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Nobel Aims

● 207 years later. 

● Same questions.

● More success oriented ansatz.

J. W. von Goethe, Der Tragödie erster Teil, Tübingen: Cotta, 1808

http://de.wikisource.org/wiki/Faust_-_Der_Trag%C3%B6die_erster_Teil
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Scattering Experiments 

First LHC beam splash event recorded with CMS 2015 
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The History of the Universe 
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Physics at the TeV Scale

New J. Phys. 12 035001
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DIS @ HERA

● We are usually interested in    more then in   !

Livingston accelerator chart

● Reminder Mandelstam variables:

: first places to        
  study physics @   
  the Terascale!

http://iopscience.iop.org/1367-2630/12/3/035001/
http://www.hep.ucl.ac.uk/iop2010/talks/14.pdf
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The Large Hadron Collider

● Construction costs: 4.1 billion $
● Construction time  : 14 years
● Circumference       : 27 km
● No of dipoles         : 1232
● Power                    : 120 MW
● Luminosity(8TeV)   :  8 nb/sec
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Key Demands on Experiments

Vertex 
identification:

Momentum 
determination:
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Key Demands on Experiments

Vertex 
identification

Momentum 
determination:

Energy determination:
● Energy resolution
● Stopping power
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The Large Scale Solution (ATLAS)

● Magnet field (solenoid): 2.6 T 
(inside calorimeter)

● Tracker: Si/multi-wire 
chambers

● ECAL/HCAL: LAr (varying 
granularity)

● Magnet field (toroid): ~4 T 
(outside calorimeter)

● Length : 45 m
● Diameter : 22 m
● Weight : 7'000 t

Magnet Field:
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The Compact Solution (CMS)

● Magnet field: 3.8 T (outside 
calorimeter)

● Tracker: Si (                     for a 
10 GeV track)

● ECAL: PbWO (                    for 
a 30 GeV        ,                )

● Length : 21 m
● Diameter : 16 m
● Weight : 12'500 t

4

Electromagnetic Calo:

● HCAL: Sampling (brass 
scintillator,                       for a 
100 GeV           ,               )

Silicon Tracker:
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Worldwide Distribution of Data

● Collaborators: 
● Institutes: 

● Countries: 

● Recorded events:
● Amount if data:

Worldwide Grid: Data processing in layers:
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LHC History (represented in physics measurements)
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LHC Repeating History (in fast forward)
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(~10h of LHC operation at  
 nominal luminosity)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.6.628
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.10.368
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.252
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1406
http://www.sciencedirect.com/science/article/pii/037026938390744X


Institute of Experimental Particle Physics (IEKP)17  

The Standard Model of Particle Physics (SM) 
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(responsible for  
 masses)

● 18 free parameters
● 45 fermion fields
● 12 gauge fields Best theory ever 

brought up by 
mankind!



Institute of Experimental Particle Physics (IEKP)18  

A Long Road of Theory Developments

● NNLO+NNLL(    )
● NLO(   )
● Precision 15%

● NNLO(    )
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production
Single top production
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+ additional jets
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How this precision 
was obtained:
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production

arXiv:1009.4935

http://arxiv.org/abs/arXiv:1009.4935
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A Long Road of Theory Developments
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● NNLO(    )

● Precision 5%
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How this precision 
was obtained:

● NNLO+NNLL(    )
● NLO(   )
● Precision 15%

arXiv:0803.0457

http://arxiv.org/abs/arXiv:0803.0457
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The Strong Sector of the SM

Non-Abelian gauge structure:

Asymptotic freedom:

Confinement:

→ leads to gluon-gluon self-couplings.

           exact 
gauge symmetry:

→ 8 massless gluons 
as gauge bosons.
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The Strong Sector of the SM

JHEP 05 (2014)

CMS-PAS-SMP-12-012

CMS multijet event

ATLAS diijet event

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-03/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP12012
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PDFs @ the LHC starting scale

starting scale

Higgs production 
scale

Higgs production 
scale

arXiv:1410.6765

Splitting functions (@LO):

http://arxiv.org/abs/1410.6765
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The Running of 

arXiv:1410.6765

3-jet

2-jet

Measure            from ratio of 3-jet over 
2-jet events at given scale:

Running             (e.g. from 1-loop RGE):

http://arxiv.org/abs/1410.6765
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Physics of the Top Quark

● Weak decay nearly exclusively via         
(                   ).

● Lifetime                          (hadronization time 
scales                                         ).
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http://arxiv.org/abs/hep-ex/9503002
http://arxiv.org/abs/hep-ex/9411001
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Physics of the Top Quark

● Weak decay nearly exclusively via         
(                   ).

● Lifetime                          (hadronization time 
scales                                         ).

● Fermi's Golden Rule:                                     .
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http://arxiv.org/abs/hep-ex/9503002
http://arxiv.org/abs/hep-ex/9411001
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The Mass of the Top Quark

Eur.Phys.J C (2012)

CMS-PAS-TOP-13-005ATLAS-CONF-2013-102

http://cds.cern.ch/record/1477737/files/epjc.72.2202.pdf
https://cds.cern.ch/record/1603490
https://cds.cern.ch/record/1601811
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Top quark pair production:

Single top quark production:

Single top over top quark pair 
production:       . 

Typical DGLAP/Regge like high 
energy behavior (→ log(s)). 

Top Quark Production

t-channel
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First SM Measurements 2010-2012Strong 
Sector

Electroweak 
Sector
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The Weak Sector of the SM

Neutral current:

Charged current:

Flavor changing:

Parity violating:

Broken Symmetry:

Non-Abelian gauge structure!

Lepton universality!
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     Bosons (abused) as Calibration Tools

● Tag & Probe to validate    reconstr. efficiencies:

● Tag:

● Probe:

● Strictly selected, isolated   .
● Well defined vertex with       requirement.    

● Non-isolated   .
● Non-ID'ed   .
● A track pure track or cluster (validate linking 

efficiency).

● Tool to validate MET resolution (from recoil of              ):

● Tool to validate efficiency to find hard interaction vertex.
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Diboson Production
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Non-Abelian Gauge Structure of 

Triple Gauge 
Couplings (TGC)

Quartic Gauge 
Couplings (QGC)

● Introduces:

● Implies lepton universality of weak interaction.
(→extensively tested @ LEP)

Searches for aTGC:

JHEP 01 (2015)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-22/
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The Case of Electroweak Symmetry

● Local gauge symmetries strictly require 
force mediating particle to have           :

● Weak interaction makes a 
difference between left- & right-
handed coordinate systems.

● This property destroys local 
gauge invariance for all weak 
interactions if fermions have 
mass           .

● Weak interactions are described 
by weak gauge symmetries! → 
symmetry exists.

● Force mediating particles 
explicitly break symmetry! → 
symmetry not realized in nature.
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Spontaneous Symmetry Breaking

Needle on point: Block in water: Block on stick:

symmetry axis-symmetry symmetry

● Symmetry present in the system (i.e. in Lagrangian density    ).

● BUT symmetry broken in energy ground state of the system (i.e. quantum vacuum).

● Three examples from classical mechanics:
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The Higgs Mechanism

● Incorporation of spontaneous symmetry breaking 
in gauge field theory = Higgs mechanism:

● Leads to prediction of new particle: → Higgs boson!

● Introduce new field    with characteristic interaction 
potential.

● Gauge symmetry compromising mass terms compensated by characteristic coup-
lings to Higgs particle:

● Allows to incorporate mass terms in the theory.

(for force mediating      &     boson). 

(for weakly interacting fermions). 
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The Discovery of a New Particle 4th July 2012
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               Decay Channel

● High mass resolution (             ). Simple 
reconstruction and event selection.

● Tiny signal on huge background.

● Decay via loops:

Eur. Phys. J C (2014)

http://arxiv.org/pdf/1407.0558.pdf
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                Decay Channel

● High mass resolution (             ). Simple 
reconstruction and event selection.

● Obvious signal on small background.

● Most important search channels:

Phy. Rev. D 89 (2013)

http://arxiv.org/pdf/1312.5353.pdf
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Taken from “The Higgs Boson Discovery at the Large Hadron Collider” Springer Tract of Modern Physics (tbp soon). 
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Analysis of the Coupling Structure

● Six free parameters for each tree-level coupling,        
       fixed to best fit value,    and    vtx resolved.

production:

production:

arXiv:1412.8662

Non-universal coupling 
to leptons!

fo
r 

fe
rm

io
ns

for vector  bosons

This is
 a H

iggs boson!

http://arxiv.org/pdf/1412.8662.pdf
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Why it is not THE Higgs Boson (of the SM) (1)

● Gravity is not included in the SM.

● Dark matter is not included in the SM.

● The SM suffers from the hierarchy problem.

● Neutrino masses are not included in the SM.

● There are known deviations in                   
from the SM expectation (       unresolved).

● There must be physics beyond 
the SM!

● At what scale does it set in?

● (How) Does it influence the 
Higgs sector?

arXiv:hep-ph/0003170

(1) Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014)

http://arxiv.org/abs/hep-ph/0003170
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SUSY Extension of the SM

● Extension of SM by a last remaining, non-trivial, symmetry operation (boson ↔ 
fermion), SUSY, can cure many shortcomings of SM:

● E.g. lightest SUSY particle (LSP) perfect candidate for DM .

● Problem: SUSY itself is broken!
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Higgs Sector in the MSSM

● Five neutral Higgs bosons predicted: 

● MSSM mass requirements at tree level:

arXiv:hep-ph/0503173

two free parameters:       , 

http://arxiv.org/abs/hep-ph/0503173
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(                   )

Enhancement of down-type Couplings  

● In MSSM coupling to down-type fermions enhanced for                .

● Interesting decay channels:

expect MSSM here!

●  

●  

● Interesting production modes:

(“       ”)

(                   )

(“       ”)

arXiv:1412.8662

http://arxiv.org/pdf/1412.8662.pdf
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Search for                      

Six decay modes:

● Search for 2 isolated high      leptons  
(   ,    ,    ).

● Reduce obvious backgrounds (use on 
      ) & reconstruct        .

● Exploit characteristics of production 
mode to increase sensitivity.

arXiv:1408.3316
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13021PaperTwiki
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Complete Set of Benchmark Scenarios
arXiv:1302.7033

reduced

reduced

enhanced

http://arxiv.org/abs/arXiv:1302.7033
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More Searches for SUSY...



Institute of Experimental Particle Physics (IEKP)49  



Institute of Experimental Particle Physics (IEKP)50  



Institute of Experimental Particle Physics (IEKP)51  



Institute of Experimental Particle Physics (IEKP)52  

Conclusions

● The SM is one of the best theories that mankind has ever come up with so far. 

● The LHC has widely opened the door to the Terascale. This is where we expect 
the new physics to set in!  

● It is clear that we have to account for physics beyond the SM. Where is it? Good 
arguments that LHC run-II has a good chance to bring it. 

● It has brought the discovery of a Higgs boson thus the completion the SM! 
Spontaneous symmetry breaking is not a trick nor a back door solution, it is reality!  

● If so the LHC will bring us the best times ever for particle physics!
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Backup
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                  Decay Channel

● High discovery potential, but bad mass 
resolution.
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              Decay Channel

March 2013

March 2013

March 2013March 2013
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              Decay Channel

●       as main discriminating variable.

● Separation between irreducible          
             background and               
signal.
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Coupling Estimates

● Determine couplings from production mode and decay channel:

● Direct measurement not possible since     appear in nominator and denominator of

production: production: Decay to    or    :

● Coupling to gluon can be    or effective (*).

● Coupling to    can be effective or a mixture of          .
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Narrow Width Approximation

● Assume                  , which is well justified by                           and                         .

● For each production mode and decay channel collect      and express       as sum 
of individual     .

● i.e. put propagating particle on shell.

● Propagator:                                                    for           .

● Calculate cross section as              .

●                  ,                      .

●                                                                     .
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