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In the past decades we have observed an increasing understanding of the theory of 
matter. The picture is summarized in the Standard Model of Particle Physics. The 
model is complete except for the structure of the scalar sector. Gouverned by 
asymptotic unitarity, the Higgs self-couplings are finally fixed.

The Higgs sector -- phenomenological as well as collider aspects – is discussed in 
today's colloquium. We are looking forward to Margarete Mühlleitner’s (Karlsruhe 
Institute of Technology) presentation.



Peter Fest 
Or 

What is the  

True Theory 

Underlying Nature



Our Driving Force

✦ Peter Zerwas in a very rare outburst of emotions during coffee in the DESY cantine at 
lunch time:                                                                                           

✦ We would certainly all agree on that!

We have the most wonderful job in the world!
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We are all driven by the endeavor to understand what holds  
the world together in its inmost folds. 



Facts

✦ Peter Zerwas followed this endeavor with enthusiasm and dedication                                                                                      
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… and assumed that everybody of his   

   students and collaborators had the  

   same 24/24 on 7/7 dedication
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Facts
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✦ Short Curriculum Vitae:                                                                                     

1970 Dissertation on Chiral Symmetry 
 
Postdoc at DESY/Hamburg, SLAC Standford/California 
 
1976 Professor for Theoretical Physics in Aachen 
 
1991 Leading Scientist in DESY Theory Group &  
        Professor at the University of Hamburg 
 
2007 Retirement 
 
- Guest Professor/Research Visits: CERN, SLAC, FNAL, KEK 
- Leader of „Experiments Committee“ at LEP/CERN 
- Member of Particle Data Group Advisory Board at LBNL 
- Co-Editor of „Zeitschrift für Physik“, „Eur. Phys. Journal“,  
  „Reports on Progress in Physics“



Outline
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✦ Overview of Peter’s research early and later years 
  

✦ The Legacy 
   - Higgs physics - relation to today’s LHC physics program 
                              what can be learnt 
  

✦ Higgs discovery 
   - detour to supersymmetry  
  

✦ The Higgs program 
    - Higgs boson mass 
    - Higgs boson couplings 
    - Higgs boson quantum numbers 
    - Higgs pair production 
  

✦  Higgs Portal to Hidden Sector 
  

✦  Varia                                                                                      



Peter’s 
Research



Research
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✦ Early years:                                                                                     Main research field: Quantum Chromodynamics
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✦ Early years:                                                                                     Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data

Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet 
discovery of hadron jets at PETRA (DESY) experimentally  
established the existence of gluons



Discovery of the Gluon
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1979



Research
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✦ Early years:                                                                                     Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data

Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet 
discovery of hadron jets at PETRA (DESY) experimentally  
established the existence of gluons

Bengtsson-Zerwas Winkel - signal of the self-interaction of 
the gluons -> asymptotic freedom of the QCD



Establish Colour SU(3)
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Research
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✦ Early years:                                                                                     Main research field: Quantum Chromodynamics

Determination of charm quark mass first time from neutrino data

Peterson Fragmentation - transition of heavy quarks into jets

Hoyer Model - fragmentation of gluons in hadron jet 
discovery of hadron jets at PETRA (DESY) experimentally  
established the existence of gluons

Bengtsson-Zerwas Winkel - signal of the self-interaction of 
the gluons -> asymptotic freedom of the QCD

Photon Fragmentation Function - transition of hadronic jet into 
a single highly energetic photon



Research
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✦ Later years:                                                                                     
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✦ Later years:                                                                                     
Higgs Physics

Supersymmetry
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✦ Later years:                                                                                     
Higgs Physics

Supersymmetry

Physics Potential of an e+e- collider 



Dedication to the e+e- Linear Collider
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The Legacy
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The Standard Model is Structurally Complete
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The Standard Model is Structurally Complete - But

Fundamental Physics

!!! O
pen Questio

ns !!!
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 Open 
Theory 

Questions 
  

Dark  
Matter

Matter 
Anti-Matter 
Asymmetry

CP  
Violation

Unification  
Of 

Fundamental 
Forces

Neutrino 
Mass

How 
include 
gravity?

Why 
3 genera- 

tions? 
…
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gravity?

Why 
3 genera- 

tions? 
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Answers: 
Experimental 

Input 
+ 

Theory 
Interpretation



Status

Discovered Higgs Boson 
behaves very SM-like

Consistency Test 
of the SM 

at the quantum level

No direct discovery of 
New Physics so far
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Where is New Physics?

New physics is heavy, with new  

particles at a large mass scale 

New physics may be light, but with  

small couplings 

=> New physics is subtle:  

              
          small cross sections  

              
          novel signatures
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The Higgs 
Discovery



The Higgs Discovery 4th July 2012
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LHC Higgs Production Cross Sections
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discovery and 
interpretation 
require precise 
theory predictions 
of Higgs observables
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discovery and 
interpretation 
require precise 
theory predictions 
of Higgs observables



Gluon Fusion in H at NLO QCD w/ full Top Mass Effects
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Gluon Fusion in H at NLO QCD w/ full Top Mass Effects
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[Spira,Djouadi,Graudenz,Zerwas,’95]

✦ NLO QCD corrections are significant 
✦ renormalization scale dependence: reduction of theoretical uncertainty



ttH+X Production at NLO QCD
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ttH+X Production at NLO QCD
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[Beenakker,Dittmaier,Krämer,Plümper,Spira,Zerwas,’02]

✦ NLO QCD corrections increase cross section @LHC by 20% 
✦ renormalization scale dependence: reduction of theoretical uncertainty



Where we are

✦ Experimental reality: No Beyond the Standard Model Physics  
                                  discovered so far!
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Where we are - Example SUSY Search Limits
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Let's talk about Supersymmetry

∗ maximal possible symmetry compatible with  
   Poincaré group (space-time symmetry) 

∗ solves some of the open problems of the SM: 
  

    - candidate for Dark Matter 
  - inclusion of gravity 
  - unification of fundamental forces

✦ Motivation:                                                                                          

Two SUSY-Gurus
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Supersymmetry

✦ Motivation:                                                                                          

✦ Implications:

∗ maximal possible symmetry compatible with  
   Poincaré group (space-time symmetry) 

∗ solves some of the open problems of the SM: 
  

    - candidate for Dark Matter 
  - inclusion of gravity 
  - unification of fundamental forces

∗ enlarged particle spectrum: each SM particle has supersymmetric partner particle 

∗ enlarged Higgs sector

Two SUSY-Gurus
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Discovery Requires Precise Theory Predictions
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Discovery Requires Precise Theory Predictions



M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       25

Underlying Theory: Determination of SUSY Properties



M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       25

Underlying Theory: Determination of SUSY Properties



M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       25

Underlying Theory: Determination of SUSY Properties

Reconstruction of 
Fundamental parameters



Reconstructing SUSY
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Reconstructing SUSY
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Reconstructing SUSY

Gain insight in the 
underlying theory 

  

glimpse at the  
early universe
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SUSY Particles at e+e- Colliders



What we have

✦ Experimental reality: No Beyond the Standard Model Physics  
                                  discovered so far!

Guido Altarelli, 16/1/12, KIT: „The situation is depressing,  
                                                 but not desperate.“
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What we have

✦ Experimental reality: No Beyond the Standard Model Physics  
                                  discovered so far!

Guido Altarelli, 16/1/12, KIT: „The situation is depressing,  
                                                 but not desperate.“

✦ We have the (SM-like) Higgs boson

What can we learn from Higgs physics?
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The Role  
of the  

Higgs Boson 
Mass



The Role of the Higgs Boson Mass

✦ Combined Higgs mass value:                                                                               [ATLAS,CMS]

MH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV 
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The Role of the Higgs Boson Mass

✦ Combined Higgs mass value:                                                                               [ATLAS,CMS]

MH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV 

✦ Why precision? What can we learn?

∗ Self-consistency test of SM at quantum level  
   (e.g.: Higgs loop corrections to W boson mass)  
 
  

∗ MH ↔ stability of the electroweak vacuum   [Degrassi eal;Bednyakov eal] 

 
∗ Higgs mass uncertainty feeds back in uncertainty  
   on Higgs observables 
 
 

∗ Test parameter relations in beyond-SM theories  

   ⇒ indirect constraint of viable BSM parameter space!
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The W Boson Mass

                                                                                                                                [CDF,2022]
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SM at 7σ
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The W Boson Mass

                                                                                                                                [CDF,2022]

tension with 

SM at 7σ

new physics -> 

compatibility
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The W Boson Mass

                                                                                                                                [CDF,2022]

tension with 

SM at 7σ

new physics -> 

compatibility

Hint to  
underlying theory 

restriction of 
parameter space of  

BSM models
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Higgs Mass in New Physics Extensions

Higgs boson mass: 

* SM: fundamental parameter, not predicted by the theory 

* Supersymmetry: calculable from input parameters; 
quantum corrections ∆m2h are important! 

MSSM: 
  

NMSSM:

NMSSM: 

* less important loop corrections compared to the MSSM 

* solves little hierarchy problem [Kim, Nilles, ’84]

M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       32



Higgs Mass in New Physics Extensions

Higgs boson mass: 

* SM: fundamental parameter, not predicted by the theory 

* Supersymmetry: calculable from input parameters; 
quantum corrections ∆m2h are important! 

MSSM: 
  

NMSSM:

NMSSM: 

* less important loop corrections compared to the MSSM 

* solves little hierarchy problem [Kim, Nilles, ’84]

M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       32



SUSY Higgs Masses

✦ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

✦ Enlarged Higgs and neutralino sector:

✦ Supersymmetry: requires at least 2 complex Higgs doublets
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NMSSM Mass Spectrum
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NMSSM Mass Spectrum
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NMSSM with a slightly broken Peccei-Quinn Symmetry

[Miller,Nevzorov,Zerwas,’03]



NMSSM Mass Spectrum
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NMSSM with a slightly broken Peccei-Quinn Symmetry

[Miller,Nevzorov,Zerwas,’03]

SM-like CP-even 
Higgs boson w/ 
138 GeV



NMSSM Mass Spectrum
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NMSSM with a slightly broken Peccei-Quinn Symmetry

[Miller,Nevzorov,Zerwas,’03]

SM-like CP-even 
Higgs boson w/ 
138 GeV

Comparison with  
measured Higgs mass value: 

 
Restriction of 

parameter space of  
BSM Models



Spectrum Calculations 2022

Status MSSM spectrum calculations:  
FO: up to 2-loop in on-shell (OS) and DR scheme, partial 3-loop in DR scheme 
EFT: up to N2LL (included in calculators), N3LL

Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid 

full (N)MSSM perturb.  
series truncated at  

fixed order 
reliable for not too 
heavy SUSY masses

some very heavy 
SUSY masses: 

large logarithms 
require  

resummation

combines virtues 
of  

fixed order  
and EFT  

calculation

Status NMSSM spectrum calculations:  
FO: up to 2-loop in mixed OS-DR scheme and in DR-scheme 

   EFT: matching to quartic coupling in NMSSM w/ all BSM particles at TeV scale 
   hybrid
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Higgs Boson Properties - 
Couplings



SM and also MSSM Higgs Production and Decay

Combination of 
production & decay 
=> Higgs couplings 
=> test if gHXX~mX 

insight in mechanism 
of mass generation
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e.g.



SM and also MSSM Higgs Production and Decay
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SM and also MSSM Higgs Production and Decay

[Djouadi,Graudenz,Spira,Zerwas,'93]
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Higgs Boson Quantum Numbers



Higgs Boson Quantum Numbers
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❊ angular distributions, threshold analyses



Higgs Boson Quantum Numbers
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Higgs Boson Quantum Numbers

[Choi,Miller,MM,Zerwas,’02]

parity spin
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Higgs Boson Quantum Numbers

[Choi,Miller,MM,Zerwas,’02]

parity spin

CP violation 
  

Required ingredient 
for generation of 

baryon-antibaryon asymmetry 
of the universe 

through 
electroweak baryogenesis
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CMS, ATLAS: Testing Spin-Parity Hypotheses
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Higgs Pair 
Production



Establish the Higgs Mechanism
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Ultimate Test of the Higgs Mechanism
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Ultimate Test of the Higgs Mechanism

M. Mühlleitner, KIT, 28 June 2022                                 Peter Fest at DESY                                                                       46

@LC Workshop 
Fermilab 2000

Ultimate understanding 
of mechanism 

of mass generation



Higgs Pair Production and Beyond
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[Djouadi,Kilian,MM,Zerwas,’99]

SM Higgs Pair Production at the LHC

at  
MH=110 GeV!

✦Challenge: small cross sections and large QCD backgrounds



Experimental Results - Limits on Trilinear Higgs Self-Coupling

[Rui Zhang, ATLAS, HH Workshop´22]

[Fabio Monti, CMS, HH Workshop´22]
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MSSM Higgs Pair Production at the LHC
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Resonant enhancement:  
sign of extended Higgs sector
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MSSM Higgs Pair Production at the LHC
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Resonant enhancement:  
sign of extended Higgs sector

Combination of Higgs decays: 

Hk->HSM HSM - Hk CP-even 
& Hk-> WW / ZZ - Hk CP-even 

& Hk -> WHSM / ZHSM - Hk CP-odd 

=> Test of CP violation



Dark  
Matter
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The Higgs Portal to a Hidden Sector

SM Higgs sector extended by singlet field [Englert,Plehn,Zerwas,Zerwas,’11]
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excluded  
by LEP



The Higgs Portal to a Hidden Sector

SM Higgs sector extended by singlet field

Incorporation of discrete symmetries => Higgs portal to DM

[Englert,Plehn,Zerwas,Zerwas,’11]

Insights in 
nature of 

Dark Matter
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excluded  
by LEP



Varia



New Physics in B+ -> K+ 𝛍+ 𝛍- ?

B+

measurement in  
disagreement w/ SM 
𝛄,Z interact w/ same 
strength w/ all leptons 
=> equal number of 
𝛍±, e± in final state

New Physics

Leptoquarks Z’ bosons

high-lumi LHC            physics case for 100 TeV collider

w/ mass somewhere 
between 1TeV and 40TeV

can couple w/ different strength to 𝛍±, e±
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Leptoquark Pair Production
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Leptoquark Pair Production at Tevatron

NLO QCD corrections significantly reduce renorm./factor. scale dependence

[Krämer,Plehn,Spira,Zerwas,’97]
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Conclusions - What we learn from what we have already!

Gain insight in the 
underlying theory 

  

glimpse at the  
early universe

∗ Self-consistency test of SM at the  
   quantum level  
∗ stability of the electroweak vacuum   
∗ Test BSM parameter relations ⇒  

   indirect constraint of BSM parameters

Hint on  
underlying theory 

restriction of 
parameter space of  

BSM models

Comparison with  
measured Higgs mass value: 

 
Restriction of 

parameter space of  
BSM Models

=> Higgs couplings 
=> test if gHXX~mX 

insight in mechanism 
of mass generation

Combination of 
production & decay

CP violation 
  

Required ingredient 
for generation of 

baryon-antibaryon asymmetry 
of the universe 

through 
electroweak baryogenesis

Ultimate understanding 
of mechanism 

of mass generation

Deviation from SM di-Higgs  
cross section value: 

Sign of extended Higgs sector 
Sign of strongly interacting  

Higgs sector

Combination of Higgs decays: 
Hk->HSM HSM - Hk CP-even 

& Hk-> WW / ZZ - Hk CP-even 
& Hk -> WHSM / ZHSM - Hk CP-odd 

=> Test of CP violation

Insights in 
nature of 

Dark Matter
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Exciting times ahead!
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Thank you for 
your attention!



Particle and Astroparticle Physics Colloquium Hamburg
June 28, 2022

Dear friends,

Many thanks for the competent discussion of open questions in 
particles physics. We hope – as shown by Margarete – answers will be 
found soon, and we look forward to exciting developments of particle 
physics in the near future!

Finally thank you to:
• Margarete Mühlleitner for the excellent talk
• Wilfried Buchmüller for the idea
• DESY Theory Department for the organization of the event
• Your attendance ☺


