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Überblick  

Die Suche nach dem Unteilbaren: 

§ Historie 
§  Experimente 

§  Theorien 
§ Aktuelles 



Historie 
Erste Schritte auf der Suche nach 
dem Unteilbaren 



Naturphilosophie der Antike 

§  Versuch, die Formenvielfalt der Natur auf 
wenige einfache Bausteine zurückzuführen 

§  Griechenland (500 v. Chr.):  
Erde, Feuer, Wasser, Luft 

§  China:  
Erde, Feuer, Wasser, Luft, 
Metall 



Demokrit  (um 400 v. Chr.) 

“Materie muß aus kleinsten 
unsichtbaren Bausteinen 
aufgebaut sein.”  

“Bausteine, aus denen sich alles 
andere zusammensetzt, die 
aber selbst nicht mehr teilbar 
sind.” 

Æ Atomos 



1932: Physikalisches Weltbild  

elektrische 
Ladung Masse 

e- 
Elektron -e0 0.0005 mp 

p 
Proton +e0 

1 mp 
(1.7 × 10-27 kg) 

n 
Neutron 0 1.0014 mp 



Höhenstrahlung   

§  Höhenstrahlung liefert neue “exotische” 
Teilchen      

elektrische 
Ladung Masse Entdeckung 

e+ 
Positron +e0 0.0005 mp 1932 

µ- 

Myon -e0 0.11 mp 1937 

π±, π0

Pion ±e0, 0 0.15 mp 1947/50 



Experimente 
Werkzeuge auf der Suche nach 
dem Unteilbaren 



Mikroskope 

§  Wellenlänge limitiert das  
Auflösungsvermögen  

§  sichtbares Licht: 
 λ = 400 – 700 nm     



Teilchen und Wellen 

§  Nutze den Wellencharakter von Teilchen 

§  de Broglie Wellenlänge: 

Wellenlänge  Impuls 
Plancksches 

Wirkungsquantum 

h = 6.626×10-34 J s 



Elektronenmikroskop 

§  Probe mit beschleunigten 
Elektronen beleuchtet  

 E = 10 keV 
λ = 0.01 nm = 10-11 m  



Elektronen 
 E = 100 MeV 
 λ = 10 fm = 10-14 m 

S-DALINAC @ Darmstadt 



Protonen 
 E = 90 GeV 
λ = 0.01 fm = 10-17 m 

Blei-Kerne   
 E = 6 TeV 
λ = 0.0001 fm = 10-19 m 

FAIR / GSI @ Darmstadt 



Protonen 
 E = 7 TeV 
λ = 10-19 m 

Blei-Kerne 
 E = 600 TeV 
 λ = 10-21 m 

LHC / CERN @ Genf 



Teilchenerzeugung 

§  Kollision hochenergetischer Teilchen... 
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Teilchenerzeugung 

§  Kinetische Energie wird in 
Masse umgesetzt: 

Impuls Ruhemasse 



Teilchenerzeugung 

§  Paarvernichtung 

§ Ruhemasse → Energie 

§ Teilchen und zugehöriges 
Antiteilchen annihilieren sich 

§  Paarerzeugung 

§  Energie → Ruhemasse 

§  Teilchen-Antiteilchenpaar wird erzeugt 



p+p Kollision @ 7 TeV 



Pb+Pb Kollision @ 600 TeV 



Pb+Pb Kollision @ 600 TeV 



Teilchenzoo 



Zusammenfassung 

§  Teilchenbeschleuniger als Mikroskop mit 
extrem hohem Auflösungsvermögen     

§  Erzeugung neuer Teilchen durch Umwand-
lung von kinetischer Energie in Masse  

§  Unüberschaubarer Zoo von “elementaren” 
Teilchen  



Theorien  
Wie bringt man Ordnung in das 
Chaos der Elementarteilchen? 



Murray Gell-Mann (1964) 

§  Einfaches Ordnungsschema für 
den Zoo der Elementarteilchen 

§  Hadronen bestehen aus zwei 
oder drei abstrakten Bausteinen 

Æ Quarks 
“Three Quarks for Muster Mark” (J. Joyce)  



Quarks 

Flavour “Masse” el. Ladung 

up 0.002 GeV +2/3 e0 

down 0.005 GeV -1/3 e0 

strange 0.095 GeV -1/3 e0 

charm 1.25 GeV +2/3 e0 

bottom 4.2 GeV -1/3 e0 

top 174 GeV +2/3 e0 
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+ Anti-Quarks mit umgekehrter Ladung 

1 m
p  =

 1 G
eV

 
^

 



§  Anti-Quarks haben entsprechende Anti-
Farben (cyan, magenta, gelb)  

Farb-Freiheitsgrad 

§  Quarks tragen zusätzliche 
Quantenzahl “Farbe” 

 

 §  Jeder Quark-Flavour kommt in drei Farben 
vor (rot, grün, blau) 



Farbneutralität  

§  Prinzip: Physikalische Teilchen 
müssen “weiß” sein 

 1)  keine isolierten Quarks  

2)  Zwei-Quark-Systeme (z.B. rot + anti-rot)  
 Æ Mesonen 

3)  Drei-Quark-Systeme (rot + grün + blau)  
 Æ Baryonen 



Teilchenbaukasten 

Proton 

u 

u d 

u 

d u 

Anti-Proton 

Neutron 

d 
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Pion π+ 

Pion π- 
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Reaktionen:  p + π- → Λ + K0 

Proton p 

Pion π- 

d 

u 

Kaon K0 
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Lambda Λ



Standardmodell – Materie 

Quarks 
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Leptonen Masse 

Elektron 0.0005 GeV 

e-Neutrino < 2 eV 

Myon 0.1 GeV 

µ-Neutrino < 2 eV 

Tau 1.8 GeV 

τ-Neutrino < 2 eV 

e- 

µ- 

τ- 

νe 

νµ 

ντ 



Standardmodell – Kräfte 

§  Wechselwirkungen werden durch Austausch 
von “Botenteilchen” vermittelt 

Kraft Bote Wirkt auf 

elektromag. 
Wechselwirkung 

γ 
Photon 

geladene 
Teilchen 

starke 
Wechselwirkung 

g 
Gluon 

Quarks und 
Gluonen 

schwache 
Wechselwirkung W±, Z0 Quarks und 

Leptonen 



Starke Wechselwirkung 
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Confinement 

§  Was passiert, wenn man zwei Quarks eines 
Mesons auseinanderzieht? 
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Theorien II 
Die Maschinerie hinter dem  
Quark-Baukasten 



Vorsicht… 

§  hinter dem simplen 
Baukasten steckt 
eine komplizierte 
physikalische Theorie 

  Quanten-  
 Chromo- 
 Dynamik  

 



Supercomputer 

SuperMUC 
150000 Cores 
3 PetaFlop/s 

TITAN 
300000 Cores 
+20000 GPUs 
20 PetaFlop/s 
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Vakuum der QCD 



http://www.physics.adelaide.edu.au/theory/staff/leinweber 

Gluonen im Meson 



http://www.physics.adelaide.edu.au/theory/staff/leinweber 

Gluonen im Proton 



Higgs-Teilchen  
… das fehlende Puzzleteil 



Higgs-Mechanismus 

§  mathematische Struktur des Standard-
modells erzwingt eine dynamische Erzeugung 
der Masse (Eichfeldtheorie)  

§  Higgs-Mechanismus: durch Kopplung an ein 
neues skalares Feld erhalten Teilchen Masse 

§  Higgs-Teilchen ist das dem Higgs-Feld zuge-
ordnete Teilchen (Welle-Teilchen-Dualismus)  



Higgs-Mechanismus 

Higgs-Feld 



Higgs-Mechanismus 



Higgs-Mechanismus 

Higgs-Mechanismus 



Higgs-Mechanismus 



Higgs-Mechanismus 

Higgs-Teilchen 



Peter Higgs (1964) 
 
Francois Englert, Robert 
Brout (1964) 
 
Gerald Guralnik, Carl Hagen, 
Tom Kibble (1964) 
 
Philip Anderson (1963) 
 
 
 
 

1960er 

2010er 

4. Juli 2012 

wenig später 



Higgs è γ γ 

 [GeVV] [HHm
200 300 400 500200 300 400 500

00
Lo

ca
l p

-10-110

-8-810

-6-610

-4-410

-2-210

1
  

Observed  1 Expected Signal 

2 

3 

4 

5 

6 

ATLAS  = 7 - 8 TeVs2011 - 12         

20000 30000 40000 50000

ObservedO 1 1Expected Signal EEEOb d 1E t d Si lEE

22 

3 

4 

5 

6 

= 7777-7- 88 TTT VeTT==ss 20 11  1--121

110 150

11 15 120 125 130 135 140 145 150
-10

11
-1010

-8-810

-6-610

-4-410

-2-210

1

2 

3 

4 

5 

6 

140 145 150120 125 130 135

2 

3 

4 

5 

6 6

151111111111111110

www.elsevier.com/locate/physletb

First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  
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Observation of a new particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC ✩

.ATLAS Collaboration ⋆

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and significance of their
contributions to the experiment.
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A search for the Standard Model Higgs boson in proton–proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb−1

collected at
√

s = 7 TeV in 2011 and 5.8 fb−1 at
√

s = 8 TeV in 2012. Individual searches in the channels
H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , W W (∗), bb̄ and τ+τ− in the 7 TeV data and results from
improved analyses of the H → Z Z (∗) → 4ℓ and H → γ γ channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 × 10−9, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

✩ © CERN for the benefit of the ATLAS Collaboration.
⋆ E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√

s =
7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → W W (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → W W (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.020
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Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

√
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search
is performed in five decay modes: γ γ , ZZ, W+W−, τ+τ−, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, γ γ and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

✩ © CERN for the benefit of the CMS Collaboration.
⋆ E-mail address: cms-publication-committee-chair@cern.ch.

mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

√
s = 7 and 8 TeV. The search is performed in

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.021



Status 

§  Standardmodell ist eine der 
erfolgreichsten Theorien und 
beschreibt alle bisherigen 
experimentellen Befunde 

§  Die Untersuchung des Higgs-
Teilchens hat gerade erst 
begonnen… 

§  Allerdings hat das Standardmodell Lücken 
(Gravitation), die eine wirklich fundamentale 
Theorie schließen sollte 



Suche nach dem Unteilbaren 

§  Unteilbarkeit haben wir bereits mit den 
Quarks des Standardmodells erreicht 

§  Die Suche nach einer fundamentalen, 
eleganten und einfachen Theorie geht 
allerdings weiter … 


