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1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields
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Theory at DESY and within the programme MU
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TIER-2 

The Research Unit (RU) Theoretical Particle Physics (in FH division)

Includes Astroparticle 
Theory (in AP division)
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Theory at DESY

Other theory activities at DESY (condensed matter theory, …): 
embedded in the Research Units


Overarching structure (see below):                                                             
Wolfgang Pauli Centre, DESY (Hamburg, Zeuthen) + UHH

3

Research Unit Theoretical Particle 
Physics (Hamburg, Zeuthen: ZPPT; FH)

Astroparticle Theory group 
(Hamburg, Zeuthen; AP):
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Research strategy: PoF IV (2021-27) and beyond

4

Mission and Strategy

6

Our mission: Study the fundamental laws of Nature in our universe, governed by quantum 
physics and the dynamics of space-time

Topic MU-FPF

68% 5%

27%

Dark Energy

Dark Matter

Atoms

What is dark
matter?

What is the 
structure of 
the vacuum?

Science drivers

Where did the 
anti-matter go?

Cosmology 
and the dark 
sector of the 

universe

Higgs and 
fundamental 

interactions at 
high precision

Searches for 
new particles 
& phenomena

Guiding themes for PoF IV

Close collaboration between experiment and theory

FPF:

MRU: gamma rays, high-energy neutrinos, cosmic rays and gravitational waves as 
windows to the cosmos; dark matter searches with unprecedented sensitivity; 
gravitational physics of compact objects



Theory at DESY — strategy and plans, Georg Weiglein, PRC Open Session, Hamburg, 11 / 2020

Theoretical particle physics

5

The key challenges are addressed by combining 
approaches from different research areas


Transfer of methods and synergies between theoretical 
particle and astroparticle physics
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Theory Research Unit within the DESY strategy
Evaluation Report of the Helmholtz Centre DESY, Research Field 
Matter, February 2018:


Research Unit Theoretical Particle Physics, Rating: ``Outstanding’’


``In all of its fields of activity, the Theory RU is performing research 
of absolute excellence according to international standards. 
Indeed, the Theory RU is widely recognized as one of the top 
Centres in theoretical physics in the world, thanks to the 
intellectual brillance, originality, and creativity of its members.’’ 

``For the theory unit, maintaining or even extending the diversity of 
the research areas is crucial for stimulating new ideas and 
directions of research. In this context, the Wolfgang Pauli Centre 
should generate cross-fertilisation of theoretical ideas beyond 
particle physics, and this should be strongly supported.’’      

6
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Evaluation Report of the Helmholtz Centre DESY, Research Field 
Matter, February 2018:


``The performance of the Astroparticle Physics Theory Group is 
considered to be excellent. …’’

7

Astroparticle theory within the DESY strategy
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Milestones for the PoF IV period, FPF

8

TOPIC FUNDAMENTAL PARTICLES AND FORCES 

MATTER AND THE UNIVERSE – RESEARCH FIELD MATTER 16 

Expected Results  

The sketched work program translates into a number of milestones that are well suited for monitoring the progress 

of the Topic. These are shown in the following table. 

 

Table 1: Overview of milestones for the Topic MU-FPF.  

Number Year Milestone 

FPF-1 2021 First scientific results from the ALPS II experiment  

FPF-2 2022 Interpretation of LHC results, electroweak precision measurements, and results from flavor 

physics in global fits 

FPF-3 2022 First observation of four-top process by ATLAS/CMS; use of this channel for searches for 

new physics 

FPF-4 2022 Reduction of the theoretical uncertainty for the mass of the SM-like Higgs in 

supersymmetric models to below 1 GeV 

FPF-5 2022 Determination of cross sections for all accessible Higgs production and decay channels in 

the simplified template cross section framework 

FPF-6 2023 Collection of 300 fb-1 of high-quality LHC data with both ATLAS and CMS  

FPF-7 2023 With approx. 10 ab-1 of Belle II data, coverage of a new regime in coupling strength for dark 

photons and ALPs in the mass range of around 100 MeV – 10 GeV; factor 5–10 

improvement on branching ratio limits on various LFV and LNV tau decay channels 

FPF-8 2024 Extension of the discovery reach on dark matter at the LHC by a factor 3 to 5 (depending 

on the specific model) compared to present limits based on 2016 data, employing modern 

analysis methods such as machine learning 

FPF-9 2024 Precise phenomenological predictions using perturbation theory (below 1% theory 

uncertainty) and lattice field theory (reduction of uncertainty by a factor of 2) for the strong 

coupling 

FPF-10 2024 With approx. 15 ab-1 of Belle II data, establishment of first combined fit results for |Vub| 

and mb based on inclusive B decays using improved theoretical predictions 

FPF-11 2025 Completion of system-tested silicon tracker end-caps for ATLAS and CMS  

FPF-12 2026 Increase of the precision of Higgs couplings determined from combined ATLAS/CMS data 

by a factor of 2 (compared to today) using high-precision theory predictions 

FPF-13 2027 Collection of 50 ab-1 with the Belle II experiment 

Synergies and Collaboration  

Collaboration and cooperation extend from the local areas in Hamburg, Berlin, and Karlsruhe over the national 

landscape to the European and global scale. There is also intense collaboration between different Topics in the 

Program MU and between the other Programs in the Research Field Matter.  

As the center responsible for the greatest share of the Topic’s resources, DESY is its natural center of gravity of this 

Topic. The MU-FPF activities at KIT are dedicated especially to collider phenomenology. Close collaboration in particular 

between theorists from DESY and KIT is well established. Important events for the Topic are the annual meetings of the 

Program MU or the cross-topical activities described above, to which our university partners are also invited.  

Locally at DESY and KIT, strong collaboration exists between the various physics groups. Examples are the intense 

discussions between physicists from ATLAS and CMS and theorists on Higgs physics and the regular LHC Physics 

Meeting at DESY, which brings together all involved colleagues. The close collaboration between theorists and 

experimentalists is demonstrated by jointly supervised Ph.D. theses and joint publications [5-8].  
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Milestones for the PoF IV period, MRU

9

TOPIC MATTER AND RADIATION FROM THE UNIVERSE 

MATTER AND THE UNIVERSE – RESEARCH FIELD MATTER  37 

target, we will apply for KIT strategic funds to set up and operate a cryogenic distillation plant for xenon at KIT as a 

large-scale demonstrator, which will later be shipped to operate at the experimental underground location. Elimination 

of radioisotopes in the xenon target by cryogenic distillation will be the single largest challenge in reaching 

unprecedented low levels of background and thus ensuring the full science reach of the observatory. We are already 

centrally involved in establishing a procurement strategy for up to 50 t of xenon, which will determine the start of 

commissioning, envisioned towards the end of the PoF IV funding period. In parallel, we will use gamma rays and 

neutrinos to search for dark matter annihilation signals from cosmic objects that are rich in dark matter, such as the 

inner galaxy (neutrinos and gamma rays) or the Sun, or from light dark matter particles up-scattered by cosmic rays 

(neutrinos).  

All experimental activities are linked to and supported by theory and simulation efforts that span the entire range of 

physics aspects relevant to the Topic. We model and study the acceleration and propagation of high-energy cosmic 

messengers to understand gamma-ray, neutrino, and cosmic-ray signals. We put the interpretation of experimental 

results into a larger context and assess the implications for precision tests of the Standard Model of particle physics 

and cosmology and for the search for BSM phenomena such as exotic neutrino properties or sterile neutrinos. We 

investigate the phenomenological consequences of various dark matter candidates, including WIMP-like candidates, 

axions, or sterile neutrinos – both in the context of model building and regarding their experimental and 

cosmological signatures. Future challenges will arise from the large number of results expected from future 

instruments and from null results in establishing a genuine BSM signal, calling for novel pathways and ideas to guide 

experimental efforts. 

Expected Results  

The sketched work program translates into a number of milestones that are well suited for monitoring the progress 

of the Topic. These are shown in the following table. 

 

Table 3: Overview of milestones for the Topic MU-MRU.  

Number Year Milestone 

MRU-1 2023 IceCube upgrade operation started, IceCube-Gen2 design studies completed  

MRU-2 2023 DARWIN technical design completed 

MRU-3 2024 KATRIN reaches neutrino mass sensitivity of 0.2 eV/c2 and sets up differential 

measurement of the beta spectrum 

MRU-4 2024 First release of air shower simulation framework CORSIKA 8  

MRU-5 2025 Proof of principle for quasi-atomic tritium source; concept for large-scale cryogenic 

distillation for DARWIN  

MRU-6 2025 Construction of CTA finished, first science results obtained 

MRU-7 2027 Auger publication of the proton fraction of ultra-high energy cosmic rays and of 

corresponding source searches 

MRU-8 2027 First science results from IceCube upgrade on neutrino mixing parameters, recalibration of 

ice properties 

MRU-9 2027 Release of sustainable user-led portal for astroparticle physics data and analyses 

MRU-10 2027 KATRIN reaches ppm sensitivity for keV sterile neutrinos and probes exotic weak 

interactions 

Synergies and Collaboration  

The large experiments or infrastructures necessary to achieve our scientific goals can only be realized in 

international collaborations. Together with partners from all over the world, we develop the experiments from the 

initial idea to construction and handle the operation and analysis up to the final scientific harvest. Our theory groups 
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Wolfgang Pauli Centre (WPC)

10

WPC: PIER Competence field since 2013


Theory areas: particle physics, cosmology, astroparticle physics, 
ultrafast, cold and condensed matter physics, mathematical physics


DESY involvement in WPC comprises all theory activities at 
Hamburg and Zeuthen


Dynamical evolution of the theory activities during the last decade, 
development of the experimental programme:                              
significant potential for new synergies


Mission of the WPC: interdisciplinary research to address 
fundamental challenges, vivid dialogue between theory and 
experiment, …

4-6 Research groups in each central theory institution

2-4 Research groups for theory in each of the satellites

Wolfgang Pauli Centre – a PIER competence field since 2013

Dynamical evolution of TP during last decade

ў   development of experimental program

Flash, Petra III, XFEL, ALPS, ͙ 
Atlas, CMS, Belle, Icecube, CTA, LCLS ͙ 

ї Significant potential for new synergies in 

theoretical physics and beyond

Challenge: large fragmentation of TP on- and off-
campus (and even for central theory institutions)

1

~ 350 theoretical physicists in total 
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Wolfgang Pauli Centre: scientific pillars

11

WPC-Scientific Pillars

The six existing research areas of the WPC 

Will be restructured into 

five interdisciplinary scientific pillars

o Non-equilibrium Physics

o Fabric of the Universe   

o Analytic Methods

o New Phases and Phase Transitions

o Simulation and Numerical Methods

3

Overarching pillars: 

Description in strategy paper: initial conditions

Partnership 
agreements: 
national and 
international

National and International Partners

National Partners complement the scientific spectrum:  

o Contribution to working groups 
o Organisation of scientific programs
o Scientific collaborations 

International Partners 

o Share the multidisciplinary approach 
o Have a history of collaboration with WPC groups
o Conduct exchange programs for young scientists 

(PhD and Postdocs)

Additional partners can join in the future
(e.g. Universities or experimental collaborations)  

6

First joint WPC postdoc
With Weizmann Instritute hired in 2020

National and International Partners

National Partners complement the scientific spectrum:  

o Contribution to working groups 
o Organisation of scientific programs
o Scientific collaborations 

International Partners 

o Share the multidisciplinary approach 
o Have a history of collaboration with WPC groups
o Conduct exchange programs for young scientists 

(PhD and Postdocs)

Additional partners can join in the future
(e.g. Universities or experimental collaborations)  

6

First joint WPC postdoc
With Weizmann Instritute hired in 2020
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Planned WPC building at the Hamburg site

12

Offices	for	theory	departments:	
DESY/UHH	theore7cal	par7cle	and	
astropar7cle	physics	in	main	WPC	building	
Condensed	maAer	theory	in	a	WPC	satellite	
Members	of	ins,tutes	united	with	state-of-the-art	discussion	
areas	

Central	facili/es	will	host	

• Discussion	areas	&	co-working	spaces	

• Office	space	for	Zeuthen	members	

• Thema,c	Ins,tutes	to	address	key	challenges	

• Research	hotel	hos,ng	long	term	guests	
(sabba,cals,	Humboldt	etc.)	and	young	
inves,gator	groups	

• Cross-disciplinary	training	(Masters,	PhD,	
Postdocs)	through	lectures,	schools;	open	
student	area

Central Measures (selection) 

Offices for theory departments

DESY/UHH theoretical particle Physics in main 

WPC building 

Condensed matter theory in a WPC satellite  

Members of institutes united with state-of-the-art  discussion areas 

Central facilities will host 

o Discussion areas & co-working spaces for members
o Thematic Institutes to address key challenges of five

scientific pillars.
o Research hotel hosting long term guests (sabbaticals, 

Humboldt etc.) and young investigator groups.
o Cross-disciplinary training (Masters, PhD, Postdocs)

through lectures, schools; open student area

4
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WPC building within the planned Science City 
Hamburg-Bahrenfeld

13

TOP 4
Universität Hamburg- WPC

Gemeinsames Gebäude für die 
Theoretische Physik 
DESY (60%) und UHH (40%)

Baubeginn für 2023 angestrebt
rd. 4.000 qm NUF 1-6 davon 
ca. 1.600 qm Anteil UHH inkl. 
gemeinsamer Flächen

DESY hat grünes Licht vom 
Stiftungsrat
Finanzierungsanteil für die UHH ist 
in den Haushaltanmeldungen 21/22 
der BWFG enthalten

Wolfgang-Pauli-Centre (WPC)
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DESY Theory in the ``Quantum Universe’’ cluster

Goal: Understanding mass and 
gravity at the interface between 
quantum physics and cosmology


Close interaction between theory 
and experiment; intense dialogue 
between physics and mathematics


DESY theory: key responsibilities 
within the cluster; crucial 
contributions driving the research

14

Quantum Universe

3.4.6 Summary
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Figure 8: Sketch of the science of the Quantum Universe cluster.

telescopes and new extra-galactic surveys, in particular WAVES, and combine them with the aim

to investigate thermally produced dark matter over a very large parameter range.

We also study ultra-weakly interacting particles such as axions. We plan to make Hamburg a hub

for axion searches by complementing our ALPS II activities through the development of several

novel experiments on site (MADMAX, BRASS, IAXO), that will have unprecedented sensitivity in

the mass range relevant for dark matter.

Gravitational-wave research will be a new core element of the cluster. For the next generation of

gravitational-wave detectors, we will launch a new R&D program on cryogenic test mass mirrors

and also intensify our research on high-power lasers for detectors operating at room temperature.

The long term goal is to reach the sensitivity required for the detection of GW signals of cos-

mological origin which are motivated by fundamental particle physics questions. For this we will

establish a comprehensive program of theoretical predictions for GW stochastic backgrounds from

cosmological phase transitions and from the inflaton interactions. Our research on GW will also

be boosted by our involvement in multi-wavelength observations of compact binaries with LOFAR

(radio), ZTF (optical), eROSITA (X-rays), CTA (gamma-rays), and through the Transient Follow-up

Observatory. This will be complemented by theoretical simulations of electromagnetic transients.

The challenges addressed in this cluster necessitate the development of qualitatively new the-

oretical tools or even new theories which in turn require the developments of new mathematical

concepts. In a coordinated effort between mathematicians and physicists and fostered by the Plat-

form for Theoretical and Mathematical Physics we aim to improve our understanding of quantum

field theories and string theories. Developing the mathematical structure of the holographic princi-

Page 86 of 120
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DESY Theory in the ``Quantum Universe’’ cluster

15

Quantum Universe

3.2 Structure of the research program

This broad spectrum of world-class expertise is a particular strength of the cluster since it enables

us to address the fundamental questions from four promising scientific directions. Indeed, it is

the pronounced synergy and close collaboration across the four research areas from observations

to mathematics that makes Hamburg stand out internationally. There are only very few places

worldwide, which combine this spectrum of first-rate expertise in such close proximity in a similar

manner. Thus, the existing world-leading research environment at Hamburg provides an excellent

foundation for the success of the proposed cluster.

3.2 Structure of the research program

The cluster will approach the fundamental puzzle of mass and gravity from four different direc-

tions: Higgs physics, dark matter, gravitational waves, and quantum theories of matter and gravity.

Accordingly, we will organize the research program within these four interlinked research areas,

each of which is further subdivided into three projects. In order to foster the synergies between

the different projects and to strengthen interdisciplinary knowledge transfer, we will implement

four cross-disciplinary platforms on theoretical and mathematical physics, data science, detector

science, and future facilities. The structure of the research program is depicted in Fig. 1.

QUANTUM UNIVERSE

DARK 
MATTER

QUANTUM 
THEORIES

GRAVITATIONAL 
WAVES

HIGGS

QT.2 Non-perturbative 
dynamics

QT.1 String models

QT.3 Math. structures 
for quantum gravity

DM.2 WISPs

DM.1 WIMPs

DM.3 Laboratory 
astrophysics

H.1 Precision H physics

H.2 New phenomena 
and cosmology

H.3 Novel detectors

GW.1 Detectors

GW.2 Astrophysical 
sources

GW.3 Cosmological 
sources

QURS — Quantum Universe Research School

PTM – Platform for Theoretical and Mathematical Physics

PCD – Platform for Challenges in Data Science

PID – Platform for Innovation in Detector Science

PFF – Platform for Future Facilities

Figure 1: Structure of the research program.

Page 9 of 120

Strong involvement of theory! 
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Impact of the DESY theory activities

16

Programme and topic: 
• Scientific output, high-level talks, convenorships, international connections, visibility

• Close connection to experimental programme: input, guidance and interpretation, 

physics harvest

• Exploit synergies from broad range of activities, theory as a driver for interdisciplinary 

activities


DESY: 
• National laboratory: hub for theoretical particle physics in Germany

• Transfer of new research directions, methods and concepts

• Interaction with experimental groups, links across disciplines


Society: 
• Talent management: well-educated for transfer of skills,                                               

problem solving, interdisciplinary approaches

• Science communication with strong appeal to general                                                      

public, raises public interest in science

• Industry partnerships, algorithm development
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Training and research partnerships with local universities:                                  
Hamburg, Berlin, Potsdam, … 

Interdisciplinary research & training is highly  
attractive for international fellows and students 

High-impact Fellowship programme 

Important role as national laboratory:  
• Workshops, schools, coordinating tasks

• About 40% of the particle theory faculty                                                                                     

in Germany have been DESY PhDs, fellows  
or staff

Impact of the DESY theory activities
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Networking: world-wide collaborations

18
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Cooperation with world leading 
computer algebra sites 
• Cooperation with MapleSoft 

and Wolfram Research within 
various EU networks 

• Excellent PhD training sites 

• Wolfram Research interested 
in continuous cooperation  

• Invitations to plenary talks at 
Mathematica conference  

• Operation of large scale 
computers for computer 
algebra 

19

Scientific computing: connections with partners in 
academia and industryHEP = field where the web & grid computing were born

16

Spin-offs: Phenomenology Meets Computer Science

Cooperation with world leading computer algebra sites 
• Cooperation with MapleSoft and Wolfram Research within 

various EU networks (LHCPHENOnet, HiggsTools) 
• Excellent PhD training sites: students already hired 
• Wolfram Research interested in continuous cooperation   
• Invitations to plenary talks at Mathematica conference  
• Operation of large scale computers for computer algebra 

 [170 TB fast disc, 5.5 TB RAM]

Collider Phenomenology | Christophe Grojean | MU | TPP

RISC Linz: Summation, Combinatorics

FORM (NIKHEF)

MapleSoft (Waterloo, ON)

Wolfram Research (Urbana, IL)
⬄

⬄⬄⬄
DESY THEORY GROUP

Particle Physics Influence on informatics  
‣ Phase space algorithms 
‣ Multi-threading 
‣ Compiler development  
‣ Filters 
‣ Virtual machines…
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New: laboratory for quantum computer applications

20

Laboratory for Quantum Computer Applications at DESY

• Brandenburg Zukunftsinvestitionsfonds-Einrichtungsgesetz (ZifoG)

• project proposal for quantum
computing applications at DESY

! received financial means of
up to 15 million euro

• boundary conditions not known yet

• will work out DESY concept

• connect DESY to universities in
Berlin and Brandenburg

• strengthening regional network South-East of Berlin
especially with TH Wildau ( connection to industry)

4

[slide by K. Jansen]
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Outreach activities (examples)

21

Art meets Science:

Science on tap ``Wissen vom Fass’’: since 2015, usually twice        
per year, next edition was planned for today at 50 locations 
(moved to spring 2021)

Science at schools ``Wir wollen’s wissen!’’: since 2018, so far two 
times; ``Wir wollen’s wissen!’’ week in January 2020: 42 
participating schools, ~100 presentations; next edition: January 21

+ many more
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DESY strategy process: goals for the next 10-15 years

22

Goal Description (2017-2030ff)

Scientific goals: origin of mass, new phenomena, dark sector

A Precision Calculate quantum effects in the Standard Model and beyond

B Open Tools Develop public tools for community: predictions, simulations, global fits, 
analysis of experimental data  

C Modelling Advance novel theoretical concepts to model quantum systems

D Dark Sector Explore theoretical models for dark matter and cosmology

Structural goals

E CHAMPP 
Theory 

Extend position as leading international centre for theory of matter and 
space-time in research, talent management, scientific events, …

F Wolfgang Pauli 
Centre (WPC)

Establish  WPC  as  the  national  centre for  theoretical physics 
at interface of  particle/astrop. physics,  mathematics and  photon science  

G Link Hamburg-  
Berlin/Zeuthen

Develop research & training collaboration in the HH-B metropolitan  area 
to fully exploit opportunities for synergies and growth

CHAMPP: Centre Hamburg for Astro-, Mathematical and Particle Physics
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Strategy

23

Extend position as international competence centre for the theory of the  
fundamental interactions of nature, matter and space-time,  
addressing all aspects in the theory of matter and gravity through research and 
training, from observation to mathematics

                        

                            
              
 
 
Develop the Wolfgang-Pauli Centre as centre for theoretical physics 
Theory building, importance of communication space 

Explore scientific opportunities in Hamburg-Berlin metropolitan area: 
particle/astroparticle phyisics, theory-experiment-computing

Matter 

Dark Sector 

Cosmology

 Observation          Theoretical Physics         Mathematics

Offers unique 
cross-
disciplinary 
training 
opportunities 
for young 
researchers
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Strategic developments

• RU Theoretical Particle Physics:                                                  
Foster the role as competence centre for collider physics, 
particle cosmology, string theory and lattice gauge theory; 
exploit connection with the physics of gravity and astroparticle 
theory; strengthen and develop cross-disciplinary links        
(QU cluster, WPC, …)                                       


• Astroparticle Theory:                                                               
Link multi-messenger exploration with gravitational physics of 
compact objects: relativistic magnetohydrodynamics 
simulations


• ZPPT group at Zeuthen:                                                        
New hirings under discussion (see next slide)

24
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Strategy for new hirings in the ZPPT group
Strategy for new hirings in the ZPPT group at Zeuthen in view of 
retirements that have occurred and are upcoming during the next 
years 


Goal: continue the excellent core research activities of the group 
while strengthening synergies with the local research environment of 
the DESY groups at Zeuthen and Hamburg and of the partners in the 
Berlin area


Foster expertise in computational techniques (simulations, quantum 
computing algorithms, high-precision perturbative and non-
perturbative calculations of observables) 


The new scientists should have a broad research profile while 
ensuring that the core research areas of the group are maintained at 
a world-leading level 25
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Vision
Expect cutting edge results: 


• Connect Higgs, early universe and the dark sector?


• Explain dark matter?


• Discoveries?


A leading partner and national lab: 


• Hub for theoretical particle physics in Germany 


• Transfer of new research directions, methods and 
concepts, exploration of links across disciplines


• Close interaction with experimental groups
26

1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields

1.3 Minimal version: SM Higgs sector

scalar SU(2) doublet field (complex) � =
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generators for weak isospin: I3
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Figure 1.2: Illustration of the potential V (�).
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2
! infinite set of degenerate ground states
transform into each other under symmetry transformation

QFT: need to expand around ground state ! selection of specific ground state ! SSB


