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1.   2.    3.       generation• Elementary particles 

• Constituents of matter  
• Fermions (S=1/2) 

• Force carries 
• Bosons    (S=1)
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• Higgs mechanism has essential role in  theory of electroweak 
interactions 

• Why is Higgs mechanism so import for particle physics?

Higgs 

4

• All gauge bosons massless in standard model! 
• However, W & Z Bosons are massive particles! 

• Conservation of probability!

Higgs, 
Englert, 
Brout: 1964
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interactions 

• Why is Higgs mechanism so import for particle physics?

Higgs 

4

• All gauge bosons massless in standard model! 
• However, W & Z Bosons are massive particles! 

• Conservation of probability!

Scattering of longitudinally 
polarised W bosons: 

Interaction probability > 1 for 
large Q2! 

Destructive interference  
→ probability < 1

Has to be  
,scalar‘: Spin = 0

Higgs, 
Englert, 
Brout: 1964
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• All gauge bosons are massless within theory! 

• If mass added explicitly: breakdown of theory!! 
• → Gauge invariance is lost 

• Dynamic emergence of mass: 

• Interaction with scalar field  
• Field spreads through entire universe 

• Leads to mass terms in equations

Masses of gauge bosons

5

• Symmetry of potential minimum ,spontaneously‘ 
broken 

• Breaking of electroweak symmetry! 
• Manifestation of electromagnetism & weak 
interactions

• Similar processes known from solid state 
physics (superconductivity)

2.1. The Standard Model of Particle Physics
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Figure 2.1.: Illustration of the shape of the potential according to Eq. (2.12). The
import feature is the degenerate ground state lying on a circle around the
V (�) axis. The symmetry is spontaneously broken when a physical ground
state develops by choosing a specific position in the degenerate minimum of
V (�).

in Fig. 2.1. Couplings of the scalar fields to fermions are defined as Yukawa type
interactions, respecting the SU(2)L ⌦ U(1)Y symmetry:

LY = �
e,µ,⌧X

l,j

Glj(L̄l�Rj + R̄l�†Lj) + h.c. (2.13)

The full lagrangian of the electroweak theory is obtained as the sum of the discussed
parts: L = LF + LG + LS + LY .

Another very convincing need for an additional particle in the framework of the stan-
dard model arises from the scattering cross section of W bosons. This process violates
unitarity for larger energies, in case no scalar field is considered. This is fixed by intro-
ducing an additional particle, like the Higgs boson, which leads to an additional diagram
in the scattering amplitude.

Electroweak symmetry breaking

The potential of the scalar fields given in Eq. (2.12) and illustrated in Fig. 2.1 has a
degenerate ground state, as the minimum min{�†�} = min{|�|2} = v2/2, with v :=p

µ2/�, describes a circle in the �0–�+ plane. Through the choice of any (arbitrary)
value �0 = < 0|�|0 > for the ground state, the symmetry is spontaneously broken. All
generators T j and Y are broken as they do not annihilate the vacuum, i.e. Y |0 > 6= 0,
whereas the charge operator Q = T 3�Y/2 remains unbroken, i.e. Q�0 = 0 ) e�i"Q�0 =
�0 with " 2 R being arbitrary. Hence, the remaining symmetry of the theory is U(1)em,
consistent with experimental observations. From the three generators of the gauge groups
belonging to the broken symmetries three massless Goldstone bosons5 are expected,
which become visible in the following parametrization of �:

� =

✓
'+

'0

◆
= ei~⌧ ·~⇠/2v

✓
0

(v + H)/
p

2

◆
; ⇠j , j = 1, 2, 3 and H 2 R. (2.14)

5After the Goldstone theorem [12] each broken symmetry leads to a massless boson, called Goldstone
boson.
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2. Theoretical Considerations

Y
2 is the generator of the U(1)Y group. The concept of combining two charges in this way
originates from the Nakano-Nishijima-Gell-Mann relation [10] in which strong isospin
and electric charge are combined to the hypercharge in the same way.

Knowing the currents, a lagrangian L with SU(2)L⌦U(1)Y symmetry is constructed.
It is divided in parts L = LF + LG + LS + LY describing the interaction of fermions,
kinetic energy of the gauge field, a scalar field and a Yukawa type interaction between
the scalar field and the fermions, respectively. The fermionic part is constructed as4

LF =
X

l=e,µ⌧

h
L̄li�µDµLl + R̄li�µDµRl

i
(2.6)

=
X

l=e,µ⌧

L̄li�µ(@µ � ig
~⌧

2
· ~Wµ +

i

2
g0Bµ)Ll + R̄li�µ(@µ + ig0Bµ)Rl. (2.7)

W i
µ, i = 1, 2, 3 and Bµ are the massless gauge boson fields of SU(2)L and U(1)Y ,

respectively, and g, g0 the corresponding couplings. Note that the singlet states R do
not couple to W i

µ. The covariant derivative is defined as

Dµ = @µ � ig
~⌧

2
· ~Wµ � ig0 Y

2
Bµ (2.8)

with Y = �1 for L and Y = �2 for R. The kinetic energy term of the gauge fields,
which should be added to LF , is written as

LG = �1

4
F i

µ⌫F
iµ⌫ � 1

2
Bµ⌫B

µ⌫ , (i = 1, 2, 3) (2.9)

where F i
µ⌫ and Bµ⌫ are the field strength tensors of the gauge fields corresponding to

SU(2)L and U(1)Y , respectively. Gauge boson mass terms do not appear in this theory
as they would break the local gauge invariance of the lagrangian. To make fermions
and all bosons but the photon massive a spontaneous breakdown of the electroweak
symmetry is needed [11], i.e. the Higgs mechanism [1]. The symmetry is broken as:

SU(2)L ⌦ U(1)Y ! U(1)em . (2.10)

In order to achieve the electroweak symmetry breaking in the simplest way a doublet of
complex scalar fields is added to the theory:

LS = (Dµ�)†(Dµ�) � V (�†�); � =

✓
'+

'0

◆
, Y� = +1, '0neutral, '+charged. (2.11)

The potential V is defined in a gauge invariant way by

V (�†�) = m2�†� + �(�†�)2, m, � 2 R. (2.12)

Higher orders of (�†�) are not allowed in order to keep the theory renormalizable. To
ensure the stability of the vacuum, � has to be greater than zero. If in addition m2 = �µ2

is chosen negative, the potential takes the famous shape of a mexican hat, illustrated

4The scaler product for 3-vectors is always indicated by using variables overset with vector symbols,
whereas the Einstein summation convention is used for 4-vectors.

6

Higgs - Potential
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Higgs - Potential

Large energy density

Low energy density

Lehrerfortbildung CERN, Oktober 2015  – Teilchenphysik 3                                                                              Michael Hauschild (CERN),  Seite 5

Das Higgs-Feld
Das Higgs-Feld existiert überall im gesamten Universum

Das Vakuum ist nie leer, sondern immer erfüllt mit dem Higgs-Feld
Higgs-Feld ähnlich elektrischem Feld oder Magnetfeld

(Ein) wesentlicher Unterschied:
el. + magn. Felder sind gerichtet (Vektorfelder),
Higgs-Feld hat keine Richtung (Skalarfeld)

Potential V()) des Higgs-Feldes )

Sombrero-artige Form (“Mexikanischer Hut“)

Entstehung unmittelbar nach dem Urknall

Minimum bei |)| = v �������
= Vakuumenergie des Higgs-Feldes

heiss kühler kalt
(E > 1015 GeV, T > 1030 K) (E < 1014 GeV, T < 1029 K)

) ist komplex
(2 x 2 Komponenten)
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• Higgs mechanism requires particle with spin = 0 (scalar) 

• Boson of higgs field, mediator of interactions with Higgs field 

The Higgs particle
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• Boson of higgs field, mediator of interactions with Higgs field 

The Higgs particle
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CERN 
(ATLAS & 
CMS): 2012
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• Mass of particles depends on coupling strength with Higgs field: 

• Directly responsible for masses of vector bosons: gV ~ mV2 

• Broken symmetry → goldstone bosons → available degrees of freedom 
absorbed in 3 massive and 1 massless gauge boson (=> base rotation)  

• What about fermions? 
• Yukawa interaction with Higgs field 
• Explicitly added 
•  gF ~ mF  

How the particles grew massive

7

Lehrerfortbildung CERN, Oktober 2015  – Teilchenphysik 3                                                                              Michael Hauschild (CERN),  Seite 7

Higgs-Mechanismus: Analogien II
Alternatives Bild: Higgs-Feld als zähe Flüssigkeit

masselose Teilchen durchqueren die Flüssigkeit
zunächst lichtschnelle Teilchen (masselos) werden durch die zähe Flüssigkeit
verlangsamt (Verleihung von Masse)

Verschiedene Teilchen erfahren unterschiedliche Viskositäten
(unterschiedlich starke Wechselwirkung mit dem Higgs-Feld)

wenig Viskosität (Luft) = wenig Verlangsamung = leichtes Teilchen
mittlere Viskosität (Wasser) = stärkere Verlangsamung = mittelschweres Teilchen
hohe Viskosität (Sirup) = starke Verlangsamung = schweres Teilchen

Higgs-Teilchen als kurzzeitiger Anregungszustand der zähen Flüssigkeit
(Higgs-Feld)

leicht mittel schwer

Teilchen

Masse Æ

particle

mass light medium heavy
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Higgs coupling - mass dependence

8

• Coupling or sqrt{coupling}  
• V & F on straight line
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• Is it really the standard model Higgs particle?

Properties of the Higgs boson - Spin & Parity

9

• Spin: 
• integer, as decaying to γγ

• Parity: 
• Even or Odd?

• Comparison of measurement with various predictions! 
• Agreement displayed as ‚likelihood‘ 
• Many ‚pseudo experiments‘ => random fluctuations of predictions
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• Masses are dynamically generated 

• Unification of electromagnetic & weak interactions 

• Breaking of electroweak symmetry consistently described 

• Massive & Massless gauge bosons 
• Difference between gauge boson masses

In summary
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• Why is fermion mass != 0 ? 

• Why are fermion masses so different from each other?  

• What determines „mass hierarchy"? [2 MeV (u) -- 173 GeV (t) ] 
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• Leon Lederman (ex director general of Fermilab), Nobelprice 1988 

• Published book on particle physics & the Higgs particle (1993) 

• Introduced „God particle“ 

•But why? 

One more statement on the Higgs particle

12

Lehrerfortbildung CERN, Oktober 2015  – Teilchenphysik 3                                                                              Michael Hauschild (CERN),  Seite 8

“Das Gottesteilchen”

“erfunden” von Leon M. Lederman
geboren 1922, früherer Fermilab Direktor

Nobelpreis 1988 (mit Melvin Schwartz und 
Jack Steinberger) für die Entdeckung des 
Myon Neutrinos 1962

Lederman schrieb 1993 ein Buch über
Teilchenphysik und das Higgs Boson
(mit Wissenschaftsjournalist Dick Teresi)

und gab dem Higgs Boson den Spitznamen
“Das Gottesteilchen”

weil das Teilchen "so central to the state of physics 
today, so crucial to our final understanding of the 
structure of matter, yet so elusive”
und weil "the publisher wouldn't let us call it the 
Goddamn Particle, though that might be a more 
appropriate title, given its villainous nature and the 
expense it is causing."

Leon M. Lederman (2007)
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"so central to the state of physics today, so crucial to our final 
understanding of the structure of matter, yet so elusive” 

but "the publisher wouldn't let us call it the Goddamn Particle, 
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Higgs wird Allgemeingut 
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• Does vacuum energy of Higgs field correspond to local or global minimum?   

• If local: is there a state of lower energy?  
• Could the universe tunnel into the lower energy state? 

• Depends on masses of top quark & Higgs boson

Is the universe stable until the end of time?
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Stabilität des Vakuums
Ist das Vakuum (= unser Universum) stabil?

entspricht die Vakuumenergie (durch das Higgs-Feld) nur einem lokalen Minimum des 
Higgs-Potentials?
gibt es evtl. einen Zustand geringerer Energie?
könnte das Vakuum zu diesem Zustand durchtunneln?

hängt ab von Top- und Higgs-Masse

Vorläufiges Ergebnis: Das Vakuum ist meta-stabil
Aber: Durchtunnelzeit im Bereich von 10100 Jahren 

?
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interactions, respecting the SU(2)L ⌦ U(1)Y symmetry:

LY = �
e,µ,⌧X

l,j

Glj(L̄l�Rj + R̄l�†Lj) + h.c. (2.13)

The full lagrangian of the electroweak theory is obtained as the sum of the discussed
parts: L = LF + LG + LS + LY .

Another very convincing need for an additional particle in the framework of the stan-
dard model arises from the scattering cross section of W bosons. This process violates
unitarity for larger energies, in case no scalar field is considered. This is fixed by intro-
ducing an additional particle, like the Higgs boson, which leads to an additional diagram
in the scattering amplitude.

Electroweak symmetry breaking

The potential of the scalar fields given in Eq. (2.12) and illustrated in Fig. 2.1 has a
degenerate ground state, as the minimum min{�†�} = min{|�|2} = v2/2, with v :=p

µ2/�, describes a circle in the �0–�+ plane. Through the choice of any (arbitrary)
value �0 = < 0|�|0 > for the ground state, the symmetry is spontaneously broken. All
generators T j and Y are broken as they do not annihilate the vacuum, i.e. Y |0 > 6= 0,
whereas the charge operator Q = T 3�Y/2 remains unbroken, i.e. Q�0 = 0 ) e�i"Q�0 =
�0 with " 2 R being arbitrary. Hence, the remaining symmetry of the theory is U(1)em,
consistent with experimental observations. From the three generators of the gauge groups
belonging to the broken symmetries three massless Goldstone bosons5 are expected,
which become visible in the following parametrization of �:

� =

✓
'+

'0

◆
= ei~⌧ ·~⇠/2v

✓
0

(v + H)/
p

2

◆
; ⇠j , j = 1, 2, 3 and H 2 R. (2.14)

5After the Goldstone theorem [12] each broken symmetry leads to a massless boson, called Goldstone
boson.

7

2. Theoretical Considerations

Y
2 is the generator of the U(1)Y group. The concept of combining two charges in this way
originates from the Nakano-Nishijima-Gell-Mann relation [10] in which strong isospin
and electric charge are combined to the hypercharge in the same way.

Knowing the currents, a lagrangian L with SU(2)L⌦U(1)Y symmetry is constructed.
It is divided in parts L = LF + LG + LS + LY describing the interaction of fermions,
kinetic energy of the gauge field, a scalar field and a Yukawa type interaction between
the scalar field and the fermions, respectively. The fermionic part is constructed as4

LF =
X

l=e,µ⌧

h
L̄li�µDµLl + R̄li�µDµRl

i
(2.6)

=
X

l=e,µ⌧

L̄li�µ(@µ � ig
~⌧

2
· ~Wµ +

i

2
g0Bµ)Ll + R̄li�µ(@µ + ig0Bµ)Rl. (2.7)

W i
µ, i = 1, 2, 3 and Bµ are the massless gauge boson fields of SU(2)L and U(1)Y ,

respectively, and g, g0 the corresponding couplings. Note that the singlet states R do
not couple to W i

µ. The covariant derivative is defined as

Dµ = @µ � ig
~⌧

2
· ~Wµ � ig0 Y

2
Bµ (2.8)

with Y = �1 for L and Y = �2 for R. The kinetic energy term of the gauge fields,
which should be added to LF , is written as

LG = �1

4
F i

µ⌫F
iµ⌫ � 1

2
Bµ⌫B

µ⌫ , (i = 1, 2, 3) (2.9)

where F i
µ⌫ and Bµ⌫ are the field strength tensors of the gauge fields corresponding to

SU(2)L and U(1)Y , respectively. Gauge boson mass terms do not appear in this theory
as they would break the local gauge invariance of the lagrangian. To make fermions
and all bosons but the photon massive a spontaneous breakdown of the electroweak
symmetry is needed [11], i.e. the Higgs mechanism [1]. The symmetry is broken as:

SU(2)L ⌦ U(1)Y ! U(1)em . (2.10)

In order to achieve the electroweak symmetry breaking in the simplest way a doublet of
complex scalar fields is added to the theory:

LS = (Dµ�)†(Dµ�) � V (�†�); � =

✓
'+

'0

◆
, Y� = +1, '0neutral, '+charged. (2.11)

The potential V is defined in a gauge invariant way by

V (�†�) = m2�†� + �(�†�)2, m, � 2 R. (2.12)

Higher orders of (�†�) are not allowed in order to keep the theory renormalizable. To
ensure the stability of the vacuum, � has to be greater than zero. If in addition m2 = �µ2

is chosen negative, the potential takes the famous shape of a mexican hat, illustrated

4The scaler product for 3-vectors is always indicated by using variables overset with vector symbols,
whereas the Einstein summation convention is used for 4-vectors.
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Higgs - Potential

Lehrerfortbildung CERN, Oktober 2015  – Teilchenphysik 3                                                                              Michael Hauschild (CERN),  Seite 31

Stabilität des Vakuums
Ist das Vakuum (= unser Universum) stabil?

entspricht die Vakuumenergie (durch das Higgs-Feld) nur einem lokalen Minimum des 
Higgs-Potentials?
gibt es evtl. einen Zustand geringerer Energie?
könnte das Vakuum zu diesem Zustand durchtunneln?

hängt ab von Top- und Higgs-Masse

Vorläufiges Ergebnis: Das Vakuum ist meta-stabil
Aber: Durchtunnelzeit im Bereich von 10100 Jahren 
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Lehrerfortbildung CERN, Oktober 2015  – Teilchenphysik 3                                                                              Michael Hauschild (CERN),  Seite 31

Stabilität des Vakuums
Ist das Vakuum (= unser Universum) stabil?

entspricht die Vakuumenergie (durch das Higgs-Feld) nur einem lokalen Minimum des 
Higgs-Potentials?
gibt es evtl. einen Zustand geringerer Energie?
könnte das Vakuum zu diesem Zustand durchtunneln?

hängt ab von Top- und Higgs-Masse

Vorläufiges Ergebnis: Das Vakuum ist meta-stabil
Aber: Durchtunnelzeit im Bereich von 10100 Jahren 

• Average tunnel time        
~ 10100 years 
• probably OK for us ;)
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Neutrinos
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1H +1 H !2 H + e+ + ⌫e + 0, 42MeV

Kristof Schmieden

• Sun / Supernovae: Nuclear fusion

Sources of neutrinos

15

• Nuclear reactors: fission 
• β - decay of spallation products and neutrons → νe

• Atmosphere:  
• Decaying muons from cosmic rays → νµ, νe

• Accelerators:  
• Muon decays → νµ, νe
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Davis Jr.: 1960ies

• Detection of stellar neutrinos in Kamiokande 
• Confirms Homesetake results 

• Detection of atmospheric neutrinos 

• Flux of neutrinos arriving from „top“ and „bottom“ differs by ~50% 
• What happens to the neutrinos within the earth?

Super Kamiokande: 1998

• Neutrinos can oscillate from one flavour to another! 

• Note: only electron & muon neutrinos are detected in those experiments
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Neutrino oscillations

17

• Analogy to quark sector 

• Mass eigenstates != flavour eigenstates 

• Mixing allowed → oscillations 

• Requires: mv > 0 & mv1 != mv2 != mv3

Muon neutrino

Tau neutrino

Electron neutrino

=> Maki-Nakagawa-Sakata-Matrix
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Neutrino oscillations - detection
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• Opera: Detected appearance of tau-neutrinos! 

• Neutrino beam (µ, e) from CERN sent 740km to Gran Sasso (IT) 

• Detection of tau-neutrinos in neutrino beam (5x)

Opera: 2010-2014
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• And why is mass so little? (< 2eV) 

• Like fermions: coupling to Higgs field? 

• Requires left & right handed neutrinos 

• Only left-handed neutrinos observed! 

• Other mechanism?  

• One option: See-Saw mechanism: 

• Neutrinos are Majorana particles (their own anti-particles) 
• In addition very heavy right handed neutrinos (sterile Neutrinos) 

• Require very small mass for known neutrinos 

• Violated lepton number conservation & B-L 
• Possible explanation of the existence of matter via lepto-genesis

How do neutrinos gain mass? 

19
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• Idea: one or more right handed neutrino fields, inert under weak interaction 
(sterile) 

• Mass matrix in 1 genration between sterile and Dirac neutrinos:

See saw mechanism

20

✓
0 M
M B

◆

�± =
B ±

p
B2 + 4M2

2

�� ⇡ �M2

B

�+ ⇡ B

Majorana mass ~GUT scale

Dirac mass ~ EW scale

Eigenvalues ~ Neutrino masses:

B >> M

~ 1eV

~ 1eV

If one eigenvalue goes up, the other 
goes down => see saw
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Standard model of particle physics
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1.   2.    3.       generation• Elementary particles 

• Constituents of matter  
• Fermions (S=1/2) 

• Force carries 
• Bosons    (S=1)
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Standard model of particle physics

21

1.   2.    3.       generation• Elementary particles 

• Constituents of matter  
• Fermions (S=1/2) 

• Force carries 
• Bosons    (S=1)

Doublets under weak interaction
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Success of SM
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pp

total

80 µb−1

Jets
R=0.4

|y |<3.0

0.1 < pT < 2 TeV

Dijets
R=0.4

|y |<3.0
y
∗<3.0

0.3 < mjj < 5 TeV

W

fiducial

35 pb−1

njet ≥ 0

njet ≥ 1

njet ≥ 2

njet ≥ 3

njet ≥ 4

njet ≥ 5

njet ≥ 6

njet ≥ 7

Z

fiducial

35 pb−1

njet ≥ 0

njet ≥ 1

njet ≥ 2

njet ≥ 3

njet ≥ 4

njet ≥ 5

njet ≥ 6

njet ≥ 7

t̄t

total

njet ≥ 0

njet ≥ 4

njet ≥ 5

njet ≥ 6

njet ≥ 7

njet ≥ 8

tt−chan

total

WW+
WZ
total

WW

total

γγ

fiducial

4.9 fb−1

Wt

total

2.0 fb−1

WZ

total

13.0 fb−1

ZZ

total

t̄tγ

fiducial

1.0 fb−1

Wγ

fiducial

njet=0

Zγ

fiducial

njet=0

t̄tW

total

t̄tZ

total

95% CL

upper

limit

Zjj
EWK

fiducial

H→γγ

fiducial

W±W±jj

EWK

fiducial

ts−chan

total

95% CL

upper

limit

0.7 fb−1

σ
[p

b
]

10−3

10−2

10−1

1

101

102

103

104

105

106

1011

LHC pp
√
s = 7 TeV

Theory

Data 4.5 − 4.7 fb−1

LHC pp
√
s = 8 TeV

Theory

Data 20.3 fb−1

Standard Model Production Cross Section Measurements Status: July 2014

ATLAS Preliminary Run 1
√
s = 7, 8 TeV
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Few loose ends to tie 
up …

23
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Gravitation

24

• Gravitation con not be described within the standard model 

• Problem in theories: general relativity and quantum mechanics 
can not me merged consistently

• Wy is gravity so weak? 
• Dominates on macroscopic skales 

• Neglectable on particle level! 
• 10-38 weaker as electromagnetic interaction!

•  Extra dimensions?
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Gravitation

25

• Why is gravitation so weak? • Extra dimensions?

• Predictions of    ‚black holes‘ 

• Particles that could be created at the 
LHC 

• Scattering off compact dimensions 

• Kaluza-Klein towers / exitations 
 (= standing wave in extra dimension)

Not observed to date :(
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• One fundamental object: 
• String 

• Size ~ Planck length: 10-35m

Gravitation - String Theory

26

• Could be open or closed 

• Attached to „world-Brane“ 

• Oscillation mode corresponds to observable 
particles 

• Branes live in 11 dimensional space  

• M-theory

• Very simple & elegant approach 
• Unification of all forces (including quantum description of gravitation) 

• Extremely hard to calculate. Until today no predictions that could be verified

~1980 till 
today
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• CP - violation in weak interaction 

• physics processes distinguish between matter & anti-
matter 

• LHCb investigates this 

• There has to be a yet unknown interaction in addition to 
the SM ones!

What about anti-matter?

27

• Known asymmetry between matter & anti-matter can not 
explain matter anti-matter asymmetry in the universe 
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• CP - violation in weak interaction 

• physics processes distinguish between matter & anti-
matter 

• LHCb investigates this 

• There has to be a yet unknown interaction in addition to 
the SM ones!

What about anti-matter?

27

• Known asymmetry between matter & anti-matter can not 
explain matter anti-matter asymmetry in the universe 

• => How much energy contains the universe? 
• Cosmology lecture 

assuming only known asymmetry between particles & anti-particles:  
generated matter / anti-matter in big bang > total energy density of universe 
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Intermezzo - Cosmology

28

• Study of cosmic microwave background: 

• Universe cools down → neutral atoms → transparent for em. rad. 

• Radiation from this era: while traveling through the universe, wavelength 
stretched with expansion of space itself 

•  x-rays → microwaves 
Planck Collaboration: The Planck mission

Fig. 7. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 8. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and 353 GHz.
These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % region of the Galactic
plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From Planck Collaboration X
(2015).

viewed as work in progress. Nonetheless, we find a high level of
consistency in results between the TT and the full TT+TE+EE
likelihoods. Furthermore, the cosmological parameters (which
do not depend strongly on ⌧) derived from the T E spectra have
comparable errors to the TT -derived parameters, and they are
consistent to within typically 0.5� or better.

8.2.2. Number of modes

One way of assessing the constraining power contained in a par-
ticular measurement of CMB anisotropies is to determine the
e↵ective number of a`m modes that have been measured. This
is equivalent to estimating 2 times the square of the total S/N
in the power spectra, a measure that contains all the available

16

Planck Collaboration: The Planck mission
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).

Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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• Fit of ΛCDM model to data. Parameters:  
• Baryon-density, matter density, curvature of space, ....

WMAP / 
Planck: 2010 
/ 2015

Cosmology lecture by Sarah Aretz (11/07)
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• gravitational centre 
• Per „weak-lensing“
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• X-ray emission from hot 
gas 
• highest baryon desnity

Apropos: dark matter

29

• gravitational centre 
• Per „weak-lensing“
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Apropos: dark matter
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dark matter ? 

baryons

dark energy ???

Planck: 2015

• Several candidates + extensions of SM trying to describe DM
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• Properties: 

• Massive (gravitation) 

• Weak interaction

Apropos: dark matter
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• Properties: 

• Massive (gravitation) 

• Weak interaction

Apropos: dark matter

31

→ Neutrinos? 

Nope! Only non-relativistic particles 
contribute to structure formation in the 
universe
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• Properties: 

• Massive (gravitation) 

• Weak interaction 

• ~non relativistic 

Apropos: dark matter

32

• Candidates: 

• WIMPs  (Lightest supersymmetric 
particle?) 

• Axions 

• Sterile neutrinos
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• New symmetry: 
• Each Boson (S=0,1) is assigned a fermion (S=1/2) and vice versa

A word on super symmetry

33
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• „Completes“ SM → all possible symmetries utilised 

•  New particles influence „running“ of couplings 
• Grand unification possible

A word on super symmetry … or two

34

Warum Supersymmetrie? 

2) ‘Schutz’ des (skalaren) Higgs-Bosons (M ~ 102 GeV)   
     vor dem Einfluss von Vakuumfluktuationen (~1019 GeV) 

3) Vereinigung von elektroschwacher und starke WW bei ~1017 GeV 

1) Eine fundamentale Raum-Zeit-Symmetrie 

4) Mögliche Erklärung der kosmologischen Materie-Antimaterie-Asymmetrie 

5) Dunkle Materie ? 
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• „Completes“ SM → all possible symmetries utilised 

•  New particles influence „running“ of couplings 
• Grand unification possible

A word on super symmetry … or two

34

Warum Supersymmetrie? 

2) ‘Schutz’ des (skalaren) Higgs-Bosons (M ~ 102 GeV)   
     vor dem Einfluss von Vakuumfluktuationen (~1019 GeV) 

3) Vereinigung von elektroschwacher und starke WW bei ~1017 GeV 

1) Eine fundamentale Raum-Zeit-Symmetrie 

4) Mögliche Erklärung der kosmologischen Materie-Antimaterie-Asymmetrie 

5) Dunkle Materie ? 

• New conserved quantity: R-parity (+1 for particles, -1 for super-partners) 

• Lightest super symmetric particle must be stable! 
• Candidate for dark matter

• Parameter space for super symmetry is huge 
• Parameters determine particle masses, can be (nearly) arbitrary 
• Can not be excluded
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• Solve „strong CP problem“

Axions

35

• QCD allows CP violating reactions. Strength parametrised by parameter θ  

• CP violation → electric dipole moment of the neutron 

• Experimentally: EDM(n) < 10-25 e·cm  

• Why? Seems non „natural“ (fine tuning)
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• Solve „strong CP problem“

Axions

35

• QCD allows CP violating reactions. Strength parametrised by parameter θ  

• CP violation → electric dipole moment of the neutron 

• Experimentally: EDM(n) < 10-25 e·cm  

• Why? Seems non „natural“ (fine tuning)

Peccei, Quinn: 
1977• Introducing yet another complex scalar field 

• Corresponding symmetry is spontaneously broken 
 (as in Higgs mechanism) 

• θ becomes ,dynamically‘ exactly 0  

• Requires additional massive particle: Axion 

• Candidate for dark matter 
Primakov Effekt
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All dark is intriguing

36

Dark matter?

Baryons

Dark energy ???

Planck: 2015

• Dark energy is completely not understood 

• Connection to theory of inflation? 
• Vacuum fluctuations?  
• Quintessence ?
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Many open question / issues

37

• Gravitation! 

• Why is gravitation so weak?  

• Why is there no anti matter in the universe? 

• Dark sector? (dark matter, dark energy) 

• What is the nature of neutrinos? 

• Why do we have exactly 3 particle generations? 

• Why do particles have different masses? 

•   
•  

https://en.wikipedia.org/wiki/List_of_unsolved_problems_in_physics

https://en.wikipedia.org/wiki/List_of_unsolved_problems_in_physics
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The End
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