mc2	è	different	mass	

..		-3		-2		-1		0		1		2		3…	

..		-2		-1			0		1			2		3		.…	
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How the field effect mass…. 
Water molecule analogy to show 
how a field effect the energy the 
two configuration of the molecule 

+	

-	

+	

-	

+	

-	

+	

-	 +	

-	

A water molecule like dumbel (+ and – charges). Mass doesn’t depend on orientation  
(space symmetry). Consider them as two kinds of particles, upside and downside 
In an E field, energy of the up has less energy and down has large energy  
Water molecule is neutral. There is no net force on it. ‘’field doesn’t slow down it’’ 
This is how a field creates mass. It increases one mass, decreases other mass 

E=mc2	è	different	mass	

We can think that E field in terms of photons: condensate!  
(Indefinite number of photons..) 
Water molecule moves in photon condensate constantly emits and absorbs photons.  
Real word is not like that with respect to electric charge.  
But superconductors are like that.  
Condensate of charge where in a region that charge completely uncertain 
 

..		-3		-2		-1		0		1		2		3…	

..		-2		-1			0		1			2		3		.…	
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How the field effect mass…. 
Water molecule analogy to show 
how a field effect the energy the 
two configuration of the molecule 

+	

-	

+	

-	

+	

-	

+	

-	 +	

-	

A water molecule like dumbel (+ and – charges). Mass doesn’t depend on orientation  
(space symmetry). Consider them as two kinds of particles, upside and downside 
In an E field, energy of the up has less energy and down has large energy  
Water molecule is neutral. There is no net force on it. ‘’field doesn’t slow down it’’ 
This is how a field creates mass. It increases one mass, decreases other mass 

E=mc2	è	different	mass	

We can think that E field in terms of photons: condensate!  
(Indefinite number of photons..) 
Water molecule moves in photon condensate constantly emits and absorbs photons.  
Real word is not like that with respect to electric charge.  
But superconductors are like that.  
Condensate of charge where in a region that charge completely uncertain 
 

..		-3		-2		-1		0		1		2		3…	

..		-2		-1			0		1			2		3		.…	

Depending how photons are polarized upside or down, 
emitting and absorbing photons effects shifting of 
the energy of the water molecule. 

Water	
molecule	
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Dirac theory:  R electron can become L electron. 
But massless particle cannot flip.  
Mass of the particle is related the rate of flipping right-left 

Weak-hyper	charge	

+	

-	

+	

-	

+	

-	

+	

-	

+	

-	

………
………

……..	

w=1	 w=1	 w=0	

w=1	

Spontenous Symmetry Breaking of Chiral System 
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Dirac theory:  R electron can become L electron. 
But massless particle cannot flip.  
Mass of the particle is related the rate of flipping right-left 

When	a	Z-boson	is	emitted	from	electron,	it	is	not	electric	charge:	Weak-hyper	charge	
Electrons	with	R-handed	and	L-handed	have	the	same	electric	charge,		
but	different	Weak-hyper	charge:	R	=	0,	L=1		(w=0,	w=1)	
But	due	to	conservation	of	weak-hyper	charge	electron	must	be	massless.	
We	need	a	new	boson	(W	mixture):	it	is	like	Higgs	but	condensate	with	Weak-hyper	charge	
	
When	flipping	w=1	to	w=0,	it	goes	to	condensate.	

Weak-hyper	charge	

+	

-	

+	

-	

+	

-	

+	

-	

+	

-	

………
………

……..	

w=1	 w=1	 w=0	

w=1	

Spontenous Symmetry Breaking of Chiral System 
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Same for Z-boson: it absorbs and emits Weak-hyper charge from condensate contineously 
Z doesn’t have Weak hyper charge. It absorbs Ziggs, becomes Ziggs and re-emits Ziggs  

W’s and Z-boson  were 
discovered 1983 
 
Higgs boson is just left 
over.... 

Brout –Englert-Higgs Mechanism & the Higss boson 
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Same for Z-boson: it absorbs and emits Weak-hyper charge from condensate continously 
Z doesn’t have Weak hyper charge. It absorbs Ziggs, becomes Ziggs and re-emits Ziggs  

W’s and Z-boson  were 
discovered 1983 
 
Higgs boson is just left 
over.... 

Imagine that the density of the condensate changes (compressional wave) 
 
Higgs boson is like sound wave propagating through the  condensate 

Further away stronger the condensate 
This oscillation is called Higgs boson 
And that s what we have discovered at CERN 

Brout –Englert-Higgs Mechanism & the Higss boson 
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Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

The Higgs mechanism is a description of EWSB. It is not an 
explanation. No dynamics to explain the instability at the origin.

Higgs Mechanism: a model without dynamics 

Why is EW symmetry broken ? 
Because µ2 is negative

Why is µ2  negative ? 

Because otherwise, EW symmetry won’t be broken

36

V (h) = 1
2µ

2h2 + 1
4�h

4

➲➲

➲

376 APPENDIX D. FEYNMAN RULES FOR THE STANDARD MODEL

D.2.5 The Fermion Fields Lagrangian

Here we give the kinetic part and gauge interaction, leaving the Yukawa interaction for a
next section. We have

LFermion =
∑

quarks

iqγµDµq +
∑

ψL

iψLγ
µDµψL +

∑

ψR

iψRγ
µDµψR (D.20)

where the covariant derivatives are obtained with the rules in Eqs. (D.3), (D.14) and
(D.18).

D.2.6 The Higgs Lagrangian

In the SM we use an Higgs doublet with the following assignments,

Φ =

⎡

⎢⎣
φ+

v +H + iϕZ√
2

⎤

⎥⎦ (D.21)

The hypercharge of this doublet is 1/2 and therefore the covariant derivative reads

DµΦ =

[
∂µ − i

g
√
2

(
τ+W+

µ + τ−W−
µ

)
− i

g

2
τ3W

3
µ + i

g′

2
Bµ

]
Φ (D.22)

=

[
∂µ − i

g
√
2

(
τ+W+

µ τ
−W−

µ

)
+ ieQAµ − i

g

cos θW

(τ3
2

−Q sin2 θW
)
Zµ

]
Φ

The Higgs Lagrangian is then

LHiggs = (DµΦ)
†DµΦ+ µ2Φ†Φ− λ

(
Φ†Φ

)2
(D.23)

If we expand this Lagrangian we find the following terms

LHiggs = · · ·+
1

8
g2v2W 3

µW
µ3 +

1

8
g′2v2BµB

µ +
1

4
gg′v2W 3

µB
µ +

1

4
g2v2W+

µ W−µ

+
1

2
v ∂µϕZ

(
g′Bµ + gW 3

µ

)
+

i

2
gvW−

µ ∂
µϕ+ −

i

2
gvW+

µ ∂
µϕ− (D.24)

The first three terms give, after diagonalization, a massless field, the photon, and a massive
one, the Z, with the relations given in Eq. (D.13), while the fourth gives the mass to the
charged W±

µ boson. Using Eq. (D.13) we get,

LHiggs = · · ·+
1

2
M2

ZZµZ
µ +M2

WW+
µ W−µ

+MZZµ∂
µϕZ + iMW

(
W−

µ ∂
µϕ+ −W+

µ ∂
µϕ−

)
(D.25)

where

MW =
1

2
gv, MZ =

1

cos θW

1

2
gv =

1

cos θW
MW (D.26)

By looking at Eq. (D.25) we realize that besides finding a realistic spectra for the gauge
bosons, we also got a problem. In fact the terms in the last line are quadratic in the fields
and complicate the definition of the propagators. We now see how one can use the needed
gauge fixing to solve also this problem.

V (�) =
µ2

2
�†�+

�

4
�†�
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Short history 

56	

Dirac	theory	(1928-1940’s):	QED	à	U1	gauge	theory	
		
Yang-Mills	theories	for	non-abelian	gauge	interactions	(1948).	à	SU2	group	
		
Schwinger,	Bludman	and	Glashow:	there	are	three	massless	gauge	bosons.	à	SU2xU1	theory	
		
V	–	A	as	the	classification	of	the	weak	interaction	by	1957	
		
In	1961	Goldstone	argued	that	the	appearance	of	a	massless	boson	is	an	unavoidable	in	SSB	
		
1956:	In	a	superconductor,	the	ground	state	contains	Cooper	Pairs.	“BCS	Theory.”	
		
Nambu:	gauge	invariance	(globally)	does	hold	true	in	the	BCS	Theory	but	has	become	hidden.		
	
Anderson:	The	presence	of	plasma	impedes	the	photon	and,	in	effect,	gives	it	inertia:	mass.	
		
Guralnik,	Hagen,		Kibble,	Brout,	Englert,	Higgs	:	“Hidden	Symmetry,”	(1964)		
explaining	how	gauge	bosons	could	become	massive	while	maintaining	gauge	invariance.	
		
	“The	Higgs	Mechanism”	concerns	the	way	that	some	gauge	bosons—vector	
particles	such	as	the	W	and	Z,	which	ought	to	be	massless	like	the	photon—	
manage	to	acquire	a	mass	by	“eating”	Goldstone’s	massless	scalar	boson.	
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4!

mass = 134 x MHydrogen = MCesium!
!New York Times!

4!

mass = 134 x MHydrogen = MCesium!
!New York Times!



LHC operations: status and prospects 

Giulia Papotti for the LHC team 

LATEST RESULTS FROM THE LHC 
- LPCC and the CERN Summer Student Programme Committee 

12 July 2012  

Higgs Discovery at LHC experiments 
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1982	:	First	studies	for	the	LHC	project	
1994	:	Approval	of	the	LHC	by	the	CERN	

Council	
1996	:	Final	decision	to	start	the	LHC	

construction		
2004	:	Start	of	the	LHC	installation	
2006	:	Start	of	hardware	commissioning	
2008	:	End	of	hardware	commissioning	and	

start	of	commissioning	with	beam	
2009-2030:	Physics	operation	

LHC	History	

26.07.19	 59 Jim Freeman 



60	
D. Denegri; Istanbul Techniucal University, Phys.Dept. November  2013

Connecting the
LHC and the

Big Bang Model

At the beginning there

were only elementary

particles!

LHC -pp- probes the

era at ~ 10-12-15 sec

after the Big Bang

(Electroweak era)

CMS, ATLAS

10-6sec after

Big Bang

(hadronization

era)

Heavy ions

regime at LHC

ALICE,

CMS,ATLAS

minutes after
Big Bang

nucleo-
synthesis era



61	D. Denegri; Istanbul Techniucal University, Phys.Dept. November  2013

CMS solenoid - largest in the world -
 cable and coil modules production/assembly

s.c cable: all 21 lengths (53 km) finished  in 2003

Insert with superconductor

all 5 coil modules finished in 2004

assembly in CMS hall, Jan.  2005

Insertion of coil in vacuum
tank in September 2005



LHC is a huge TV tube 

Colliding	bunches	 		 4x107	 Hz	

		7		TeV	=7x1012	 		eV				 beam	energy			
1034	cm-2	s-1			 Luminosity			
2835		 bunch/beam	 			
1011			 Proton/bunch	

7	TeV		 	Proton			

	Proton	

			
		

Proton	collisions	 		 109	Hz	

Parton	collisions	 		

New	particles	 		 105					Hz				
(Higgs,	SUSY,	....)‏			

p	 p	H	

µ	+	

µ	-	

µ	+	

µ	-	
Z	

Z	
p	 p	

e	-	
�
e	

�
�

�
�

q	

q	

q	

q	
�
1	
-	

g	
~	

~	

�
2	
0	~	

q	~	

�
1	 0	~	

7.5	m		(25	ns)‏	

Event selection: 
1 per 10,000,000,000,000 

 
Proton mass ~ 1 GeV/c2 = 1.783×10−27 kg 
1 TeV = a mosquito's kinetic energy 
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Theory ßàObservables 

13

Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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Link to observables

typical relevant LHC cross sections ~ in pb

cross section: reaction rate  per target particle per unit incident flux◆

   --> has units of a surface

[1/time]
[1/(time length2)]

measured in multiples of 1 barn= 10�24 cm2

1 picobarn= 1 pb= 10-36cm2

Decay width (inverse of lifetime of a particle)◆ =transition rate
has dimension  [1/time]

Example: decay width of EW gauge bosons
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LHC	Experiments	

B-physics 
CP violation 

Quark-gluon plazma Higgs 
SUSY 
 

Higgs 
SUSY 
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Sub detectors around each others 

Designed to 
cathes all 
particles created 
at the collisions 
 

Detectors 
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What do we actually measure? 

 
We do not directly “see”: 

•  Up, down, charm, 
strange and beauty 
quarks, and gluons  
(that manifest 
themselves as jets 
of hadrons)‏ 

•  Top quarks that 
decay rapidly 

 (e.g. t --> bW)‏ 
•  W and Z bosons 

that decay rapidly to 
quarks or leptons 

•  Higgs bosons 
•  Etc 

 

e 

µ

jet 
ν

γ

IDET ECAL HCAL MuDET 

The detectors give information on comparatively long-lived particles that 
are generally the decay products of the fundamental objects that we wish 
to study 

      Wee see 
•  Electrons 
•  Muons 
•  Photons 
•  Long-lived 

charged and 
neutral hadrons 
(jets)‏ 

•  Missing 
transverse 
momentum   
( neutrinos, 
neutralinos,..)‏ 
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67 

Superconducting Coil, 4 Tesla  

Electromagnetic 
Calorimeter (Ecal)  ‏
 76k scintillating PbWO4 
crystals  
 

Central Hadronic 
Calorimeter 
(Hcal)Plastic 
scintillator/brass 
sandwich 
 

Tracker 
Pixels 
Silicon Microstrips 
210 m2 of silicon sensors 
9.6M channels 

Muon Barrel 
Drift Tube  
Chambers (DT)  ‏
Resistive Plate  
Chambers 
(RPC)‏ 
 

Muon Endcapsl 
Cathode Strip  
Chambers (CSC)  ‏
Resistive Plate  
Chambers 
(RPC)‏ 
 

Total weight          12500 t 
Overall diameter   15 m 
Overall length       21.6 m 

CMS Detector Systems 

HF 
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HCAL tower mapping  

A	schematic	view	of	the	tower	mapping		
in	r-z	of	the	HCAL	barrel	and	endcap	regions.	

Numbering	scheme	for	the	tiles	in	
adjacent	scintillator	trays.	

	
	
	
The	r-	φ		view	of	an	HF	wedge	(at	z	=	11.2	m)‏	

-x axis is horizontal, pointing south to the LHC center.  
-y axis is vertical pointing upwards.  
- z axis is horizontal pointing west.  
-sign of eta=- sign of z.  
theta=0 is +z axis, theta=pi is -z axis  
 
phi=0 is +x axis, phi=pi/2 is +y axis, phi=atan2(y,x)  
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Data Quality Monitorins (DQM)   
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 2007-2008: testing with Cosmic Muons 

Phi 

Eta 

Muon flux 

BOTTOM wedges 
TOP wedges 
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Rediscovering	Standard	Model	

from	

2009-2010 CMS 

LHC	will	run	through	to	the	end	of	
2012	with	a	short	technical	stop	at	the	
end	of	2011.	The	beam	energy	for	
2011	will	be	3.5	TeV.		
Then,	LHC	goes	into	a	long	shutdown	
to	prepare	for	higher	energy	running	
starting	2014.	
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How to detect Higgs particle?! 

An example 
H                ZZ 
Z        µµ 
H                       µµµµ 
The  cleanest  signal 
 
 
 
 

H                γγ 

 
A real event from 

4’th July 2012 
 

Reconstructed tracks 
with pt > 25 GeV

Repeated every 25 ns 
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73	
D. Denegri; Istanbul Techniucal University, Phys.Dept. November  2013

LHC operation in 2012 : pile-up, up to ~ 30
 (50 nsec bunch spacing)

Event with 20 reconstructed

40 reconstructed vertices!

High pile-up run October 25, 2011

In HL-LHC phase we expect to go to ~100 -150 pile-ups per crossing! 
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L. Dixon       Beyond Feynman Diagrams Lecture 1     April 24, 2013 4 

Signals vs. Backgrounds 

electron-positron colliders 
– small backgrounds 

vs. 

hadron colliders 
– large backgrounds 

L. Dixon       Beyond Feynman Diagrams Lecture 1     April 24, 2013 4 

Signals vs. Backgrounds 

electron-positron colliders 
– small backgrounds 

vs. 

hadron colliders 
– large backgrounds 



Towards discovery 
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!  Optimal%combination%of%information%from%all%subdetectors%
!  Returns%a%list%of%reconstructed%particles%
!  e,μ,γ,%charged%and%neutral%hadrons%
!  Used%in%the%analysis%as%if%it%came%from%a%list%of%generated%particles%
!  Used%as%building%blocks%for%jets,%taus%,%missing%transverse%energy%,%
isolation%and%PU%particle%identification%

22 

Global%Event%Description%(Pflow)%%
Made possible by CMS granularity and high magnetic field 

Reconstructing 
particles 

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

!  Cluster%reconstruction%in%ECAL%%
!  Common%for%both%electrons%and%photons%(Electrons%also%reconstructed%as%photons)%
!  Designed%to%collect%bremsstrahlung%%and%conversions%in%extended%phi%region%

!  Dedicated%track%reconstruction%for%electrons%
!  Gaussian%Sum%Filter%allows%for%tracks%w/large%bremsstrahlung%%

!  Photon%identification%specific%to%H#ϒϒ%
!  Energy%scale%and%resolution%

!  Extensive%control%with%Z%and%J/ψ#ee%for%both%electrons%and%photons%

Electron/Photon%reconstruction%

Electrons%%
ECAL%Barrel%(EB)%
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Electron/
photon 

separation 

Ju
ly

 4
th

 2
01

2 
 T

he
 S

ta
tu

s 
of

 th
e 

H
ig

gs
 S

ea
rc

h 
   

J.
 In

ca
nd

el
a 

fo
r t

he
 C

M
S

 C
O

LL
A

B
O

R
AT

IO
N

 

!  Cluster%reconstruction%in%ECAL%%
!  Common%for%both%electrons%and%photons%(Electrons%also%reconstructed%as%photons)%
!  Designed%to%collect%bremsstrahlung%%and%conversions%in%extended%phi%region%

!  Dedicated%track%reconstruction%for%electrons%
!  Gaussian%Sum%Filter%allows%for%tracks%w/large%bremsstrahlung%%

!  Photon%identification%specific%to%H#ϒϒ%
!  Energy%scale%and%resolution%

!  Extensive%control%with%Z%and%J/ψ#ee%for%both%electrons%and%photons%

Electron/Photon%reconstruction%

Electrons%%
ECAL%Barrel%(EB)%
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Higgs%boson%production%

!  √s=8%TeV:%25V30%%higher%σ%than%√s=7%TeV%at%low%mH%

!  All%production%modes%to%be%exploited%
!  gg%VBF%%VH%ttH%
!  Latter%3%have%smaller%cross%sections%but%better%S/B%in%many%cases%%

10 

Higgs Production 

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

Higgs%boson%production%

!  √s=8%TeV:%25V30%%higher%σ%than%√s=7%TeV%at%low%mH%

!  All%production%modes%to%be%exploited%
!  gg%VBF%%VH%ttH%
!  Latter%3%have%smaller%cross%sections%but%better%S/B%in%many%cases%%

10 

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

Higgs%boson%production%

!  √s=8%TeV:%25V30%%higher%σ%than%√s=7%TeV%at%low%mH%

!  All%production%modes%to%be%exploited%
!  gg%VBF%%VH%ttH%
!  Latter%3%have%smaller%cross%sections%but%better%S/B%in%many%cases%%

10 

Ju
ly

 4
th

 2
01

2 
 T

he
 S

ta
tu

s 
of

 th
e 

H
ig

gs
 S

ea
rc

h 
   

J.
 In

ca
nd

el
a 

fo
r t

he
 C

M
S

 C
O

LL
A

B
O

R
AT

IO
N

 

Higgs%boson%production%

!  √s=8%TeV:%25V30%%higher%σ%than%√s=7%TeV%at%low%mH%

!  All%production%modes%to%be%exploited%
!  gg%VBF%%VH%ttH%
!  Latter%3%have%smaller%cross%sections%but%better%S/B%in%many%cases%%

10 

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

Higgs%boson%production%

!  √s=8%TeV:%25V30%%higher%σ%than%√s=7%TeV%at%low%mH%

!  All%production%modes%to%be%exploited%
!  gg%VBF%%VH%ttH%
!  Latter%3%have%smaller%cross%sections%but%better%S/B%in%many%cases%%

10 

76	



Higgs Decays 
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Higgs%boson%decays%

5%decay%modes%exploited%

!  High%mass:%%%WW,%ZZ%
%

!  Low%mass:%%bb,%ττ,%WW,%ZZ,%γγ%

!  Low%mass%region%is%very%rich%but%
also%very%challenging:%
main%decay%modes%(bb,%ττ)%are%hard%%%
to%identify%in%the%huge%background%
%

!  Very%good%mass%resolution%
(1%):%%%H"γγ%%and%%H"ZZ"4l%
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How%is%it%possible%to%go%so%far%so%fast?%
LHC%performance:%2010V2011V2012%

Time in year
02/05 02/07 01/09

)-1
To

ta
l In

te
gr

at
ed

 L
um

in
os

ity
 (f

b
0

1

2

3

4

5

6

7

 = 7 TeVs2010, 
 = 7 TeVs2011, 
 = 8 TeVs2012, 

CMS Total Integrated Luminosity, p-p

0

1

2

3

4

5

6

7 Stellar%performance%
of%the%LHC%enables%
all%experiments%to%
produce%significant%
physics%results%

Many&thanks&to&the&
LHC&teams&and&the&
many&others&who&
made&this&possible!&

15 

2012%certified%
‘Golden’:%5.19%mV1%(85%)%
Muon:%%%%5.62%mV1%(92%)%

•  k: number of colliding bunch pairs (e.g. 1368) 

•  N: bunch population (e.g. 1.5 1011 ppb) 

•  f: revolution frequency (11.25 kHz) 

•  F: geometric factor (≤ 1, loss) from the crossing angle (e.g. 0.8) 

•  σ�: beam size at IP (e.g. 18 10-6 m) 

•  γ = E/m (e.g. 4264) 

•  ε: normalized emittance (e.g. 2.4 µm rad) 
•  β*: betatron (envelope) function at the IP (e.g. 0.6 m) 

luminosity reminder 

€ 

L =
kN 2 f

4πσ x
*σ y

* F =
kN 2 f γ
4πβ*ε

F with&

12.07.2012& 4&LHC&opera/ons:&status&and&prospects&–&giulia.papo;@cern.ch&

€ 

N =σ Ldt∫defini/on:&

from&machine&parameters:&

•  N: number of events (e.g. 5) 

•  σ: cross section (e.g. 0.5 fb, 1 fb = 10-39 cm2) 

•  L: instantaneous luminosity (e.g. integrate to 10 fb-1) 

Number	of	events	

Cross	section	 Integrated	
Luminosity	
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P-Values 

! Minimum local p-value at 125 GeV with a local significance of  4.1 σ 
! Similar excess in 2011 and 2012 
!  Independent cross check analyses give similar results 
! Global significance in the full search range (110-150 GeV) 3.2 σ 

45 
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quantum divergencies of Higgs  
•  Just like electron repeling itself 

because of its charge, Higgs boson 
also repels itself 

•  Requires a lot of energy to contain 
itself in its point-like size! 

•  Breakdown of theory of weak force 

Solution:   superpartners 
 “Vacuum bubbles” of superpartners (spin ½ 

difference) cancels the energy required to 
contain Higgs boson in itself 

 
 
     Quark                           Squark  
    Lepton                          Slepton 
    
     Wino                                 W  
     Higgsino                           H  
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Fine tuning: Naturalness problem (hierarchy problem) 

7

1

Dark Matter and the electroweak scale:
beyond the supersymmetric paradigm

Géraldine Servant
CERN, Physics Department, Theory Unit, CH-1211 Geneva 23, Switzerland

Despite the impressive successes of the Standard Model (SM) in describing
nearly all experimental data collected so far in particle physics, it is not
viewed as a fundamental theory but as an effective field theory valid on scales
less than at most a few TeV. The problem lies in the difficulty to understand
the relatively low values of the Higgs mass parameter |m2

H | ∼ (100 GeV)2

in a framework in which the SM is valid up to some ultra high scale, for
instance of the order of the Planck scale. This is because the Higgs boson
mass parameter receives radiative corrections (dominantly from the top loop,
the W , Z gauge bosons and from the Higgs itself) that are quadratically
divergent, and therefore proportional to Λ2 where Λ is the maximum mass
scale that the theory describes:

δm2
H =

3Λ2

8π2v2

(

2m2
W + m2

Z + m2
H − 4m2

t

)

∼ −(0.23 Λ)2 (1.1)

For large values of Λ, tree level and radiative contributions to the Higgs mass
parameter must cancel. For the SM to be valid up to 5 TeV a cancellation
by 2 orders of magnitude is already required and to reach the Planck scale
requires an adjustment finely tuned to 32 orders of magnitude. This is the
so-called hierarchy problem. Therefore, a theory with a light Higgs is not a
satisfactory effective description since it does not incorporate the dynamics
at work in the cancellation of quadratic divergences.

Over the last two decades, this hierarchy problem has been the main
driving force to think that the SM should be overthrown right around the
electroweak (EW) scale. Theories that solve this naturalness problem, i.e
in which the ratio between the EW scale and the Planck scale can be un-
derstood dynamically without recourse to fine-tunings, have been proposed,
starting with the early proposals of supersymmetry and technicolor through
to the more recent ideas of large and warped dimensions, and the little Higgs.
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Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 
parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 
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The hierarchy problem

As soon as we introduce a fundamental scalar field in the theory (the Higgs), 
this generates a puzzle: the so-called “hierarchy problem”.

= the fact that the Higgs self-energy receives radiative contributions that are quadratically divergent. 

To stabilise the Higgs mass at the EW scale 
against the Planck scale, we need to adjust 
the parameter of the Higgs potential at a 
level of 10-32.

è	Hierarchy	problem	
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The hierarchy problem

As soon as we introduce a fundamental scalar field in the theory (the Higgs), 
this generates a puzzle: the so-called “hierarchy problem”.

= the fact that the Higgs self-energy receives radiative contributions that are quadratically divergent. 

To stabilise the Higgs mass at the EW scale 
against the Planck scale, we need to adjust 
the parameter of the Higgs potential at a 
level of 10-32.
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Dark Matter and the electroweak scale:
beyond the supersymmetric paradigm
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Despite the impressive successes of the Standard Model (SM) in describing
nearly all experimental data collected so far in particle physics, it is not
viewed as a fundamental theory but as an effective field theory valid on scales
less than at most a few TeV. The problem lies in the difficulty to understand
the relatively low values of the Higgs mass parameter |m2

H | ∼ (100 GeV)2

in a framework in which the SM is valid up to some ultra high scale, for
instance of the order of the Planck scale. This is because the Higgs boson
mass parameter receives radiative corrections (dominantly from the top loop,
the W , Z gauge bosons and from the Higgs itself) that are quadratically
divergent, and therefore proportional to Λ2 where Λ is the maximum mass
scale that the theory describes:

δm2
H =

3Λ2

8π2v2

(

2m2
W + m2

Z + m2
H − 4m2

t

)

∼ −(0.23 Λ)2 (1.1)

For large values of Λ, tree level and radiative contributions to the Higgs mass
parameter must cancel. For the SM to be valid up to 5 TeV a cancellation
by 2 orders of magnitude is already required and to reach the Planck scale
requires an adjustment finely tuned to 32 orders of magnitude. This is the
so-called hierarchy problem. Therefore, a theory with a light Higgs is not a
satisfactory effective description since it does not incorporate the dynamics
at work in the cancellation of quadratic divergences.

Over the last two decades, this hierarchy problem has been the main
driving force to think that the SM should be overthrown right around the
electroweak (EW) scale. Theories that solve this naturalness problem, i.e
in which the ratio between the EW scale and the Planck scale can be un-
derstood dynamically without recourse to fine-tunings, have been proposed,
starting with the early proposals of supersymmetry and technicolor through
to the more recent ideas of large and warped dimensions, and the little Higgs.
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Géraldine Servant
CERN, Physics Department, Theory Unit, CH-1211 Geneva 23, Switzerland

Despite the impressive successes of the Standard Model (SM) in describing
nearly all experimental data collected so far in particle physics, it is not
viewed as a fundamental theory but as an effective field theory valid on scales
less than at most a few TeV. The problem lies in the difficulty to understand
the relatively low values of the Higgs mass parameter |m2

H | ∼ (100 GeV)2

in a framework in which the SM is valid up to some ultra high scale, for
instance of the order of the Planck scale. This is because the Higgs boson
mass parameter receives radiative corrections (dominantly from the top loop,
the W , Z gauge bosons and from the Higgs itself) that are quadratically
divergent, and therefore proportional to Λ2 where Λ is the maximum mass
scale that the theory describes:

δm2
H =

3Λ2

8π2v2

(

2m2
W + m2

Z + m2
H − 4m2

t

)

∼ −(0.23 Λ)2 (1.1)

For large values of Λ, tree level and radiative contributions to the Higgs mass
parameter must cancel. For the SM to be valid up to 5 TeV a cancellation
by 2 orders of magnitude is already required and to reach the Planck scale
requires an adjustment finely tuned to 32 orders of magnitude. This is the
so-called hierarchy problem. Therefore, a theory with a light Higgs is not a
satisfactory effective description since it does not incorporate the dynamics
at work in the cancellation of quadratic divergences.

Over the last two decades, this hierarchy problem has been the main
driving force to think that the SM should be overthrown right around the
electroweak (EW) scale. Theories that solve this naturalness problem, i.e
in which the ratio between the EW scale and the Planck scale can be un-
derstood dynamically without recourse to fine-tunings, have been proposed,
starting with the early proposals of supersymmetry and technicolor through
to the more recent ideas of large and warped dimensions, and the little Higgs.

3

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 
parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 

UV physics, which leads to the so called hierarchy problem 

=
Higher loops

Smaller Yukawa+

53

h h

h W± Z

h h

top

h h

�
d4k

(2�)4

1

k2 � m2
⇥ �2

�
d4k

(2�)4

k2

(k2 � m2)2
⇥ �2

Weisskopf ’39
‘t hooft ’79

�m2
H =

�
2m2

W + m2
Z + m2

H � 4m2
t

⇥ 3GF �2

16
⇥

2⇥2

m2
H ⇥ m2

0 � (115 GeV)2
�

�

400 GeV

⇥2

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 
parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 

UV physics, which leads to the so called hierarchy problem 

=
Higher loops

Smaller Yukawa+

53

h h

h W± Z

h h

top

h h

�
d4k

(2�)4

1

k2 � m2
⇥ �2

�
d4k

(2�)4

k2

(k2 � m2)2
⇥ �2

Weisskopf ’39
‘t hooft ’79

�m2
H =

�
2m2

W + m2
Z + m2

H � 4m2
t

⇥ 3GF �2

16
⇥

2⇥2

m2
H ⇥ m2

0 � (115 GeV)2
�

�

400 GeV

⇥2

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 
parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 

UV physics, which leads to the so called hierarchy problem 

=
Higher loops

Smaller Yukawa+

53

h h

h W± Z

h h

top

h h

�
d4k

(2�)4

1

k2 � m2
⇥ �2

�
d4k

(2�)4

k2

(k2 � m2)2
⇥ �2

Weisskopf ’39
‘t hooft ’79

�m2
H =

�
2m2

W + m2
Z + m2

H � 4m2
t

⇥ 3GF �2

16
⇥

2⇥2

m2
H ⇥ m2

0 � (115 GeV)2
�

�

400 GeV

⇥2

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Quantum Instability of the Higgs Mass

so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 
parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 

UV physics, which leads to the so called hierarchy problem 

=
Higher loops

Smaller Yukawa+

53

h h

h W± Z

h h

top

h h

�
d4k

(2�)4

1

k2 � m2
⇥ �2

�
d4k

(2�)4

k2

(k2 � m2)2
⇥ �2

Weisskopf ’39
‘t hooft ’79

�m2
H =

�
2m2

W + m2
Z + m2

H � 4m2
t

⇥ 3GF �2

16
⇥

2⇥2

m2
H ⇥ m2

0 � (115 GeV)2
�

�

400 GeV

⇥2

Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Quantum Instability of the Higgs Mass

=
Higher loops

Smaller Yukawa+

GeV2
-80000

-60000

-40000

-20000

0

20000

40000

physical
bare

top
W

Z
Higgs

Λ = 1 TeV

55

h h

h W± Z

h h

top

h h

�
d4k

(2�)4

1

k2 � m2
⇥ �2

�
d4k

(2�)4

k2

(k2 � m2)2
⇥ �2

m2
H ⇥ m2

0 � (115 GeV)2
�

�

400 GeV

⇥2

The hierarchy problem

As soon as we introduce a fundamental scalar field in the theory (the Higgs), 
this generates a puzzle: the so-called “hierarchy problem”.

= the fact that the Higgs self-energy receives radiative contributions that are quadratically divergent. 

To stabilise the Higgs mass at the EW scale 
against the Planck scale, we need to adjust 
the parameter of the Higgs potential at a 
level of 10-32.

To	stabilise	the	Higgs	mass	at	the	EW	scale		against	the	Planck	scale,	we	need	to	adjust	the	
parameter	of	the	Higgs	potential	at	a	level	of	10-32	
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The “stability” of the hierarchy MZ / MPl requires an explanation 

Higgs is “screened” at energies larger than TeV   ⇒  
new forces and new particles within LHC energy range 

What is the new phenomenon? Enter pure speculation… 
These speculations created remarkable conceptual discoveries 10 

the phenomenology of the MSSM.
The least understood aspect of the MSSM concerns the breaking of supersymmetry. A general

parametrization of this (necessary) phenomenon introduces more than 100 free parameters in the
model. Fortunately not all of these parameters will be relevant for a given problem or process, at
least not in leading order in perturbation theory. Nevertheless, it is of interest to look for schemes
that attempt to reduce the number of free parameters. The most popular such scheme is (loosely)
based on the extension of global supersymmetry to its local version, supergravity, and is hence
known as “minimal supergravity” or mSUGRA. This model is attractive not only because of its
economy and resulting predictive power, but also because it leads to a dynamical explanation (as
opposed to a mere parametrization) of electroweak symmetry breaking. This will be discussed in
Sec. 4d. I will in conclude Sec. 5 by briefly mentioning some areas of active research.

2. Quadratic Divergencies

This section deals with the problem of quadratic divergencies in the SM, and an explicit calculation
is performed to illustrate how the introduction of new fields with judicioulsy chosen couplings can
solve this problem. In order to appreciate the “bad” quantum behaviour of the scalar sector of the
SM, let us first briefly review some corrections in QED, the best understood ingredient of the SM.

The examples studied will all be two–point functions (inverse propagators) at vanishing external
momentum, computed at one–loop level. The calculations will therefore be quite simple, yet they
suffice to illustrate the problem. Roughly speaking, the computed quantity corresponds to the mass
parameters appearing in the Lagrangian; since I will assume vanishing external momentum, this
will not be the on–shell (pole) mass, but it is easy to see that the difference between these two
quantities can at most involve logarithmic divergencies (due to wave function renormalization).

e−

e+

γ γ

Fig. 1: The photon self–energy diagram in QED.

Let us first investigate the photon’s two–point function, which receives contributions due to the
electron loop diagram of Fig. 1:

πµν
γγ (0) = −

∫ d4k

(2π)4
tr

[

(−ieγµ)
i

k/ − me
(−ieγν)

i

k/ − me

]

= −4e2
∫ d4k

(2π)4

2kµkν − gµν (k2 −m2
e)

(k2 −m2
e)

2

= 0. (1)

The fact that the integral in eq.(1) vanishes is manifest only in a regularization scheme that preserves
gauge invariance, e.g. dimensional regularization. On a deeper level, this result is the consequence
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quantities can at most involve logarithmic divergencies (due to wave function renormalization).
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γ γ

Fig. 1: The photon self–energy diagram in QED.

Let us first investigate the photon’s two–point function, which receives contributions due to the
electron loop diagram of Fig. 1:

πµν
γγ (0) = −

∫ d4k

(2π)4
tr

[

(−ieγµ)
i

k/ − me
(−ieγν)

i

k/ − me

]

= −4e2
∫ d4k

(2π)4

2kµkν − gµν (k2 −m2
e)

(k2 −m2
e)

2

= 0. (1)

The fact that the integral in eq.(1) vanishes is manifest only in a regularization scheme that preserves
gauge invariance, e.g. dimensional regularization. On a deeper level, this result is the consequence
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The operator Q that generates such transformations must be an anticommuting spinor, with

Q|Boson⟩ = |Fermion⟩, Q|Fermion⟩ = |Boson⟩. (1.5)

Spinors are intrinsically complex objects, so Q† (the hermitian conjugate of Q) is also a symmetry
generator. Because Q and Q† are fermionic operators, they carry spin angular momentum
1/2, so it is clear that supersymmetry must be a spacetime symmetry. The possible forms
for such symmetries in an interacting quantum field theory are highly restricted by the Haag-
Lopuszanski-Sohnius extension [4] of the Coleman-Mandula theorem [5]. For realistic theories
that, like the Standard Model, have chiral fermions (i.e., fermions whose left- and right-handed
pieces transform differently under the gauge group) and thus the possibility of parity-violating
interactions, this theorem implies that the generators Q and Q† must satisfy an algebra of
anticommutation and commutation relations with the schematic form

{Q,Q†} = P µ, (1.6)

{Q,Q} = {Q†, Q†} = 0, (1.7)

[P µ, Q] = [P µ, Q†] = 0, (1.8)

where P µ is the four-momentum generator of spacetime translations. Here we have ruthlessly
suppressed the spinor indices on Q and Q†; after developing some notation we will, in section
3.1, derive the precise version of eqs. (1.6)-(1.8) with indices restored. In the meantime, we
simply note that the appearance of P µ on the right-hand side of eq. (1.6) is unsurprising, since
it transforms under Lorentz boosts and rotations as a spin-1 object while Q and Q† on the
left-hand side each transform as spin-1/2 objects.

The single-particle states of a supersymmetric theory fall into irreducible representations of
the supersymmetry algebra, called supermultiplets. Each supermultiplet contains both fermion
and boson states, which are commonly known as superpartners of each other. By definition,
if |Ω⟩ and |Ω′⟩ are members of the same supermultiplet, then |Ω′⟩ is proportional to some
combination of Q and Q† operators acting on |Ω⟩, up to a spacetime translation or rotation.
The squared-mass operator −P 2 commutes with the operators Q, Q†, and with all spacetime
rotation and translation operators, so it follows immediately that particles inhabiting the same
irreducible supermultiplet must have equal eigenvalues of −P 2, and therefore equal masses.

The supersymmetry generators Q,Q† also commute with the generators of gauge transfor-
mations. Therefore particles in the same supermultiplet must also be in the same representation
of the gauge group, and so must have the same electric charges, weak isospin, and color degrees
of freedom.

Each supermultiplet contains an equal number of fermion and boson degrees of freedom. To
prove this, consider the operator (−1)2s where s is the spin angular momentum. By the spin-
statistics theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue −1
acting on a fermionic state. Any fermionic operator will turn a bosonic state into a fermionic
state and vice versa. Therefore (−1)2s must anticommute with every fermionic operator in the
theory, and in particular with Q and Q†. Now, within a given supermultiplet, consider the
subspace of states |i⟩ with the same eigenvalue pµ of the four-momentum operator P µ. In view
of eq. (1.8), any combination of Q or Q† acting on |i⟩ must give another state |i′⟩ with the same
four-momentum eigenvalue. Therefore one has a completeness relation

∑
i |i⟩⟨i| = 1 within this

subspace of states. Now one can take a trace over all such states of the operator (−1)2sP µ
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piece (61) of the Lagrangian contains more than 100 unknown real constants! Fortunately most
processes will be sensitive only to some (small) subset of these parameters, at least at tree level.
Finally, note that eq.(61) also respects R parity. Introducing R parity breaking terms like l̃Ll̃Lẽc

R

would lead to an unstable vacuum, i.e. the scalar potential would be unbounded from below, unless
we also introduce the corresponding terms in the superpotential (60).

This completes the definition of the MSSM. We are now ready to investigate some of its properties
in more detail.

4b. Electroweak Symmetry Breaking in the MSSM

Given that the (still hypothetical) existence of elementary Higgs bosons leads to the main motivation
for the introduction of weak–scale supersymmetry, it seems reasonable to start the discussion of the
phenomenology of the MSSM with a treatment of its Higgs sector. This will also lead to a very
strong and in principle readily testable prediction.

Of course, one wants SU(2) × U(1)Y to be broken spontaneously, i.e. the scalar potential should
have its absolute minimum away from the origin. Let us for the moment focus on the part of the
potential that only depends on the Higgs fields. It receives three types of contributions: Super-
symmetric “F–terms” from the last term in eq.(39) only contribute mass terms µ2

(
|H|2 + |H̄|2

)
;

supersymmetric “D–terms”, eq.(44), give rise to quartic interactions; and the SUSY breaking part
(61) of the Lagrangian gives additional mass and mixing terms. Altogether, one finds:

VHiggs = m2
1 |H|2 + m2

2

∣∣∣H̄
∣∣∣
2
+

(
m2

3HH̄ + h.c.
)

+
g2
1 + g2

2

8

(∣∣∣H0
∣∣∣
2
−

∣∣∣H̄0
∣∣∣
2
)2

+
(
D − terms for H−, H̄+

)
, (62)

where g1 and g2 are the U(1)Y and SU(2) gauge couplings, and the mass parameters are given by

m2
1 = m2

H + µ2; (63a)

m2
2 = m2

H̄ + µ2; (63b)

m2
3 = B · µ. (63c)

One first has to check that one can still choose the vacuum expectation values such that charge
is conserved in the absolute minimum of the potential (62). This is indeed the case. By using
SU(2) gauge transformations, one can (e.g.) chose ⟨H−⟩ = 0, without loss of generality. The
derivative ∂VHiggs/∂H− can then only be made to vanish if ⟨H̄+⟩ = 0 as well.9 We can therefore
ignore the charged components H−, H̄+ when minimizing the potential.10 Furthermore, v ≡ ⟨H0⟩
and v̄ ≡ ⟨H̄0⟩ can be chosen to be real. The only contribution to the potential (62) that is sensitive
to the complex phases of the fields is the term m2

3H
0H̄0 + h.c, which (for real m2

3) is minimized
if sign(vv̄) = −sign(m2

3). This means that CP invariance cannot be broken spontaneously in the
MSSM.

9This equation has a second solution, g2H0∗H̄0∗ = 2m2
3; however, it is easy to see that this does not correspond

to a minimum of the potential.
10Even though the Higgs sector conserves charge, it might still be broken in the absolute minimum of the complete

potential, where some sfermions may have nonzero vev. See ref.[29] for a detailed discussion of this point.
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Note that the strength of the quartic interactions is determined by the gauge couplings here; in
contrast, in the nonsupersymmetric SM the strength of the Higgs self–interaction is an unknown
free parameter. Moreover, in the direction |H0| =

∣∣∣H̄0
∣∣∣, the quartic term in (62) vanishes identically.

The potential is therefore only bounded from below if

m2
1 + m2

2 ≥ 2
∣∣∣m2

3

∣∣∣ . (64)

This condition implies that m2
1 and m2

2 cannot both be negative. Nevertheless we can still ensure
that the origin of the potential is only a saddle point, i.e. that SU(2) × U(1)Y is broken in the
minimum of the potential, by demanding that the determinant of second derivatives of the potential
(62) at the origin is negative, which requires

m2
1m

2
2 < m4

3. (65)

It is important to note that the conditions (64) and (65) cannot be satisfied simultaneously if
m2

1 = m2
2. Further, eqs.(63a,b) show that the supersymmetric contribution to m2

1 and m2
2 is the

same; any difference between these two quantities must be due to the SUSY breaking contributions
m2

H and m2
H̄. In other words, in the MSSM there is an intimate connection between gauge symmetry

breaking and SUSY breaking: The former is not possible without the latter.
The Higgs potential can now be minimized straightforwardly by solving the equations ∂VHiggs/∂H0 =

∂VHiggs/∂H̄0 = 0. Usually it is most convenient to solve these equations for some of the parameters
in eq.(62), rather than for the vevs v and v̄. The reason is that the combination of vevs

g2
1 + g2

2

2

(
v2 + v̄2

)
= M2

Z = (91.18 GeV)2 (66)

is very well known. We can therefore describe both vevs in terms of a single parameter,

tanβ ≡ v̄/v. (67)

The minimization conditions can then be written as

m2
1 = −m2

3tanβ − 1

2
M2

Z cos(2β); (68a)

m2
2 = −m2

3 cotβ +
1

2
M2

Z cos(2β). (68b)

This form is most convenient for the calculation of the Higgs mass matrices described below. Al-
ternatively, one can use eqs.(63) to derive

B · µ =
1

2

[(
m2

H − m2
H̄

)
tan(2β) + M2

Z sin(2β)
]
; (69a)

µ2 =
m2

H̄ sin2 β − m2
H cos2 β

cos(2β)
− 1

2
M2

Z . (69b)

This form is most convenient if one has some (predictive) ansatz for the soft SUSY breaking terms;
one such example will be discussed in Sec. 4d.

After symmetry breaking, three of the eight degrees of freedom contained in the two complex
doublets H and H̄ get “eaten” by the longitudinal modes of the W± and Z gauge bosons. The five
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Supersymmetry 
Extends the Standard Model by predicting a new symmetry 
Spin ½ matter particles (fermions)  <->  Spin 1 force carriers (bosons)‏ 

Standard Model particles SUSY particles 

New Quantum number: R-parity:  =  +1  SM particles 
    - 1  SUSY particles  



Quadratically divergent quantum corrections to the  
        Higgs boson mass are avoided  
 
 
 
 
         (Hierarchy or naturalness problem)  
 
Unification of coupling constants of the  
        three interactions seems possible  
 
SUSY provides a candidate for dark matter,  
 
                                      The lightest SUSY particle 
                                      (LSP)  
 
A SUSY extension is a small perturbation,  
        consistent with the electroweak precision data  
 

Why SUSY ? 

              energy    (GeV)          

mSUSY ~ 1 TeV  

→ 

Present mass limits :  m (sleptons, charginos)        >    90-103  GeV    LEP II 
                                   m (squarks, gluinos)             >      ~  250 GeV   Tevatron Run 1 
                                   m (LSP, lightest neutralino)  >      ~    45 GeV    LEP II 
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                                          Yeni bir  radyoterapi yöntemi: Hadron terapi 

 Hadron terapi,   nükleer  kuvvetlerle  (yeğin  kuvvet)  etkileşen  parçacıkları  kullanarak  yapılan  bir 
radyasyon   tedavi  (ışın  tedavisi)  yöntemidir.  Bu parçacıklar  protonlar,  nötronlar,  pionlar  ve  çeşitli 
ionlardır (alpha, Ne, C,..vb gibi).  
   Hadron terapinin,  yaygın olarak kullanılan ışın tedavisinden farkı, tümörlü hücreleri bombardıman 
ederken  kullandığı  mermilerin  ağır parçacıklar oluşudur.  Işın  tedavisinde foton  (bildiğimiz  ışık) 
kullanılır. Fotonlar, elektromanyetik etkileşimin kuvvet taşıyıcılarıdır ve kütlesiz parçacıklardır. Oysa 
hadron terapide kullanılan “hadronlar”  adı üstünde “ağır” parçacıklardır. Örneğin protonun kütlesi 1 
milyar eV'dur (elektronun kütlesinin  2000 katı). Ağır parçacık kullanmanın zorluğu yanında, bir çok 
avantajı  bulunmaktadır: protonlar radyasyon dozunu çok iyi bir şekilde dağıtabilirler,  istenilen yere 
odaklayabilirler; nötronlar  ise çok iyi bir tümör katilidirler.

   Radyoterapide rol alan atom altı  parçacıklar

  Radyasyon tedavi  yöntemlerini  anlamak için  öncelikle  parçacık  dünyasına  kısa  bir  göz  atmamız 
gerekmekte.  Proton,  nötron  gibi  hadronlar ağır  parçacıklardır.  Bir  de  leptonlar (yunancada  hafif 
anlamında)  vardır:  örneğin  atom  etrafında  bulunan  elektron  bir  leptondur.  Leptonlar  temel 
parçacıklardır  ama  hadronlar  başka  temel  parçacıklardan,  kuarklardan meydana  gelir.  Temel 
parçacıklar 10-18   - 10-19 m. boyutlarında, maddenin noktasal (iç yapısı olmayan) en temel yapı taşları 
olarak tanımlanır. Bunlar,  madde parçacıkları ve  ara etkileşim parçacıkları  olmak üzere ikiye 
ayrılırlar. Madde parçacıkları  yine kendi aralarında lepton ve kuark olarak ikiye ayrılırlar.   Ara 
etkileşim parçacıkları  (bozonlar)  ise,  temel etkileşimlerin kuvvet  taşıyıcılarıdır.   Kütle çekim 
etkileşimini  bir  kenara bırakırsak,  diğer  üç tür  temel etkileşim (elektromanyetik,  zayıf  ve  yeğin 
etkileşimler)  bozon parçacıklarının değiş-tokuşu yoluyla gerçekleşir.  Foton  (γ) ,  elektromanyetik 
etkileşimin, sekiz adet gluon, ga ; a = 1, ..8 , yeğin (strong) etkileşimin, üç adet zayıf bozon, W±, 

Z ise zayıf etkileşimin kuvvet taşıyıcılarıdır.
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 Şekil 3:  Röntgen' den günümüzdeki gama kameralara ve PET cihazlarına kadar 100 yıldan uzun 
bir süredir ışınım tıpta görüntüleme yöntemlerinde kullanılmaktadır

   Dokularda iyonizasyonun etkisi

   Belli bir ışınım türünün maddeye nüfuz derinliği enerjisi ile artar, fakat aynı miktarda enerji için, bir 
ışınım türünden diğerine radyasyonun etki menzili değişiklik gösterir. Alfa ve beta parçacıkları gibi 
yüklü  parçacıklar  söz  konusu  olduğunda,  nüfuz  derinliği  aynı  zamanda  parçacığın  kütlesine ve 
yüküne  de bağlıdır. Eşit enerjili bir  beta parçacığı,  alfa parçacığına oranla, çok daha derine nüfuz 
eder. Alfa parçacıkları çok nadiren insan derisinin ölü dış katmanından nüfuz edebilir; bu yüzden, 
onları yayan radyoaktif çekirdekler, soluk almayla veya sindirim yoluyla veya bir deri yaralanması 
dolayısıyla  vücut  içine  alınmadıkça,  tehlikeli  değildir.  Beta  parçacıkları   ise  dokuya  yaklaşık  bir 
santimetre nüfuz ettiklerinden, onları yayan  radyoaktif çekirdekler yüzeysel dokular için tehlikeli 
iken, vücut içine alınmadıkça, iç organlar için tehlike yaratmazlar. Gama ışınları ve nötron gibi dolaylı 
olarak iyonize eden ışınımlar için nüfuz derecesi, doku ile etkileşimlerinin doğasına bağlıdır. Gama 
ışınları vücudu delip geçebildiğinden, onları yayan radyoaktif çekirdekler, dışta veya içte olsunlar, 
tehlike yaratabilirler. X-ışınları ve nötronlar da vücudu delip geçebilirler. 
     Bir parçacığın maddeyi geçerken bıraktığı enerji sonucu biyolojik dokuda kimyasal değişiklikler, 
zararlı  biyolojik  etkiler  meydana  gelir.  Biyolojik  dokunun  temel  birimi,  olan  hücre  çekirdeği 
karmaşık  bir  yapıdır:   yaklaşık  olarak  %80’i  su  olup,  geri  kalan  %20 karmaşık  biyolojik 
bileşiklerden oluşmaktadır. İyonize eden ışınım, hücresel dokudan geçtiğinde, yüklü su molekülleri 
meydana getirir. Bunlar da, örneğin –bir oksijen ve bir hidrojen atomundan oluşan- serbest hidroksil 
kökü (OH) gibi, serbest kökler diye adlandırılan oluşumlara parçalanırlar. Serbest kökler kimyasal 
olarak yüksek düzeyde reaktif olduklarından  hücredeki önemli molekülleri değişime uğratabilirler.

  Hücre çekirdeğinde bulunan özellikle önemli bir molekül deoksiribonükleik asit; DNA' dır (Şekil 
4). DNA, hücrenin yapısını ve işlevini kontrol eder ve kendi kopyalarını aktarır.  Işınım hücreleri 
hasara  uğrattığında  DNA’ da  değişiklik  meydana  gelir.  Örneğin.  ışınım  bir  DNA molekülünü 
doğrudan bir kimyasal değişikliğe yol açacak şekilde iyonize edebilir veya DNA, ışınım tarafından 
hücre suyunda üretilen serbest bir hidroksil radikali (OH) ile etkileştiğinde, dolaylı yoldan değişebilir. 
Her  iki  durumda  da,  anılan  kimyasal  değişiklik,  kanser  oluşumuna  veya  kalıtsal  genetik 
bozukluklara kadar varan, zararlı bir biyolojik etkiye yol açabilir.
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 Şekil  5: elektromanyetik  ışınımın  (foton)  farklı  dalga  boyları  farklı  isimlerle  adlandırılır.  Büyük 
enerjilere sahip küçük dalga boylarına sahip EM dalgalarına gama ışınımı ya da X-ışınımı denir.

       Hadron Terapi
      Nükleer kuvvetlerle etkileşen ağır parçacık  hüzmelerini kullanan radyoterapiye hadron terapi adı 
verilir.  Hadronların  en  önemli  özelliği,  maddeyi  geçerken  enerjilerini  hemen  bırakmamaları  ve 
enerjilerine  bağlı  olarak,  belli  bir  mesafeyi  geçtikten  sonra  madde  ile  etkileşmeleridir .  Hadron 
terapide  proton, nötron, pion ve iyon (helyum, karbon, oksijen gibi elektrik yüklü atomlar) gibi ağır 
parçacıklar kullanılır. 
      Proton terapide, bir tümöre gönderilen  ışınım çok hassas bir şekilde odaklanabilir. Ayrıca protonlar  
dokuya çok iyi nüfuz ederler, menzilleri fazladır. Protonlar menzillerinin sonuna yaklaşırken bırakılan 
ışınımın dozu çok artar (Bragg etkisi) (Şekil 6). Böylelikle proton terapi hem hassas dokulara çok iyi 
bir şekilde odaklanırken hem de istenildiği kadar dozu, sağlam dokuya zarar vermeden tümörlü hücreye 
bırakabildiği için,  göz kanseri gibi  kritik kanser vakalarında  büyük başarı elde edilir (Şekil 7).
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           Şekil 6: Geleneksel X-ışını terapisi ile proton terapinin (hadron terapi) karşılaştırılması . X-
ışınları  sağlıklı  dokuya  daha  çok  zarar  verirken,  protonlar  enerjilerini  istenilen  yere  bırakabilirler. 
Ayrıca hassas organlara zarar gelme riski ise tamamen ortadan kalkar. [Auberger] 

 Böylelikle  protonlar  (hadronlar)  tümörlü  bölgeyi   çok  lokal  bir  şekilde  bombardıman  ederler. 
Tomografi görüntüsünün yer aldığı Şekil (7) ' de görüldüğü gibi, X-ray bir çok dokuya zarar verirken, 
protonlar  ışınımı istenilen yere odaklayabilirler.

        
  Şekil 7: X-ışını  terapisi ile proton terapisinin farkı tomografi görüntüsünde çok daha iyi anlaşılıyor 
[Auberger] .
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[Auberger] .

  Peki  bu  kadar  başarılı  bir  radyoterapi  yöntemi  olan  hadron  terapi  neden  daha  yaygın  olarak 
kullanılmamaktadır? Bunun Birkaç nedeni bulunmaktadır:
     - Hadron terapinin  uygulanışı daha zordur. Hastayı sürekli olarak kontrol etmek, sabit tutmak 
gerekir. Hedefte küçük bir oynama büyük hasarlara yol açabilir. Şekil 7)

− X-ışını terapisine göre daha pahalıdır ve cihazları daha büyüktür.  (Şekil 8)
− Çok  daha  büyük  bir  organizasyon  ve  teknoloji gerektirir.  Parçacıklar  hastanın  bulunduğu 

odadan farklı bir yerde hızlandırılırlar.  (Şekil 9)
− Yeni bir teknik olduğu için tanıtımı azdır.

− Daha çok klinik testlere ihtiyaç bulunmaktadır
 Bütün bu zorluklara rağmen, son 20 yılda hadron terapi merkezlerinde büyük bir artış olmuştur (Şekil 
10) ve hadron terapi gittikçe daha popüler bir yöntem olmaktadır.

 Şekil 8: PSI tedavi merkezinde hızlandırıcı ve hasta tedavi bölmesi ayrı yerlerdedir.  [PSI]

  Şekil 9: Heidelburg ' daki  GSI  hadron terapi merkezi  [Heidelburg]
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 Şekil 10:  Hadron terapi merkezleri sayısının yıllara göre artışı.

Dünyadaki hadron terapi merkezlerinden belli başlıları şunlardır (Şekil 11):

ABD: Loma  Linda  CA  1990,  Boston  MA  2001,  Bloomington  IN  2004,  Houston  TX  2006, 
Jacksonville FL 2006. (Formerly ion therapy at Berekely)
Japonya: Chiba 1994, Kashiwa 1998, Tsukuba 2001,  Hyogo 2001, Wakasa 2002, Shizuoka 2003, 
Tsunuga
Almanya: Munich, Essen, Heidelberg, Marburg, Kiel
Diğer Avrupa ülkeleri: Pavia Italy, Orsay France, Trento Italy, Uppsala Sweden, Vienna Austria, Lyon 
Fransa, Paul Scherrer Institute 1984, St Petersburg Rusya, Moscow Rusya, Dubna Rusya
Diğer ülkeler: Seoul Korea, Zibo China 2004
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         Şekil 11: Dünyadaki belli başlı Hadron Terapi merkezleri 

EK:

 Hızlandırıcılar:

 Dünyada kullanılan 15 binden fazla hızlandırıcının üçte biri, %3' ü nükleer tıp alanında, %30'u da 
radyoterapide olmak üzere tıpda kullanılmaktadır [Amaldi, 2000]. Hadron terapi ise bunların sadece 
%2' sini kapsamaktadır. Hızlandırıcılar, yüklü parçacıkları elektrik alanları vasıtasıyla hızlandırırlar.
Radyoterapide genelde doğrusal hızlandırıcılar kullanılır. Yüklü parçacıkların  hızlandırılması sonucu, 
çeşitli  hedefler  kullanılarak   yüksek  enerjili  fotonlar  ya  da  hadronlar  elde  edilir.  Dünyada  çalışan 
yaklaşık   5000  civarındaki  hızlandırıcıdan  elde  edilen  ışınımın  büyük  çoğunluğunu  birkaç  MeV 
enerjisine sahip  X-ışınları oluşturur.

        RF (radyo frekans) salınımlı hızlandırıcılarda  yüklü parçacıklar  yüksek frekansta alternatif voltaj  
sağlayan RF  kaynağı ile hızlandırılır.   Dairesel hızlandırıcılarda parçacıklar, mıknatıslar aracığı ile 
dairesel  yörüngede  tutulurlar    periyodik  olarak  dolanırlarken  defasında  enerjileri  artar.  Protonları 
hızlandırmak  için yaygın olarak kullanılan Sinkrotronlarda protonlar önce doğrusal bir hızlandırıcıda 
yeterli  enerji  düzeyine  ulaştıktan sonra   sinkrotrona yönlendirilirler.  Ayrıca,   yüklü  bir  parçacığın 
manyetik  alan  içindeki  dairesel  bir  yörüngede,  relativistik  hızlardaki  yörüngesel  hareketinden  elde 
edilen   Sinkrotron ışınımı (SR), mamografi, anjiyografi, bilgisayarlı tomografi gibi çeşitli   görüntü 
yöntemlerinde de kullanılmaktadır.

  Proton  terapide  kullanılan  protonlar,   genellikle  düşük  frekanslarda  çalışan,  yaklaşık  bir  metre 
çapındaki  doğrusal  hızlandırıcılar  tarafından  üretilirler.  Doğrusal  hızlandırıcılar  düşük  frekanslarda 
çalışırlar ve büyük akımları hızlandırırlar. Proton terapiler için birkaç nano ampere sahip olan, küçük 
boşluklara  ve  büyük  hızlandırıcı  gradyentlerine  sahip  olan  yüksek  frekanslı  hızlandırıcı  yapılar 
kullanılır (Amaldi, 2001).

Kaynakça:



ve	belki	de	CERN’deki	en	önemli	buluş	

Tim Berners-Lee' nin ilk  World Wide Web browser' ı 
 (CERN, 1990)‏ 



Further reading 

95	

Among many nice CERN lectures: 
 
The Brout-Englert-Higgs Theory of Electroweak Symmetry Breaking 
James Wells 
University of Michigan, Ann Arbor 
Lecture 1, CERN, May 26, 2015 
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H à ZZ 
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H	→	γγ	angular	distributions		
	
Spin-0	à	Cosθ	
Spin-2	à	polynomial	Cos2θ	
	
	

intrinsic quantum numbers S, P, CP of Higgs  
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