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Wie kann eine Symmetrie zur gleichen 
Zeit erhalten und gebrochen sein?

Spontane Symmetrie-
brechung:

Führe Potential ein das den Grundzustand 
des Universums aus der Symmetrieachse 
der Bewegungsgleichungen zwingt.

(“hidden symmetry”)

→ Teilchenmasse als Kopplung an nicht 
verschwindenden Vakuumerwartungswert.

Problem: lokale Eichsymmetrien in 
Lagrangedichte sind durch massive 
Teilchen explizit gebrochen

SM
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Erinnerung:
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Higgs sector in the light of (tree-level) unitarity

● Unitarity problem demonstrated for                                scattering:
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Exact cancellation of divergent behavior 
only if scalar exchange particle has coupling 
of type           .

Higgs sector in the light of (tree-level) unitarity

● Unitarity problem demonstrated for                                scattering:

● Any additional contribution to this process should preserve this cancellation.
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Higher orders and precision observables

● Particles, which cannot be directly observed at lower energy scales, still have 
influence on observables, due to higher order corrections in loops.

The Higgs/top in propagator loops: The top in vertex loops:

● Introduce direct dependencies of (measurable) effective vector boson masses 
and couplings on        &      .
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Higher order corrections to 

● Higher order corrections to        :

● Effects set in at                             → high precision needed on observables and 
theoretical prediction!

(1-loop precision)
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High precision measurements @ LEP & SLAC
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High precision observables @ LEP

● High precision measurements made at                 during LEP-I run period:

●                          events
●                          events
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Typical            event @ LEP

q

q
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Z-pole electroweak precision observables

● Precision between              for      
&              for               (including 
theoretical uncertainties).

● 14(+1) observables.

● Exploit dependencies          and    
                   of higher orders via 
relations in        and           .

NB: Using similar relations 
with the same dependencies 
as shown for       .

(as of hep-ex/0509008)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
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Parameter estimate

● Five parameter     fit:

(1) (as of hep-ex/0509008)

Fit of Z-pole 
observables 
only: (1)

Fit of Z-pole 
observables +      
       ,       ,      : (2)

(2) http://lepewwg.web.cern.ch/LEPEWWG/winter12_results 

(2005)

(2012)

https://inspirehep.net/search?ln=en&ln=en&p=hep-ex/0509008&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=25&sc=0
http://lepewwg.web.cern.ch/LEPEWWG/winter12_results
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Main result

Z-pole +        +       : Z-pole +        +       +      :
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Direkte Higgs Suchen und Entdeckung

Higgs Boson...
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Direkte Suche bei LEP-II

● Hauptproduktion in         :

● Higgs Boson koppelt an Masse.

● Kopplung am stärksten für schwerste Objekte.

?
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● Higgs Boson koppelt an Masse.

● Kopplung am stärksten für schwerste Objekte.

Direkte Suche bei LEP-II

Wie groß war die maximale 
Reichweite der LEP-Experi-
mente in       ? 

● Hauptproduktion in         :
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● Higgs Boson koppelt an Masse.

● Kopplung am stärksten für schwerste Objekte.

Direkte Suche bei LEP-II

Wie groß war die maximale 
Reichweite der LEP-Experi-
mente in       ? 

● Hauptproduktion in         :
Zu vergleichen mit 
Folien 9 und 10
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Models in counting experiments

Uncertainty model

Statistics model (      )

Physics model (     )

Siméon Denis Poisson 
(21.07.1781 –  25.04.1840)
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From one to many...

Uncertainty model

Statistics model (      )

Physics model (     )

Siméon Denis Poisson 
(21.07.1781 –  25.04.1840)
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Model building (likelihood functions)

● Likeliness of a model to be true quantified by 
likelihood function                           .

● Simple example:
signal on top of known background in a bin-
ned histogram:

Product of pdfs for 
each bin (Poisson).

background signal

model parameters.

measured number of events (e.g. in bins i).



Institute of Experimental Particle Physics (IETP)22  

16/33

Model building (likelihood functions)

● Likeliness of a model to be true quantified by 
likelihood function                           .

● Simple example:
signal on top of known background in a bin-
ned histogram:

Product of pdfs for 
each bin (Poisson).

background signal

model parameters.

NB: a value of a likelihood function 
as such is most of the time very 
close to zero, and w/o a reference 
in general w/o further meaning.

EX: histogram with 25 bins; for 
each bin                               :

measured number of events (e.g. in bins i).
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Example: test statistics (LEP ~2000)

nuisance parameters      integrated out before evaluation of      (→marginalization). 

● Test signal (     , for fixed mass,    , and fixed signal strength,   ) vs. background-
only (     ).

pdf's for nuisance parameters 
modified according to Bayes 
theorem.
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Example: test statistics (LEP)
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Ergebnis LEP-II

● Kein Signal beobachtet

● p-Wert (Untergrundkompatibilität) : ● Limit auf Masse (@ 95% CL):

● Untere Schranke auf Masse: 

Vergleiche 
mit Folie 18



Institute of Experimental Particle Physics (IETP)26  

Direkte Suche am LHC

● 11.8 kA

● Energy density 
500 kJ/m.

● Tension 
200'000 t/m.

● 8.3 T

● 160 cyc

CMS

Electromagnetic Calo:

Silicon Tracker:

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

20/33
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Produktion und Zerfall
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Wichtigste Zerfallskanäle am LHC 
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                             Die Herausforderung
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Verlauf der Suche bis Mitte 2012

● Ausschluß des SM bis auf engen Massenbereich des Higgs 
Bosons

● Erwartete (Ausschluß-)Sensitivität: ● Beobachteter Massenausschluß:

Anm: ausgeschlossen sind alle 
Bereiche oberhalb der Kurven
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Verlauf bis Mitte 2012

● Ausschluß des SM bis auf engen Massenbereich des Higgs 
Bosons

● Erwartete (Ausschluß-)Sensitivität: ● Beobachteter Massenausschluß:

Signalstärke aus 
Anpassung an Daten

Ausschlußsensitivität 
auf Higgs Produktions-
WQ bei gegebener 
Masse
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Die Entdeckung

4th July 2012
PLB 716 (2012) 30

● Klare Beobachtung in bosonischen 
Zerfallskanälen

● Fermionische Kanäle noch nicht klar, 
weil noch nicht sensitiv genug (→ 
erfolgte etwas später)

https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
https://indico.cern.ch/event/632401/
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● Klare Beobachtung in bosonischen 
Zerfallskanälen

● Fermionische Kanäle noch nicht klar, 
weil noch nicht sensitiv genug (→ 
erfolgte etwas später)

Signal 
2017

Signal 
2017

https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
https://indico.cern.ch/event/632401/
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Spin & CP

● Golden decay channel:

PRD 89 (2014) 092007

Test of pure spin hypotheses (based on          evts):

http://dx.doi.org/10.1103/PhysRevD.89.092007
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Compatibility
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Coupling across production 
modes or decay channels:

● Event categories       :

● Nuisance parameters:

● 16 MB binary file of stat. model 
(~145 MB in human readable form).

Overall coupling consistency:
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https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1007/JHEP01(2014)096
https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1007/JHEP05(2014)104
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
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Mass 

● ATLAS+CMS LHC run-1 combination:

PRL 114 (2015) 191803

29/33

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Coupling structure

● Event categories       :

● Nuisance parameters:

Considered production modes: Considered decay channels:

Main production modes:
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Amplitudes

● ATLAS+CMS LHC run-1 combination:
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https://cds.cern.ch/record/2053103/files/HIG-15-002-pas.pdf
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“Money plot”

● All six tree level couplings
● All loops resolved
●                .
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Within measurement accuracy 
unique scaling as expected 
within the SM.

CMS-PAS-HIG-15-002
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https://cds.cern.ch/record/2053103/files/HIG-15-002-pas.pdf
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Why the Higgs boson still is not THE Higgs boson (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 from 
the SM expectation in 
(       unresolved).

● There must be physics beyond 
the SM!

● At what scale does it set in?

● (How) Does it influence the 
Higgs sector?

(1) Arguments taken from S. Heinemeyer (HH Higgs workshop 2014)
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tuning in the SM.
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http://arxiv.org/abs/hep-ph/0003170
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Gliederung der Vorlesung
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Backup
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