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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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Outline
1. Friday 27.07 

Quantum field theory, dimensional analysis 

2. Friday 27.07 
elementary particles, different fundamental interactions, symmetries (space-time and 
internal gauge symmetries, continuous, global), group theory 

3. Thursday 02.08 
Fermi theory, effective theory, gauge symmetry, QED, non-abelian gauge symmetries, 
Standard Model 

4. Thursday 02.08 
Spontaneous symmetry breaking, Goldstone theorem, Higgs mechanism  

Electroweak precision test, stability of the EW vacuum, the hierarchy problem 

5. Friday 03.08  
Field quantization, S-matrix, Feynman rules, scattering, cross sections, decay rates, 
calculation tricks, sample calculation 

6. Friday 03.08  
Non-abelian gauge theories, Standard Model Lagrangian and its phenomenological properties 

the order will probably change
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Ask questions
Your work, as students, is to question all what 

you are listening during the lectures...
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Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!

the same set of eqs. describe phenomena over 15 orders of magnitude

!4
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$e elementary pa%icles
!5
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What is a particle?
A small, quantic and fa"-moving object

Quantum Mechanics Special Relativity
duality 

wave-particle
space-time 

constant speed of light 
ex: how long does it take for a photon to 

travel from your feet to your brain?

energy = mass

Heisenberg 
inequalities

number of particles 
is not constant

energy non-conservation 
on time intervals      energy fluctuations       �t �E

�t��E ⇥ �

!6
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space-time 

constant speed of light 
ex: how long does it take for a photon to 

travel from your feet to your brain?

energy = mass

Heisenberg 
inequalities

number of particles 
is not constant

energy non-conservation 
on time intervals      energy fluctuations       �t �E

�t��E ⇥ �

!6

try to localise a particle Δx≪1/m ⇒ Δk≫m ie ΔE≫m 

ultra-relativistic particles    
particle creation
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Special relativity

S

The two postulates of 
Special relativity

Unique choice:  
Lorentz transformations

- Speed of light is the same in all reference frames 

- Causality

Look for coordinate 
transformations that satisfy 

these requirements

 
ct0

z0

!

=

 
� ���

��� �

! 
ct
z

!

1

 
ct0

z0

!

=

 
� ���

��� �

! 
ct
z

!

� =
v

c

� =
1

q
1� v2

c2

1

 
ct0

z0

!

=

 
� ���

��� �

! 
ct
z

!

� =
v

c

� =
1

q
1� v2

c2

1

y’y

x x’

z’

z

S’

Lorentz transformations keep the lightcone fixed
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Special relativity
consider two systems of coordinates

0

BB@

ct
x
y
z

1

CCA !

0

BB@

ct0 = � (ct� �x)
x0 = � (��ct+ x)

y0 = y
z0 = z

1

CCA � =
v

c
and � =

1p
1� �2

S S’

consider two events E1 and E2 characterised by their space-time coordinates

t1 = 0
x1 = 0

t01 = 0
x0
1 = 0

t2 > 0
x2 > 0

ct02 = � (ct2 � �x2)
x0
2 = � (��ct2 + x2)

E1 E2

t’2 can be positive or negative 
causality ≠ time ordering

�02 = (ct02)
2 � (x0

2)
2
= (ct2)

2 � x2
2 = �2
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--> densities increase
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Time dilation

then in frame S where the particle is moving:

-->The observed lifetime of a particle is � ⇥ ⌧

so it can travel over a distance �c�⌧

➡ muons which have a lifetime                          s produced by reaction of 
cosmic rays with atmosphere at 15-20 km altitude can reach the surface 

Exercise 1: estimate the energy of the cosmic rays

⌧ ⇠ 2⇥ 10�6

t2 � t1 = �⌧

consider time interval                           in S’, the rest frame  
of a particle located at                                         .

⌧ = t02 � t01
z01 = z02 = 0

Length contraction an object at rest in S’ has length  L0 = z02 � z01
z2 � z1 = L0/�It measures in S 

⇢0 = �n/(�x0�y0�z0) ⇢ = �n/(�x�y�z) = �⇢0

�x�y�z�t is an invariant quantity (same value in any frame)
!9

Lorentz transformations
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Time and space get mixed-up under Lorentz 
transformations. They are considered as 

different components of a single object, a four-
component spacetime vector:
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By construction:
are invariant under  

Lorentz transformations
xµx

µ = x2 = x02 � ~x2

Lorentz invariant 
action built with the 

proper time     .          

d⌧ =
p
dt2 � d~x2

d⌧

L = �m
p
1� ẋ2

~p =
@L
@ẋ

= m�~�

E = ~p.ẋ� L = m�

S = �m

Z
d⌧ =

Z
Ldt

{

~p = E~�

!10

Four vectors
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a massless particle cannot decay

m = 0 ! � = 1 ! � = 1 ! ⌧ = 1

pµ = (
E

c
, px, py, pz)

m2 = E2 � ~p2We find:

This suggests to define the four-vector

!11

Energy momentum
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So for fixed target machine                                             

While for  colliding beam accelerators 

Consider collision between A and B
Define center of mass (CM) frame as where

~pA + ~pB = 0

Energy available in center of mass frame  
is Lorentz-invariant: √s=E* = EA + EB 

p2
tot = E2

⇤

 B is at rest in lab frame,  EB =mB  and EA is energy of incident particle
E2

⇤ = m2
A +m2

B + 2mBEA

2) Colliding beams

if mA, mB << EA, EB 

E2
⇤ = m2

A +m2
B + 2(EAEB + |pA||pB |) ⇡ 4EAEB

E⇤ ⇠ 2E
E⇤ ⇠

p
2mBEA

To obtain 2 TeV in the CM with a fixed proton target accelerator the 
energy of a proton beam would need to be 2000 TeV!

1) Collision on fixed target

A and B travel in opposite directions

!12

Conservation energy-momentum
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$e elementary pa%icles
!13
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Particle physics is special

Particle physics: transformation matter ↔ energy
NB: Q, Le, Lµ, B = conserved quantities

Chemistry: reorganization of matter
the various constituents of matter reorganize themselves in different structures

CH4 + 2 O2 ➙ CO2 + 2 H2O

e+

W+

W -
γ

e-
u

u
µ-

µ+
γ

E = mc2

!14
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 Classical vs. Quantum Collisions

!15
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 Classical vs. Quantum Collisions

!15

strawberry : m~30 g ~1025 GeV/c2���λ~10-40 m 

classical : λ << R

quantum : λ >> R

Compton   
wavelength � =

�
mc

e- : m~9.1x10-31 kg ~0.5 MeV/c2���λ~10-13 m 
p : m~1.6x10-27 kg ~1 GeV/c2 �  λ~10-16 m 
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Casimir (1948)

The quantum vacuum is not empty

attractive force between two neutral plates 
ideal conductors (electric conductivity=∞) and uncharged 

L

E=energy of virtual photons between the plates 
 E     when  L      � attractive force

Special RelativityQM

dim. analysis
non-trivial 
coefficient

(S>>L2: no boundary effects)

Force per unit area

dF

dS
= � �2

240

�c
L4

Vacuum fluctuations

!16

numerically: pressure of ~ 1 atm for a 10nm separation

http://fr.wikipedia.org/wiki/Hendrik_Casimir
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Energy Scales of Particle Physics
1 TeV = 1012 eV

1eV=energy of an electron accelerated  
by a potential difference of 1 volt   

1 eV= 1.6x10-19 Joule

1 kg sugar = 4000 kCalories= 17 millions of Joule
but 1 kg sugar ≈ 1027 protons

0.1 eV / protons

If one wanted to accelerate each protons contained in 1kg of 
sugar to 14 TeV, (s)he would need the caloric energy contained  
in 1014kg of sugar*  or 1% of the total energy produced yearly 

*yearly worldwide production of sugar=150 millions of tons≈1011 kg

v~700 km/sv=0
e- e-

!17
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The LHC: some numbers
 total amount of matter accelerated by the LHC during 10 years:  

~ 5 µg (hydrogen nuclei) 

 yearly energy consumption: 
~800,000 MWh (~2x109 x the energy stored in the battery of my laptop)

 beam energy (~ protons) :  
350 MJ≈ Ekin (TGV)  can melt  500 kg of copper 

 energy stored in the magnets 
 10 GJ

 amount of information produced : 
40 M collisions/s, 1 collision=1MB 
trigger: only 100 collisions/s are recorded 

15 PB data/year 
(1 TB=yearly book production, 1000 PB=total information produced on earth in one year)

 CERN budget :  
~ 1 Bn CHF/year   (worldwide military expenses: 1200 Bn $)

!18
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the elementary particles all the other particles are made of

quarksleptons

+ antiparticles

no composite states 
made of leptons

The Standard Model: matter
(e )netic code of ma*er

baryons

mesons

composite states
proton

neutron

(white object)

electron

e
−

νe

x200

mass

muon

µ
−

�

tau

ντ

τ
−

�
x20

νµ

each of the 6 
quarks  

exist with 3 
different colors

mass
� �

x1000
x1000

p=uud
n=udd

!19
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From the size of the e- to anti-matter
an electron makes an electric field which carries an energy

!20

�ECoulomb(r) =
1

4⇡✏0

e2

r

�m < me

At shortest distances or larger energies, classical EM breaks down

and interacts back to the electron and contributes to its mass �mc2 = �E

�E =
3↵

4⇡
mec

2 log
~

rmec

� r > re ⌘
e2

4⇡✏0mec2
⇠ 10�13 m i.e. E <

~c
re

⇠ 5MeV

Weisskopf ‘39

Quantum EM300 H. Murayama

Fig. 2. The Coulomb self-energy of the electron.

Fig. 3. The bubble diagram which shows the fluctuation of the v acuum.

The resolution to this problem came from the discov ery of the anti-particle of
the electron, the positron, or in other words by doubling the degrees of freedom
in the theory. The Coulomb self-energy discussed abov e can be depicted by a dia-
gram Fig. 2 where the electron emits the Coulomb field (a v irtual photon) which
is absorbed later by the electron (the electron “feels” its own Coulomb field).5

But now that we know that the positron exists (thanks to Anderson back in 1932),
and we also know that the world is quantum mechanical, one should think about
the fluctuation of the “v acuum” where the v acuum produces a pair of an electron
and a positron out of nothing together with a photon, within the time allowed by
the energy-time uncertainty principle !t ∼ !/!E ∼ !/(2mec

2) (Fig. 3). This is
a new phenomenon which didn’t exist in the classical electrodynamics, and modi-
fies physics below the distance scale d ∼ c!t ∼ !c/(2mec

2) = 200×10−13 cm.
Therefore, the classical electrodynamics actually did hav e a finite applicability
only down to this distance scale, much earlier than 2.8 × 10−13 cm as exhibited
by the problem of the fine cancellation abov e. Giv en this v acuum fluctuation pro-
cess, one should also consider a process where the electron sitting in the v acuum
by chance annihilates with the positron and the photon in the v acuum fluctuation,
and the electron which used to be a part of the fluctuation remains instead as a
real electron (Fig. 4). V. Weisskopf [10] calculated this contribution to the elec-
tron self-energy, and found that it is negativ e and cancels the leading piece in the

5 The diagrams Figs. 2, 4 are not Feynman diagrams, but diagrams in the old-fashioned perturba-
tion theory with different T -orderings shown as separate diagrams. The Feynman diagram for the
self-energy is the same as Fig. 2, but represents the sum of Figs. 2, 4 and hence the linear div ergence
is already cancelled within it. That is why we normally do not hear/read about linearly div ergent
self-energy diagrams in the context of field theory.

Physics beyond the standard model and dark matter 301

Fig. 4. Another contribution to the electron self-energy due to the fluctuation of the vacuum.

Coulomb self-energy exactly:6

!Epair = − 1
4πε0

e2

re
. (2.5)

After the linearly divergent piece 1 /re is canceled, the leading contribution in the
re → 0 limit is given by

!E = !ECoulomb + !Epair = 3α

4π
mec

2 log
!

mecre
. (2.6)

There are two important things to be said about this formula. First, the correction
!E is proportional to the electron mass and hence the total mass is proportional
to the “bare” mass of the electron,

(mec
2)obs = (mec

2)bare

[
1 + 3α

4π
log

!
mecre

]
. (2.7)

Therefore, we are talking about the “percentage” of the correction, rather than
a huge additive constant. Second, the correction depends only logarithmically
on the “size” of the electron. As a result, the correction is only a 9% increase
in the mass even for an electron as small as the Planck distance re = 1 /MPl =
1 .6 × 1 0−33 cm.

The fact that the correction is proportional to the “bare” mass is a consequence
of a new symmetry present in the theory with the antiparticle (the positron): the
chiral symmetry. In the limit of the exact chiral symmetry, the electron is mass-
less and the symmetry protects the electron from acquiring a mass from self-
energy corrections. The finite mass of the electron breaks the chiral symmetry
explicitly, and because the self-energy correction should vanish in the chiral sym-
metric limit (zero mass electron), the correction is proportional to the electron
mass. Therefore, the doubling of the degrees of freedom and the cancellation

6An earlier paper by Weisskopf actually found two contributions to add up. After Furry pointed
out a sign mistake, he published an errata with no linear divergence. I thank Howie Haber for letting
me know.

�E =
1

4⇡✏0

e2

r
�E = � 1

4⇡✏0

e2

r

new states ≈ softer high-energy (UV) behavior: ��m < 0.1me E < 1021 GeV
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Antimatter and Dirac equation
Schrödinger’s equation (1926) is non-relativistic 

(cannot account for creation/annihilation of particles)

 positron (e+) discovered by C. Anderson in 1932 

Schrödinger Equation (1926):

E =
p2

2m
+ V E � i� �

�t
p � i� �

�x

�
i� �

�t
+

�2
2m

�� V

⇥
⇥ = 0

classical ↔ quantum 
correspondance &

Klein-Gordon Equation (1927):
E2

c2
= p2 +m2c2

�
1

c2
�2

�t2
��+

m2c2

�2

⇥
⇥ = 0

Dirac Equation (1928):
matter

antimatter
E =

�
⇤

⇥
+
⌅

p2c2 +m2c4

�
⌅

p2c2 +m2c4

�
i�µ⇥µ � mc

�

⇥
� =0

E = ⌥�⌥p c+ ⇥mc2

⇤0 = ⇥, ⇤i = ⇥�i, {⇤µ, ⇤⇥} = 2⌅µ⇥

!21

http://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
http://en.wikipedia.org/wiki/Positron
http://en.wikipedia.org/wiki/Carl_D._Anderson
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H"

!22

The Standard Model: Matter
~~How many quarks and leptons?~~

New neutral leptons: motivations

Left-right symmetry

Quantisation of electric charges without Grand Unification, as a

consequence of requirement of anomalies cancellations

Natural completion of the Standard Model in neutrino sector
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The Standard Model: Matter
~~How many quarks and leptons?~~

New neutral leptons: motivations

Left-right symmetry

Quantisation of electric charges without Grand Unification, as a

consequence of requirement of anomalies cancellations

Natural completion of the Standard Model in neutrino sector
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6+6=12?

6x3+6=24?

shouldn’t we count different color states?

6x3x2+3x2+3=45?

it is an accident that eL~eR for QED 

SM is a chiral theory: eL≠eR

6x3x2+6x2=48?

are there !R ? 

are they part of the SM?
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The Standard Model: Matter
~~How many quarks and leptons?~~

~~Is the SM theoretically consistent?~~
SM = theory based on (chiral) gauge symmetries 

a symmetry is consistent with QM  
iff the “sum” of the charges of the different fermions vanishes

Exercise 2: within the SM, check that  
(1) TrLY-TrRY=0 
(2) TrLY3-TrRY3=0 

note that this was a priori no-guarantee to find a solution 
 to this system of non-linear equations.  
It works because EM is a vector-like theory

Exercise 3: Within the SM, the anomaly cancelation fixes the relative electric charges of the 
leptons and quarks. Show that with the addition of a right-handed neutrino, this ratio of 
electric charges is free. Still the cancelation of the anomaly imposes that the proton is 
electrically neutral

Particles
Q = T 3

L � Y
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$e fundamental interactions

!23



Christophe Grojean Intro HEP-Theory DESY, July/August 2018

$e very observation (at , sun - .ining for several millennia tells us 
(at (ere are va!/s mechan-ms of energy production.

Sun = gigantic source of energy
1 cm3 of ice under the sun (in the summer) melts in ~ 40mn

an ice cap 1 cm thick and 300 million km of diameter  
centred around the sun will melt in 40mn 

energy produced by burning 1019 litres of oil  
(~ volume Sun-Mercury/1000)

Interactions between Particles

!24
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Sun = gigantic source of energy

Interactions between Particles

Thompson, Lord Kelvin, computes the gravitational energy of 
the Sun and with the assumption that it is entirely converted in 

heat, concludes that the Sun cannot be older than 20 million 
years (chemical energy would allow the Sun to shine for at 

most 3000 years)

Darwin (”On the origin of species by means of natural selection”, 1st edition, 
1859 ) estimates that the age of the Earth, and thus the age 
of the Sun also, has to be larger than 300 millions of years to 

account for the erosion of hills in South England. 

We know today that the Sun is more than 4.5 billion years
!25

$e very observation (at , sun - .ining for several millennia tells us 
(at (ere are va!/s mechan-ms of energy production.
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Different Interactions

Particle Physics
mass of a proton or a neutron � Σ masses of quarks

 proton mass ~ 1 GeV,   constituent quarks masses~ 12 MeV � �

Atomic Physics
mass of an atom = mass of nucleus + masses of electrons

example : hydrogen atom, mass ~ 1 GeV, binding energy ~ 13 eV � �

example : Helium nucleus, mass ~ 4 GeV, binding energy ~ 28 MeV �

Nuclear Physics
mass of a nucleus < Σ masses of protons and neutrons

�

10-8

10-2

102

!26
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The Standard Model: Interactions

tested with an accuracy of 10-8

tested with an accuracy of 10-3

tested with an accuracy of 10-1

electromagnetic interactions

weak interactions

strong interactions

light
atoms

molecules

β decay

α decay

{

{
{

(1873, Maxwell)

(1933, Fermi)

(1911, Ru(erford ; 1921, Chadwick and Biesler)

atomic nuclei

strength

10-5

10-2

1

n
W±
�⇥ p+ e� + �̄e

e+ + e�
Z0

�⇥ D+
(cs̄) +D�

(c̄s)

238
92U �⇥ 234

90Th + 4
2He

!27



Christophe Grojean Intro HEP-Theory DESY, July/August 2018

The Standard Model: Interactions

tested with an accuracy of 10-8

tested with an accuracy of 10-3

tested with an accuracy of 10-1

electromagnetic interactions

weak interactions

strong interactions

light
atoms

molecules

β decay

α decay
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(1873, Maxwell)

(1933, Fermi)

(1911, Ru(erford ; 1921, Chadwick and Biesler)

atomic nuclei

strength
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e+ + e�
Z0
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238
92U �⇥ 234

90Th + 4
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10-40gravityEven though EM is way stronger than gravity, it 
was unnoticed until ~ 300 years because 1-1=0


